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Abstract

Breast cancer is the most common cancer in women in front of colorectal cancer and lung
cancer. Ferrocene derivatives have proved their efficiency against breast cancer cells. In this
thesis we aimed to find new ferrocene derivatives having pharmacochemistry properties as
potential drugs against human breast cancer cells. A series of 29 N-ferrocenylmethylaniline
derivatives (FMA) were optimized to determine the structural, crystal properties and molecular
spectroscopy using DFT/ B3LYP method with 6-311 ++ G (d,p) and LanL2DZ basis sets. The
Pharmacokinetics and ADME properties were also studied. The anti-proliferative activity of
the studied derivatives against both hormone-dependent (MCF-7) and independent (MDA-MB
231) human breast cancer cell lines were performed using MTT test. Moreover, the binding
affinity between FMA derivatives and MCF-7 was further studied by molecular docking using
AutoDock 4.2 software, using both estrogen and progesterone receptors as targets. Next,
another docking study was performed with aromatase and 17B-HSD1, the enzymes that catalyse
the estrogen synthesis. Finally, the anti-proliferative activity of FMA derivatives against MCF-
7 cell lines was investigated to predict a Quantitative Structure—Activity Relationship (QSAR)
model using molecular descriptors and MLR analysis.

The FMA derivatives have shown an important cytotoxicity effect against MCF-7 cell
lines, which was explained using molecular docking by the interaction of the compounds with
the ERa and PR. Furthermore, the molecular docking study against aromatase shows that A4
and A25 were the best with the lowest binding free energies comparing to other compounds
and ASD. However, moderate affinity was predicted against 17-HSD1 for all compounds
comparing to E2B. This indicate that these derivatives might be strong drug inhibitors of
Aromatase. The best equation of regression contains HOMO, E, MR, MV, HF, POL, TPSA,
gC11 and gN1 descriptors. The QSAR model indicates that these descriptors have significant
relationships with the observed bioactivity. The model was validated for predictive ability
inside the model using Leave One Out method (LOO), which proves that the model can be

successfully applied to predict anti-proliferative activity against MCF-7 cell line.
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General Introduction |

General introduction

Although breast cancer incidence and mortality have tended to decline in recent years,
thanks to early detection and increasingly appropriate treatments, breast cancer remains the
leading global cause of cancer-related death among women with almost 684 996 breast cancer-
related deaths in 2020 [1].

Most women with breast cancer will undergo some type of surgical excision, often
combined with other treatments such as radiation therapy, chemotherapy, hormone therapy, and
very recently biology therapy [2]. Surgery is meant to remove the tumor from the breast and
lymph nodes. It is almost always followed by radiotherapy, which should destroy remaining
breast cancer cells. it helps to reduce the risk of cancer recurrence, but it is less effective in
prolonging patient survival. Biology therapy refers to the treatment with Herceptin®, a
monoclonal antibody, for patients overexpressing a specific "protein” (HER2) [3, 4].

In the case of ER- breast tumours, chemotherapy is then often prescribed to kill cancer cells
that could not be removed by other means, or that may have already invaded other parts of the
body. However, the molecules used in chemotherapy are highly cytotoxic, and can reduce
mortality by up to 20% [5, 6], its physical drawbacks include nausea, fatigue, nerve damage,
anemia, hair loss, and a weaker resistance to infections.

The finding of the hormone responsiveness of ER+ breast cancer cases triggered
development of antiestrogens, molecules which could compete with estradiol at its receptor and
counterbalance its proliferative action. Thus, for the patients with ER+ tumours, an adjuvant
treatment with antiestrogens [7, 8], or more recently with aromatase inhibitors, are currently
available for their treatment [9]. This hormone therapy appears as a simple and safer alternative
to ablative surgery and to undiscriminating radio- and chemotherapy for patients having
hormone-dependent breast cancer [7, 10, 11], but, it causes side effects like hot flashes, Vaginal
dryness or discharge, tumor flare with bone pain, high calcium level in the blood, and other rare
but serious side effects like uterine cancer, blood clots and strokes[12]

Since the binding of estradiol to its receptor promotes breast cancer cell proliferation (in
the ER+ tumours), many molecules targeting this protein have been synthesized to counteract
the estradiol action. Ferrocene derivatives have proved their efficiency against hormone-
dependent breast cancer cells (MCF7). It was found that on MCF-7 cells, the effects of
hydroxyferrocifens are quite similar to that of hydroxytamoxifen, slightly more potent.
Moreover, it was clarified that the presence of a ferrocene group is necessary, but not sufficient,
to generate the anti-proliferative effect [13-15].
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As part of this doctorate thesis, we aim to develop new non-steroidal organometallic
compounds for the treatment of breast cancer. First, a study on the molecular structure,
spectroscopic and electronic properties of a series of 29 ferrocenylmethylaniline derivatives
was carried out using Density Functional Theory (DFT)/B3LYP method with 6-311 ++G(d,p)
and LanL2DZ basis sets. The compounds were then tested on breast cancer cell lines (MCF7
and MDA-MB-231) to investigate their anti-proliferative activity using MTT essay. Moreover,
molecular docking study was carried out against estrogen and progesterone receptors to
understand the efficacy of the investigated compounds against the hormone dependent cells.
Next, another docking study was performed with aromatase and 173-HSD1, the enzymes that
catalyse the estrogen synthesis. Finally, the anti-proliferative activity of studied derivatives
against MCF-7 cell lines was investigated to predict a Quantitative Structure—Activity
Relationship (QSAR) model using molecular descriptors and MLR analysis and the generated
model was validated for predictive ability inside the model using Leave One Out method (LOO)

The computational work and the molecular docking study were carried out in the VTRS
laboratory of ElI Oued University, and experimental research work was carried out at
Department of Biochemistry, Faculty of Pharmacy at Hacettepe university, Turkey. The
manuscript is structured in four chapters, namely:

» The first chapter is a bibliographic overview on ferrocene and its derivatives, breast
cancer pathology and treatments, theoretical background on the computational used
methods contains the main concepts and definitions related to computational methods
was also presented.

» The second chapter contains molecular geometry, structural and electronic property
studies on ferrocenylmethylaniline derivatives, where we present the results of a
comparative study of two basis (6-311G++(d,p) and LanL2DZ) used in the
calculation. Furthermore, the ADME and drug-likeness properties were predicted.

» The third chapter is an in vitro and in silico evaluation of anti-proliferative activity
against breast cancer.

» The last chapter is a development of Quantitative structure—activity relationship

(QSAR) model for the anti-proliferative affect against MCF-7 cell lines.
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I.1. Ferrocene and its Derivatives

I.1.1. Introduction

The discovery of ferrocene made by Pauson and Kealy in 1951, [1] and the correction of
its sandwich structure by Wilkinson and Woodward [2] marked a great revolution in the field
of organic and organometallic chemistry.

In recent years, the applications of ferrocene and its derivatives in the industry have become
vast, and researchers have studied their synthesis and their properties.

This first chapter is devoted to a bibliographic review of ferrocene and its derivatives: a
history of its discovery and its most important physical and chemical properties and its

application.

1.1.2. The discovery of ferrocene

In 1951, Kealy and Pauson published for the first time in a famous article [1] in the journal
Nature, the synthesis of bis (cyclopentadienyl) iron or ferrocene. Kealy and Pauson have
attempted to prepare dihydrofulvalene by oxidation of a cyclopentadienyl Grignard reagent.
The compound obtained from this reaction was an orange thermally stable product. The
structure proposed by Pauson for this compound has a resonance form in which iron is bound

to cyclopentadienyl by a sigma bond with a canonical ionic formula as shown in figure 1.1.

@zpeﬁ - H Fem@

Figure 1.1: The resonance structure proposed by Kealy and Pauson in 1951

The correction of the ferrocene structure was done by the English chemist Geoffrey
Wilkinson and the German physicist Ernst Fischer, who played an important role in the
correction of the structure proposed by Pauson, and the discovery of the exact nature of the
carbon-iron bond in bis (cyclopentadienyl) iron, called ferrocene.

The correct structure of ferrocene and its aromaticity has been published rapidly in the
journal of the American Chemical Society in the form of a communication [2]. In 1952 E. O.
Fischer independently started to study the structure of ferrocene in his laboratory at the
Technische Hochschule in Munich. His conclusions were based on X-ray crystallography data,
from which he concluded that the molecule should consist of an iron (I1) atom located between
the two cyclopentadienes as ligands. Fischer and his colleagues immediately synthesized the
ferrocenium cation, and began to explore similar molecules, such as cobaltocene[3]. The

structures proposed by Wilkinson and his collaborators were truly revolutionary.
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Orgel began to describe the molecular orbitals of this new structure, which has already been
determined by Dunitz[4]. The title of his publication contained the sandwiched description [5].

Thus, the discovery of the ferrocene sandwich structure was the starting point for the rapid
expansion of organometallic chemistry and opened up a whole new field in organometallic
chemistry, which led to the Nobel Prize for Wilkinson and Fischer[6].

~
<

Figure 1.2. Structure of Ferrocene.

1.1.3. Properties of Ferrocene

Ferrocene is an orange crystalline solid with a molecular weight of 186.04 g.mol™, boiling
point 249 °C and a melting point of 173-174 °C. ferrocene decomposes at 400°C, its solubility
in water is about 0.1 mg/ml at 21 °C, 100 mg/ml in DMSO at 19.5°C. Moreover, ferrocene is
soluble in dilute nitric acid, benzene, ether, concentrated sulfuric acid but insoluble in
concentrated hydrochloric acid. At room temperature, ferrocene is the most stable of
metallocenes, with a smell of camphor. Studies have shown that it is sensitive to prolonged
exposure to air and light[7].

Infrared spectroscopy of ferrocene is relatively simple because of its symmetrical structure.
It has an absorption band at 3075 cm™ equivalents to the stretching of the aromatic C-H bond.
There are only four apparent bands: two at 811 and 1002 cm™ are equivalent to the flexion
vibration of C-H, and one at 1108 cm™ is equivalent to the asymmetric vibration of the
pentadienyl ring. The absorption band at 1411 cm™ is equivalent to the asymmetric stretching
of C-C of unsubstituted cyclopentadienyl. It has been observed that mono-substitution has no
effect on the positions of these bands, although their intensity has decreased.

The UV-Vis spectrum of ferrocene shows two main wavelengths in 324 and 441nm which
indicate that the transition is of the type of (d-d) [8].
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Figure 1.3. UV-VIS spectrum of a diluted ethanol solution of ferrocene

The 1H NMR spectrum of the ferrocene molecule is very simple, with a single chemical
shift corresponding to the ten protons of the two cycles of cyclopentadiene at 4.15 ppm.
Likewise, the 1*C NMR spectrum which shows a single chemical shift at 68 ppm correspond to
the ten carbon atoms of the two cyclopentadienyl rings.

The average length of the C-C bond in the two pentadienyl rings of ferrocene is 1.389A, a
value which is very close to that of benzene (1.395A), the Fe-C length is 2.03A and the C-H
bonds have an average length of 1.389A[9].

1.1.4. Substitution reaction

Substitution reactions are considered to be the most important reaction of ferrocene,
whereas, the substituted ferrocenes can be synthetized directly or indirectly. In the case of
indirect synthesis, ferrocene is the starting compound for the preparation of various ferrocenic
derivatives. While the direct synthesis, the substituted ferrocene is prepared by
cyclopentadienyl reactions substituted with iron in simple ways such as reagent Grignard
reactions, organometallic compounds, lithium or sodium reagents [10, 11].

The quaternary salt of ferrocinylmethyltrimethylammonium iodide is the main structure of
most derivatives based on substitution reactions, which facilitate the nucleophilic substitution

include alkoside ions, cyanide, Grignard reagents, carbon reagents, amines[12-14].
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1.1.5. Ferrocene applications

1.1.5.1. Ferrocene derivatives in medicinal chemistry

Ferrocene derivatives have attracted significant interests in medicinal chemistry as
anticancer[15, 16], anti-oxidant[17], antibacterial[18], antifungal[19] and antiparasitic drug
candidates[20].

The relative stability of ferrocene in biological media has encouraged their
vectorisation with bioactive compounds. Edwards et al. synthesized ferrocenyl antibiotics,
which were active against penicillin resistant bacteria in the 1970s. In vivo toxicology studies
on ferrocene derivatives disclosed low levels of toxicity, despite liver-related problems.
Developed in the former USSR for the curing of iron-deficiency anemia, a sodium salt of o-
carboxybenzoyl ferrocene is well tolerated for oral administration, and has also be prescribed
for gum diseases.

In the 1990s, the two most well-known derivatives were discovered, ferroquine and
ferrocifens, which have been studied extensively for the treatment of malaria and breast cancer,
respectively. In 1997, Brocard and co-workers inserted a ferrocenyl group into the side chain
of the chloroquine and it has been reported that the resulting compound ferroquine is much
safer and more effective in mice, as well as non- mutagenic. It is not only active against
chloroquine-sensitive bacteria, but also against chloroquine-resistant strains[18, 21-24].

Antiproliferative activity of ferrocifens and hydroxyferrocifens was evaluated on MCF-7
cells, which are hormone-dependent breast cancer cells having an important concentration of
ER, and on MDA-MB-231 cells, which are classified as hormone-independent breast cancer
cells because devoid of ERa. It was found that on MCF-7 cells, the effects of
hydroxyferrocifens are quite similar to that of hydroxytamoxifen, slightly more potent at a
concentration of 0.1 uM, and definitely superior at 1 uM. Furthermore, the novel feature of
ferrocifens lies in the strong cytotoxic effect observed on MDA-MB231 cells, which are
hormone-independent breast cancer cells. In these cells without ERa, OH-tamoxifen has no
effect, while ferrocifens have a remarkable antiproliferative effect with 1IC50 = 0.5 uM[25].

The major developments in the medicinal applications of ferrocene and its derivatives,

from its discovery and biological testing to their clinical testing, are summarized in figure I. 6.
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Figure 1. 6. Ferrocene derivatives in medicinal applications[24].

1.1.5.2. Other ferrocene applications

The applications of ferrocene in chemistry are indeed vast. New complex catalysts using
ferrocene derivatives are produced daily. From polymers to catalysts to chiral compounds,
ferrocene has attracted the interest of many chemists. The possibilities of using this compound
are unlimited; so, there are many areas of research on ferrocene that have not yet been explored.
Ferrocene has proven to be one of the most useful and intriguing compounds in organometallic
chemistry and has brought a great change to the chemical community.
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Here are some of the uses of ferrocene in the field of industrial chemistry[9]:
e It can be used as a protective factor in polyethylene.
e Some ferrocene derivatives can be used in the protection of the thin layers of
photoelectrochemical poles.
e The addition of ferrocene fixes the polymerization of the cellulosic material and gives
it a certain rigidity, against heat and air.
e Some ferrocene derivatives are used as insecticides.

e Ferrocene is used in the improvement of thermal stability of plastic and rubber.

1.2. Breast cancer

1.2.1. Generality

The breast refers to the organ containing the mammary gland (Figure 1.7). The gland is
surrounded by a large adipose connective tissue, and is supported by Cooper's ligaments. It is
composed of lobules, and galactophores ducts. The lobules produce the milk during
breastfeeding and the ducts transport the milk to the nipple. The mammary tissue undergoes
variations during the life (embryo, puberty, reproduction, menopause) under the hormonal
influence. At birth, the mammary gland is unfinished and remains at rest until puberty. At this
stage, the mammary gland develops under the influence of two hormones: estrogens, which
stimulate the growth and ramifications of the canal system and the proliferation of adipose
tissue, and progesterone which works with estrogens to differentiate the lobular structures. The
first pregnancy leads to the maturation of the mammary gland and an increase in the secretory
activity of the lobules which regresses 3 to 4 months after stopping lactation. At menopause,

involution of the mammary gland increases with atrophy of lobular cells[26].
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Figure 1. 7. Anatomy of female breast[27].

11



Bibliographic Overview \ Chapter B

Breast cancer is the most common cancer in women, in front of colorectal cancer and lung

cancer, with more than 2 million new cases worldwide in 2020. According to the World Health
Organization, breast cancer is the leading global cause of cancer-related death among women
(6.9 %) with almost 684 996 breast cancer-related deaths in 2020 [28]. Although breast cancer
incidence and mortality have tended to decline in recent years, thanks to early detection and
increasingly appropriate treatments, breast cancer remains the leading cause of cancer death in

women [29].

1.2.2. Types of breast cancer

Breast cancer is a malignant tumor of the mammary gland. Classically, there are two
categories of breast carcinoma categorized according to their level of tumor infiltration[30],
non-infiltrating or in situ carcinomas, and invasive carcinomas. In addition, there are several
histological types: ductal cancers, which affect the milk ducts, and lobular cancers that affects
lobules. These are the two most common histological types, however there are other types of

rare lesions[26].

Normal duct Normal lobule

If the cancer in situ is not treated in
time, the tumor cells can cross the basal
membrane of the canal or lobule, spread in
the axillary lymph nodes and then throughout
the body and form metastases: the cancer

becomes invasive.

=N Abnormal
cells

(@) (b)
Figure 1. 8. In situ carcinoma in ductal (a) and lobular (b)[27].
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Ductal cancer accounts for 75% of

invasive cancers, however, lobular cancer

represents only 5 to 10% of infiltrating

cancers and other even rarer forms exist

Invasive ductal
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such as tubular, cribrous, medullary,

mucinous or papillary carcinomas.

(a) (b)
Figure 1. 9. Invasive carcinoma in ductal (a) and lobular (b)[27].
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1.2.3. Risk factors
Risk factors can be intrinsic, that means, specific to the individual (gender, age, genetic
inheritance, etc.) which cannot be modified. There are also extrinsic risk factors (environment,
lifestyle, include decisions about having children and taking medicines that contain hormones.)
that can sometimes be used to reduce the risk of cancer [31, 32].
% Gender: Being a woman greatly increases the risk of breast cancer. In fact, less than
1% of breast cancers affect men.
« Age: As you get older, the risk of breast cancer increases. Most breast cancers are found
in women in menopause (55 and more).
¢+ Genetic inheritance and family: About 5% to 10% of breast cancer cases are thought
to be inherited, it means that they result directly from mutations passed on from a
parent, also having close blood relatives with breast cancer makes a higher risk.
% Hormonal exposure: Several studies have shown that the risk of breast cancer
increases by 10 to 20% by early puberty (before 12 years) and 20% by late menopause
(after 55 years) [33-35]. Nulliparity or a late first pregnancy is also thought to be
responsible for prolonged exposure to estrogen-promoting breast cancer [36].
Breastfeeding and multiparity, on the other hand, are thought to be protective factors
and would reduce the risk of breast cancer [37, 38].
«» Lifestyle: related to personal behaviors, such as diet, alcohol, obesity, and exercise.
Other lifestyle-related risk factors include decisions about having children,

breastfeeding, and taking medicines that contain hormones.

1.2.4. Treating Breast Cancer

According to the American Cancer Society [39] the treatment of breast cancer can be local
treatments where they treat the tumor without affecting the rest of the body by surgery and
radiation, or systematic treatment which can reach cancer cells almost anywhere in the body.
Depending on the type of breast cancer, different types of drug treatment might be used,
including chemotherapy, hormone therapy, targeted therapy and immunotherapy. In this part
we are focusing on the targeted therapy and hormone therapy.
1.2.4.1. Targeted therapy (anti-HER2)

Approximately 15 to 20% of breast cancers show amplification of the human epidermal
growth factor gene (HER2) or overexpression of the protein. The HER2 protein is located on
the surface of breast cells and is therefore involved in breast growth. In some cases of breast
cancer, the HER2 protein is overexpressed on the surface of cancer cells, referred to as HER2

positive tumours.

13
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Before the advent of targeted anti-HER?2 therapies, women with early-stage HER2-positive
breast cancer presented a worse prognosis than those with HER2-negative tumors, with shorter
relapse-free survival and high incidence metastases and increased mortality. The main
advantage of targeted therapy is their targeted action, which limits side effects [40, 41].

< Lapatinib (Tykerb)

Lapatinib is a small molecule, inhibitor of the HER2 receptor tyrosine kinase site in its
intracellular portion. It is used to treat advanced breast cancer, and might be used with certain
chemotherapy drugs or hormone therapy drugs[42].

¢ Trastuzumab (Herceptin)

It is a humanized monoclonal antibody targeting the extracellular domain of the HER2
receptor. It has demonstrated significant efficacy in combination with metastatic phase
chemotherapy. It can be used to treat both early-stage and advanced breast cancer.

< Pertuzumab (Perjeta)

It is a humanized monoclonal antibody targeting the HER2 receptor on an epitope different
from trastuzumab. It prevents the dimerization of the HER2 and HER3 receptors, which are
heterodimers particularly active in HER2 signaling. It can be given with trastuzumab and
chemo, either before or after surgery to treat early-stage breast cancer, or to treat advanced
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Figure 1. 10. The HER-2 receptor and binding sites for Trastuzumab, Pertuzumab and Lapatinib[43].

The side effects of these medicines are often mild, but some can be serious. Some patients
develop heart damage while or after treatment with trastuzumab or pertuzumab. This can lead
to congestive heart failure. Lapatinib and the combination of pertuzumab with trastuzumab can

14
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cause severe diarrhea. Lapatinib can also cause hand-foot syndrome, in which the hands and

feet become sore and red, and may blister and peel[39].

1.2.4.2. Hormone therapy

Hormone sensitive tumours, i.e. those that express estrogen and/or progesterone receptors,
account for about 70% of breast cancers. In these patients, hormones are involved in stimulating
tumor growth and an indication for hormone therapy may be proposed to inhibit this growth of
cancer cells.

The main indication for hormone therapy is to inhibit the production of estrogen or to block,
by competition, its action on the receptors. In addition, the choice of hormone therapy depends
particularly on the patient's menopausal status since estrogen production by the ovaries is
stopped after menopause and the level of circulating estrogens then comes essentially from a
conversion of androgen by aromatase. Thus, three main types of antihormonal treatments can
be proposed: aromatase inhibitors, antiestrogens and pituitary gonadotropin releasing hormone
analogs or Luteinizing Hormone Releasing Hormone (LH-RH)[44].

% Aromatase inhibitors

Aromatase is an enzyme mainly present in adipose tissue and allows the conversion of
androgens, produced by the adrenals, into estrogens. The role of aromatase inhibitors is
therefore to inhibit the action of this enzyme to prevent this conversion and therefore inhibit
tumor growth. In postmenopausal patients, the main source of estrogen remains that resulting
from the conversion of androgens since the ovaries no longer secrete it. Thus, aromatase
inhibitors are only indicated in postmenopausal patients with hormone-sensitive tumours. The
aromatase inhibitors on the market and used are the 3rd generation: Letrozole, Anastrazole and
Exemestane [45-47]. Aromatase inhibitors can cause muscle pain and joint stiffness and/or
pain, as well as bone thinning, sometimes leading to osteoporosis and even fractures. Also, they
can very rarely cause blood clots[39].

+«» Antiestrogens

Antiestrogens are molecules that have a variable role depending on the site where they are
used, in fact they can have both the properties of an agonist (in the uterus, bones and liver) and
an antagonist (in the breast, vagina and central nervous system).

The anti-tumor action is conferred by the antagonistic properties of the molecule, which is
based on competitive inhibition; these are therefore molecules that will bind to the estrogen
receptors present on the tumor cells of the breast and therefore block the action of hormones on
the cell. The most commonly used molecule remains tamoxifen, also known as a selective
estrogen receptor modulator (SERM). It can be used to treat women with breast cancer who
have or have not gone through menopause[48]. Tamoxifen can cause hot flashes, vaginal
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dryness or discharge, tumor flare with bone pain, high calcium level in the blood, and other rare
but serious side effects like uterine cancer, blood clots and strokes[39].

% Luteinizing hormone-releasing hormone (LHRH) analogs

LHRH analogs can be used only in pre-menopausal women to shut down the ovaries which
are the main source of estrogen. They are molecules that aim to bind to LHRH receptors in such
a way to cause hyperstimulation. The pituitary gland will then initially increase its secretion of
LH, resulting in an increased secretion of estrogens (and progesterones), then the pituitary gland
will no longer respond to pituitary stimulation, which will lead to a decrease or complete
inhibition of estrogen secretion by the ovaries. It is therefore necessary to induce inhibition of
ovarian function in order to stop the stimulation of tumour growth by estrogens[49]. The most

common toxicities are mood disorders, vaginal dryness, hot flashes and osteoporosis [50].

1.3. Theoretical background of computational methods
1.3.1. Molecular modeling

1.3.1.1. Generality
The research and synthesis of new chemical and biochemical compounds are today often

associated with a molecular modeling study. Computational chemistry (or molecular modeling)
could be defined as the application of mathematical and theoretical principles to solve chemical
problems, it exploits the laws of chemistry, physics and biology in specific computer programs
to calculate structures and properties of chemical and biochemical entities (proteins, nucleic
acids, molecular complexes, solids, crystals etc.). Molecular modeling aims to predict the
structure and reactivity of molecules or molecule systems. The most precise molecular models
use ab initio which mean "first principles” electronic structure methods, based on the principles
of quantum mechanics, and are commonly very computationally expensive. However, due to
the development in computer resources and storage capacity and processor performance,
molecular modelling has been a rapidly progressing and expanding field, to the point that it
becomes currently possible to solve relevant problems in an acceptable amount of time[51, 52].
It serves as a bridge between theory and experiment to[53]:

1. Extract results for a particular model.

2. Compare experimental results of the system.

3. Compare theoretical predictions for the model.

4. It helps in the comprehension and interpretation of experimental observations.

5. Correlate between microscopic details at atomic and molecular level and

macroscopic properties.

6. Provide information that is not available from real experiments.
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In the following, we are describing the most commonly used methods in chemistry for the

study of organometallics as well as the molecular docking method.
1.3.1.2. Molecular calculation methods

All molecular calculation methods can be classified under three general categories, quantum
mechanical methods, semi-empirical methods and molecular mechanics, they all used to
determine the geometry of a molecule as well as its physicochemical properties[52].
1.3.1.2.1. Quantum mechanical methods

It provides the most accurate and consistent predictions for chemical systems. However, its
methods are extremely computer intensive.
1.3.1.2.1.1. Basics of guantum mechanics

e Schrodinger Equation

The equations developed in quantum chemistry are based on solving the Schrodinger
equation. This fundamental equation was proposed in 1925 by the physicist Erwin Schrodinger,
and earned him the Nobel Prize in physics in 1933. It describes the movement of electrons and
nuclei in atoms and molecules, as well as all the properties that result from them. The time-
independent and the time- dependent Schrodinger equation are written in the following form

(1) and (2) respectively:

0¥ i
— -__AYy
p F T s (Eq 1.2)

Here the wave functions W and ¥ are functions of all coordinates of the relevant system and

¥ is also a function of time. In our case of a molecular Hamiltonian H is given by:
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Where 'fe and T, are the kinetic energy terms for the electrons and the nuclei respectively;

V.. represents the electron-nuclei interaction potential, also V., and V,, the interelectronic and

inter-nuclear repulsion potentials.

e The Born-Oppenheimer Approximations:

One of the first approximations applied is the approximation proposed by Born and
Oppenheimer in 1927. It consists in decoupling the movements of the electrons from those of

the nuclei. Indeed, the electrons, having masses much smaller than those of the nuclei (mp / me
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~ 183 6), move much more quickly. In the description of the electronic states, the nuclei can be
considered as immobile. This conjecture leads to a simplification of the Schrdodinger equation
into an electronic part, whose solution provides the potential for the movement of nuclei, which
will then be used to solve the Schrodinger equation for the nuclei alone. In the electronic
equation, the positions of the nuclei play the role of simple parameters that are fixed. Therefore,

in the Eq. 1.5 below, which defines the electronic Hamiltonian (Fel), the Kinetic energy of the

nuclei ('fn) is not considered and the term associated with the nuclear repulsion potential

(V.. ) is a constant:

I:Iel - fe +\7ne +\7ee +vnn (Eq 1.5)
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Thus, the Born-Oppenheimer approximation leads us to calculate the electronic energy (Eer)

through the resolution of:
HyVy =Ex ¥y

For a given nuclear configuration, the resolution of the Eq 1.7 gives direct access to the
quantized electronic states of the studied system as well as the energy associated with these
states. The function describing the electronic energy according to the positions of the nuclei
constitutes the hypersurface of potential energy (SEP).

Despite the simplification introduced by the Born-Oppenheimer approximation, the
resolution of the Eq 1.7 It is only possible for the simplest systems (eg. the hydrogen atom, the

H, molecule). Much of the work of theoretical chemists has been to find approximate

resolution methods of this equation for the most complex systems.[54-56]
1.3.1.2.1.2. Ab initio methods

The codes used in molecular chemistry are based on numerous and different quantum
chemistry methods that allow the resolution of the Schrdédinger equation associated with the
molecular Hamiltonian. Methods that do not include any empirical or semiempirical parameters
in their equations, which mean that derive directly from theoretical principles, without the
inclusion of experimental data, are called ab initio methods.

This does not imply that the solution obtained is the exact solution; they all consist of
approximations to varying degrees of quantum mechanics calculations. This means that a
particular approximation is rigorously defined on the first principles (quantum theory) and then
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resolved with a margin of error that is known qualitatively to advance. If digital iteration
methods are used, the goal is to iterate until machine accuracy is reached.

The simplest ab-initio method of electronic structure calculation is the Hartree-Fock (HF)
scheme, in which the electron-electron Coulomb repulsion is not specifically taken into account.
Only its average effect is included in the calculation. When the size of the base is increased, the
energy and the wave function tend towards a limit called Hartree-Fock limit. Many types of
calculations, known as post-Hartree-Fock methods, begin with a Hartree-Fock calculation and
are then corrected for electron-election repulsion, also known as electronic correlation.

When these methods are pushed to their limits, they approach the exact solution of the non-
relativistic Schrédinger equation. If one wants to get an exact agreement with experience, it is
necessary to include relativistic and spin-orbit terms, both of which are important only for heavy
atoms. In all these approaches, in addition to the choice of the method, it is necessary to choose
an adequate basis. This base (in the mathematical sense of the term) is a set of functions, usually
centered on the different atoms of the molecule, that are used to extend the molecular orbitals
by the linear combination of atomic orbitals (LCAO) postulate. The ab initio methods therefore
need to establish a level of application of the theory (method) and a basis.[57]
1.3.1.2.1.3. Hartree-Fock Method

The Hartree-Fock method makes it possible to approximate the Schrodinger equation, by

assimilating the bi-electronic integrals into a Coulomb interaction integral (denoted by J) and

an exchange integral (denoted by K). We thus define the new operator F (Fock operator):

|£(P: Ep .. (Eq 1.8)
n N 1 ) M N Z N N
F Z_ZEVi _er_+22‘]ij _Kij ...... (Eq 1.9)
i=1 A=1i=1 lia  i=l )i

The shapes of the integrals are known, so the equation can be solved. However, the wave
function depends directly on the J and K parameters, which also depend on the wave function
directly. Thus, a linear resolution of the equation is to be excluded. The method used is that of
the self-consistent field SCF, which consists in solving the equation from a starting set of
orbitals, called the basis set. This starting game makes it possible to calculate a first time the
parameters J and K, which are reused to recalculate the orbitals, and so on until convergence of
the various parameters (energy, RMSD ...)

This starting orbital game can be more or less developed according to our expectations. The
larger the base, the more precise the calculation will be, and therefore longer. The orbitals are
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either represented by Slater-type orbitals (STO) or by Gaussian functions (e‘“rz ), representing
in a different way the core orbitals and the valence orbitals.

This approximation and the self-consistent field method allow the Hartree-Fock protocol to
quickly solve the Schrodinger equation. However, the previous approximations mean that the
calculated energy will always be greater than the energy of the exact solutions (the difference
is called correlation energy). From a physical point of view, the position of an electron at a
given time is actually not independent of others. It is said that the electrons are correlated, and
this can induce a very important difference between the HF energy and the exact energy of a
system [58, 59].
1.3.1.2.1.4. Density-Functional Theory (DFT)

The density functional theory (DFT) differs from the ab initio methods based on the HF
equations because it is based on the notion of electronic density p(r) and not on that of multi-
electronic wave function. This approach is based on two theorems due to Hohenberg and
Kohn[60].

The first stipulates that "the total energy of a system in its fundamental state depends only
on its electronic density p(r)" (energy is therefore a functional of the electronic density). Any

property of the ground state, including energy, can be written as a functional electronic density.

E=E[p(r)] . (Eq 1.10)

The second theorem is the analog of the variational principle applied to the density and
shows that the density is stationary for the ground state.

% Types of functionalities exist

DFT calculations fall into three general categories: local density approximations
(LDA), generalised gradient approximations (GGA), and "hybrid” combinations of DFT
and Hartree-Fock terms.

e local density approximations (LDA) that depend solely on the electronic density at
each point of the system and neglects any influence of the inhomogeneity of the
system. This approximation is correct when the density varies sufficiently
slowly[61].

e Generalised gradient approximations (GGA) functionalities that introduce the
density gradient into their expression allow for the inhomogeneity of the electronic
distribution. The most used functionalities are: Becke88[62], PW91[63], P86 [64]
and LYP [65].

e Hybrid functional HF-DFT, which appeared recently, which include for the

exchange energy a mixture Hartree-Fock and DFT while the correlation energy
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remains purely DFT. These features appear to be the most reliable of the moment.
Examples of hybrid methods are B3LYP and B3PW91, where B3 denotes Becke’s
three-parameter hybrid functional [62, 66], while ‘PW91’ and ‘LYP’ are gradient-
corrected correlation functionals of Perdew and Wang [67] and, as above, Lee,
Yang and Parr.

%+ Success and limitations of the DFT

Several studies have been carried out in recent years, using DFT calculations and giving
good results on large chemical systems, taking into account the effects of electronic correlation.
Many properties (molecular structures, vibration frequencies...) are well reproduced. However,
the DFT method still suffers from several defects, including the lack of real criteria that improve
the functional and molecular properties[68].
1.3.1.2.2. Semi-empirical methods

In the ab initio methods, almost all the computation time is consumed by the integral’s
calculations, and in order to reduce this computation time, it is necessary to simplify the
Roothann equations.

A semi-empirical method is a method in which part of the computations required for the
Hartree-Fock calculations are replaced by parameters adjusted to experimental values (the
Hamiltonian is always parametrized by comparison with references). In general, all these
methods are very accurate for families of data products close to those used for parametrization.

Semi-empirical methods considering only the electrons of the valence layer; the electrons

of the inner layers are included in the nuclear core[69].

s CNDO approximation: (Complete Neglected of Differential Overlap) First semi-
empirical method, it was proposed by Pople, Segal and Santry in 1965. This method is
based on simplifying assumptions much more severe. It takes its name from the fact that
all the bielectronic integrals that depend on the overlap and charge densities between
different atoms are zero.

s MNDO approximation: (Modified Neglect of Diatomic Overlap) Proposed by Dewar
and Thiel in 1977[70]. Method based on the NDDO [71] (Neglect of Diatomic
Differential Overlap) approximation which consists in neglecting the differential
overlap between atomic orbitals on different atoms. This method does not treat
transition metals and presents difficulties for conjugated systems.

s AML1 approximation: (Austrin Model 1) [72] Proposed by Dewar in 1985. He
attempted to correct the defects of MNDO.
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«» PM3 approximation: (Parametric Method 3) [73]Proposed by Stewart in 1989. Has

many points in common with AM1.

< PM6 approximation: (Parametric Method 6) The most recent method proposed by

James J. P. Stewart in 2007 [74] used in quantum chemistry, rewritten from the ground
up with a new more precise parameterization for all major elements and transition
metals. More than 9000 compounds were used to develop the new PM6 method from
PM3 and PM5. This compares to only 39 compounds used at MNDO, about 200
compounds used at AM1, and about 500 compounds used in PM3.

1.3.1.2.3. Molecular mechanics (MM)

Molecular mechanics (MM) methods use the laws of classical physics for the prediction of
structures and their properties, such as energy. Just as quantum mechanics methods is a
powerful tool used to better understand small molecular systems and to answer some questions
about the electronic structure of molecules. Molecular mechanics, on the other hand, describes
molecules according to their nuclei and not their electrons. It defines a purely empirical function

that takes the positions of nuclei as implicit and implicitly implicates the presence of electrons.

Molecular mechanics (figure 1.11) considers a molecule as a series of masses (atoms)
connected together by springs (chemical bonds). Depending on the interactions between the
masses, structural deformations can take place. More particularly, for all the methods, the
energy function is generally described in internal terms directly related to the covalent bonds
of the atoms (bonded interactions) and in external terms reflecting the interactions between non-

covalently bonded atoms (non-bonded interactions)[75].

22



Bibliographic Overview \ Chapter |

Torsion

Bond
stretching

3 P

Non-Bonded Interactions

Figure I. 11. Molecular Mechanics
1.3.1.2.4. Force Field

In the functional expression of classical force fields, the total potential energy of the system

(Etot) is expressed as the sum of the energy of the bonded and non- bonded atoms [56].

Etot = Estretch + Ebend + Etors + EVanDerWaals + Eelectro + - .- (Eq I-ll)
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There are many force fields with successive versions and many ways to define potential

energy. Here are some of the best-known force fields[52, 76]:
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& MMFF (Merck Molecular Force Field).
s+ CFF (Consistent Force Field).
s CVFF (Consistent Valence Force Field), used in the treatment of small organic
molecules and biomolecules.
« GROMOS (Groningen molecular Simulation Program Package).
s AMBER (Assisted Model Building with Energy Refinement).
s CHARMM (chemistry at Harvard using molecular mechanics), specialized in the

treatment of biological molecules, such as nucleic acids and proteins

1.3.1.3. The bases of atomic orbitals

Atomic orbitals are defined from basic functions that are divided into two major families.
1.3.1.3.1. Slater-Type Orbitals STO

The general expression of a function of Slater [77, 78]is given by the following relation:

Zr?‘,l,m(rigl P)=N.r""e=*"Y(0,¢) (Eq 1.17)

Where { is the exponent of Slater which is a positive number that depends on the atomic
number and can be determined using Slater's empirical rules or by optimization. n, I, m are
respectively the principal, secondary and magnetic quantum numbers. rA, 0A, @A are the
spherical coordinates that locate the electron with respect to the center A bearing the STO and
Y (6, p) represents a spherical harmonic. In Cartesian coordinates.
1.3.1.3.2. Gaussian-Type Orbitals GTO

The use of Gaussian functions in quantum calculations has been proposed for the first time

by Boys [79]. Their standardized general form is as follows:

Ziﬁ( (x,y,2) =Nx"y' .z exp(-ar®) . (Eq 1.18)

The Gaussian bases, on the other hand, have a rather poor representation of the atomic
orbitals because they do not have the exact behavior at the origin (non-zero derivative) nor at
the great distances (decay too fast with r) on the other hand their interest is that all the integrals
involved in the calculations can be calculated explicitly without recourse to numerical
integration. To compensate for this incomplete representation of atomic orbitals by Gaussian
functions, linear combinations of Gaussians are used as basic functions. These functions are
called gaussian contracted functions. There are a multitude of possible Gaussian bases to

perform a SCF calculation the most commonly used are those developed by Pople et al.

%+ The simplest basis is STO-3G still called minimal base. this means that Slater-type

orbitals are represented by three Gaussian functions.
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% The next level developed by Pople includes split-valence bases such as 3-21G, 4-31G
and 6-31G where the first number represents the number of Gaussians used to represent
orbital 1s. Valence orbital are represented by two functions which are composed of the
numbers of Gaussians given in the second part of the two numbers of the denomination

of the basis.

¢+ For the reduction of the valence layer, several sets of orbitals are used for each valence

sub-layer. It can be split (double zeta) "CC-PVDZ" using, for example, for the atoms of
the second period, two 2S orbitals and two sets of 2P orbitals. Even better bases are of
triple zeta quality "CC-PVTZ", quadruple zeta "CC-PVQZ"[68].

¢+ The Los Alamos National Laboratory basis sets, known as LANL2DZ and developed

by Hay and Wadt,[80-83] have been widely used in quantum chemistry, particularly in

the study of compounds or clusters containing heavy elements. These basis functions

have been obtained by fitting procedure of pseudo-orbitals with Gaussian functions.
1.3.1.3.2.1. The polarization functions

They correspond to unoccupied orbitals in the ground-state atom. Therefore, they will be of
the type p for the hydrogen atom, d and g for the atoms of the second period, and of the type f
for transition metals. In order to increase the flexibility of the base used and take into account
the deformations of the valence atomic orbitals during the formation of the molecule. Their role
in the base is decisive [68].

With regard to nomenclature, in addition to the symbol of the basis that’s used, the
polarization is indicated by one (or two) asterisk (s) (*) or the nature of the added orbitals (p,
d, f,..) (6-31G** = 6-31G (d, p)).
1.3.1.3.2.2. Diffuse functions

In order to better describe the changes in the distribution of the long-range electronic charge,
it is possible to add diffuse orbitals which represent Gaussian functions (usually p or d) of very
low o exponents which decrease slowly when we move away from the nucleus. Thus,
mathematical functions are needed to describe the situation where the external electron tends
to move away from the nucleus. These diffuse functions are necessary to correctly describe the

anions, the hydrogen bond, the weak interactions etc[55].

With regard to nomenclature, they are indicated by one (or two) sign (s) + in addition to the
symbol of the basis used (6-31G++ (d, p)).
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1.3.2. Molecular docking

1.3.2.1. General principle of docking protein/ligand

Molecular docking is an empirical method that can expect the affinity between two
molecules. It is generally used to predict the affinity of a ligand for a protein, among others, the
position and the most favorable orientation for a ligand interacting with a target protein. This
tool is currently very much in demand in the search for new therapeutic molecules in biology,
pharmacy and medicine. It is used to make very fast and inexpensive screens in order to identify
a molecule that can have a high activity on a target protein or on the contrary to identify the
target of a molecule with important biological activities. On the other hand, when the three-
dimensional structure of a target protein is defined, docking makes it possible to highlight the
regions and residues to be explored in order to optimize the affinity of a ligand with this target.
Thus, it is also used to optimize the selectivity of a molecule between two or more proteins[84].

The general principle is, considering a target of given geometry, to try to place the ligand
in interaction with the protein in the most favorable way possible. There are many docking
softwares, which can be divided into two categories according to the method used:

++ the simulation of trajectory.
+¢+ the adjustment of fragments (matching).

From a random initial position, the trajectory simulation consists in exploring several
positions (with different conformations of the ligand) by evaluating the ligand/protein
interaction energy. The best position is the one with the lowest energy, so that, it is the most
stable ligand/protein complex. This method is used by AUTODOCK software.

The second approach, the adjustment of fragments, is based on the complementarity of
forms. In this method, the ligand is broken down into several fragments and then reconstructed
in the active site, trying to match the geometries and chemical functions. This method is much
faster than trajectory simulation and generally allows the rapid screening of large libraries of
molecules. It is used by softwares such as DOCK, SURFLEX and GOLD. The trajectory
simulation method is slower but takes better account of the flexibility of the ligand and allows
the exploration of larger regions[85].

1.3.2.2. Types of Molecular Docking

Docking algorithms can be separated into two major classes:

e Rigid Docking

In this docking procedures, the protein is considered as a rigid body, the flexibility of the
ligand alone is taken into account for obtaining complexes. Depending on the method used to
generate the ligand conformers and place them in the catalytic cavity of the receptor, the

algorithms can be subdivided into molecular mechanics simulation algorithms and molecular
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dynamics form, systematic and stochastic. In most cases, the use of algorithms considering the
protein as a rigid body leads to good results, mainly when the protein has a limited
flexibility[86, 87].

e Flexible Docking

Some proteins naturally have regions of great flexibility, undergoing considerable
rearrangements in the presence of a ligand. In this case, neglecting the flexibility of the protein
can influence the accuracy of the docking results, and necessitates the use of approaches that
take into account the flexibility of the entire system[88]. Indirect or direct methods, where the
flexibility of the protein is partially or completely taken into account, are described in the
literature. Nevertheless, these methods are not often used because the gain in precision
compared to the traditional algorithms is generally too small compared to the increase of the
simulation time[86].
1.3.2.3. Molecular Docking protocol

Two steps are mainly used[75]:

e The first step is to download the chemical structures of the targets to be treated, for this

it is necessary to go directly to the Protein Data Bank PDB (http://www.pdb.org or

http://www.rcsb.org ) and determine where are deposited the structures of these targets.

The PDB contains several thousand protein structures obtained either by
crystallography (X-rays) or by NMR. If the target is not yet deposited at the level of the
Bank, and the latter contains a protein with similar sequences, homology modeling
intervenes to build the 3D structure of the desired target. After downloading the target
(PDB), we use a visualization software to see with which ligands the protein is co-
crystallized (water, ligands, ion, ...).

e The second step concerns the structures of the ligand (s) used during molecular docking.
There are two large databases of ligand chemical structures. The first represents these
structures by molecular modeling computer programs, where different structures are
generated by geometry optimization. These structures are governed by the laws of
quantum chemistry. In the second case, they are obtained from databases like PubChem
Project or other databases of structures.
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Figure I. 12. Typical steps of a molecular docking.
1.3.3. Quantitative structure-activity relationship QSAR

1.3.3.1. Generality

The Quantitative Structure-Activity Relationship (QSAR) model is a correlation study
based on a statistical calculation of physico-chemical parameters with the biological activity
[89]. The comparison of the biological activity of certain molecules and their structure has made
it possible to establish in many cases correlations between the structural parameters and the
properties of a molecule. The association of variation of the activity with the parameters makes
it possible to obtain a system of equations which gives, for a given chemical series and for a
defined activity, a correlation equation.

The essential interest of this equation is that it should make it possible to determine the
value of the parameters corresponding to maximum activity and thus to predict the activity of
molecules that have not yet been synthesized[90].

The validity of a QSAR model will therefore depend on the choices made on the parameters.
It is therefore advisable to identify and quantitatively evaluate the most relevant parameters to
be used according to the activity and molecule selected.
1.3.3.2. Molecular Descriptors

A molecular descriptor is a parameter (a numerical value) specific to a given chemical
structure. These values can be obtained experimentally or calculated from the structure of the
molecule. Calculated descriptors allow predictions to be made without having to synthesize the

molecules, which is one of the objectives of QSAR.
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Molecular descriptors play a fundamental role in the studies of the QSAR. They are used
as independent variables to predict a dependent variable (activity or property). There is a very
large number of molecular descriptors of different complexities and designs, and no strict rules
have been established for the selection of suitable descriptors from the large number of available
descriptors. This choice has often been based on the chemical intuition of researchers, or by
bending to tradition. Many different kinds of descriptors are classified based on the effect
(steric, hydrophobic, electronic, etc.) or based on its dimension that called Descriptors Block,
whereas we find four types of molecular descriptors 0D, 1D, 2D and 3D. In what follows, we
will present only the most commonly used molecular descriptors and those that have been used
in all of our work [91, 92].

+« Constitutional Descriptors

Constitutional descriptors can simply obtain the information from the compounds' chemical
composition. Typical constitutional descriptors include molecular weight, total numbers of
atoms, bonds, and rings in the molecule. These are one dimensional (1D) descriptors which can

easily be obtained with knowledge of the molecular formula[56].

¢+ Topological Descriptors
Topological descriptors are two-dimensional (2D) descriptors obtained from molecular
topology information; they express the molecular atomic connectivity and can be determined

from 2D graph representation of molecules [93].

s+ Geometrical Descriptors

They are based on the spatial arrangement of the atoms making up the molecule and are
defined by the coordinates of the atomic nuclei and the size of the molecule represented. These
descriptors include information on the molecular surface obtained by the Van Der Waals areas
and their superposition [94]. Molecular volumes can be obtained by Van Der Waals volumes
[95].

¢+ Physico-chemical descriptors

The physicochemical descriptors, some of them reflect the molecular composition of the
compound (number and type of atoms and bonds present in the molecule, number of rings,
donor/acceptor properties of H-bond, cation, anion, etc.)[96]. Others represent the hydrophilic
or lipophilic character of the molecule generally evaluated from the Octanol/water partition

coefficient represented by log P [97].
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+« Molecular Descriptors

Geometry, topology and atom-weights assembly (GETAWAY), encode the geometrical
information obtained from the molecular matrix along with the topological information

obtained from the molecular graph, as well as atomic weights information[98].

¢ Electronic Descriptors
Electronic descriptors reflect the molecule’s electronic structure, based on 3D structure

and the charge distribution in the molecule[56].

Table I. 1. List of descriptors used in our work.

Descriptors Abbreviations Type
Molecular volume MV Geometrical
Molecular weight MW
Topological polar surface area TPSA Topological
Surface area grid SAG
Polarizability Pol
Water solubility LogS
Partition coefficient octanol/water Log P Physico-chemical
Molar refractivity MR
H donor HDo
H acceptor HAC
Total energy E
Atomic charges q
Energetic gap ' . GapE Electronic
Energy of frontier orbital’s HOMO, HOMO
Energy of frontier orbital’s LUMO LUMO
Dipole moment DM
Heat of formation HF Thermodynamic

1.3.3.3 Biological Data

Biological parameters are measurable and quantifiable (specific enzyme or hormone
concentration, phenotype distribution of particular genes in a population, etc.) acting as
indices for health-related physiological assessments, disease incidence, psychological
conditions, environmental exposure and its consequences, metabolic processes, drug
addiction, etc.

Biological data are typically expressed on a logarithmic scale. Moreover, inverse
logarithm of the activity (log 1/C) are also used to obtain mathematical values higher when

structures are biologically very efficient.
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The table below lists several examples of biochemical and biological data used in the

QSAR analysis [99]:

Table 1. 2. biochemical and biological data used in the QSAR analysis

Source of Activity

Biological Parameters

Isolated receptors

Rate constants

Michaelis-Menten Constants

Inhibition constants
Cellular systems

Inhibition constants
Cross resistance

In vitro biological data
Mutagenicity states

In vivo systems

Biocencentration factor
In vivo reaction rates

Pharmacodynamic rates

Log k
Log 1/Km
Log 1/Ki

Log 1/IC50
Log CR
Log 1/C
Log TA98

Log BCF
Log I (Induction)
Log T ((total clearance)
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I1. 1. Introduction

Ferrocene is the most well-known organometallic. First prepared in 1951, and structurally
characterized in 1952, this ‘sandwich’ complex has an interesting history [1, 2]. Its derivatives
have attracted significant interest in medicinal chemistry. The salt of ferrocenylmethyl
trimethylammonium iodide plays a very important role in the preparation of a very large number
of substituted N-ferrocenylmethylaniline, which are likely to exihib antimutagenic activity.
In addition the amine function in this derivatives can be acylated by different acylation reagents
producing a series ferrocerene amides of the N-ferrocenylmethyl-N-phenylacylamide type
which are likely to possess antimutagenic activity. In this chapter, due to the lack of adequate
information about the chemical properties and structural characteristics, we carry out a study
of the molecular structure of 29 N-ferrocenylmethylaniline derivatives (table 11.1) using
Density Functional Theory (DFT) method concerning the numerous applications of new
methods in quantum mechanics to study structural properties and molecules spectroscopy. DFT
with different basis sets is one of the efficient and effective methods to determine structural and
crystal properties of the molecules.

Table I1. 1. General formula of N-ferrocenylmethylaniline derivatives.

Y
e
(N
Fe - |
X

Ne°: X Y Ne°: X Y Ne°: X Y
A0 H H Al10 4-Cl H A20 4-COMe H
Al H COMe All 3-Br H A21 H NHCOMe
A2 H COEt Al2 4-Br H A22 H NHCOPhO
A3 H COPh Al3 2-CN H A23 2-NO2 COMe
Al H CO-Ph-2-NO2 A1l4 3-CN H A24 3-NO2 COMe
A5 2-Me H Al5 4-CN H A25 4-NO2 COMe
AL 3-Me H Al6 2-NO2 H A26 2-CN COMe
A7 2-Et H Al7 3-NO2 H A27 3-CN COMe
A8 2-Cl H Al8 4-NO2 H A28 4-CN COMe
A9 3-ClI H Al19 2-COMe H

11.2. Computational details
Molecular modelling is a set of techniques for investigating chemical problems on a

computer. The types of calculations used in this part are:
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11.2.1. Molecular Geometry

It’s the shape of the molecules, bond lengths, angles and dihedrals bond, which can be
interpreted by the results of X-ray diffraction studies and electron diffraction or refine them.
11.2.2. Geometry Optimization

The geometry optimization process starts with a set of coordinates that describes the
starting geometry, and then the computation looks for a new set of coordinates that has the
geometry of the minimum energy.

11.2.3. Mulliken population analysis (MPA)

This population analysis is the oldest and one of the most commonly used. MPA splits
bond orbital populations equally between the two bond atoms. This approach is quite simplified
and does not take into consideration that one of bonded atoms can attract electrons markedly
more than the second one. At the other hand MPA 's simplicity is also an advantage, since the
approach can be easily used [3].

11.2.4. Single Point Calculations

This method calculates the energy, the wave function and other properties to a fixed simple
geometry, it is usually done at the beginning of the study of a molecule to identify the geometry
and symmetry of the system. It is also frequently used after an optimization of the geometry[4].
11.2.5. The molecular electrostatic potential (MESP)

MESP surface which is a plot of electrostatic potential mapped onto the iso-electron density
surface [5], its importance lies in the fact that it simultaneously displays the molecular size and
shape as well as positive, negative and neutral electrostatic potential regions in terms of the
electrostatic surface, which explain the investigation of the molecular structure with its
physiochemical property relationship [6].

11.2.6. Molecular Orbitals (HOMO-1, HOMO, LUMO, LUMO+1, AE)

The most important orbitals in a molecule are the frontier molecular orbitals, called highest
occupied molecular orbital (HOMO) which describes the ionization energy and lowest
unoccupied molecular orbital (LUMO) which describes the electron affinity in a molecule.
These orbitals determine the way the molecule interacts with other species including the
interactions between a ligand and its receptor [7]. While, electrophilic and nucleophilic attack
will most likely occur at atoms where the coefficients of the corresponding atomic orbitals in
HOMO and LUMO, respectively, are large [8].

Sometimes, even, the first excited state is degenerate the terms HOMO and LUMO cannot

give clear distinctions. Thus, we can also use the second highest occupied and second lowest
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unoccupied molecular orbitals (HOMO -1 and LUMO +1, respectively), whereas, these orbitals
are lower in energy than HOMO and LUMO.
11.2.7. Chemical Reactivity:

For instance, knowing where the electrons are concentrated (nucleophilic sites) and
where they want to go (electrophilic sites) allows us to anticipate where various kinds of
reagents would attack a molecule [9].

11.2.8. IR and NMR spectra:

These can be computed, and if the molecule is unknown, someone trying to make it knows
what to look for. Enable the calculation of infrared stretching and bending absorption
frequencies and it is a lot of fun to view animations of these types of motions in molecules. The
vibrational frequency of a two-atom system is proportional to the square root of the force
constant (the second derivative of the energy with respect to the interatomic distance) divided
by the reduced mass of the system (which depends on the masses of the two atoms) [9].

e Gaussian calculations

First, all structures were optimized by Gaussian 09 and viewed by GaussView 5.0 using
DFT/B3LYP method and the two basis sets 6-311G ++ (d, p) and LanL2DZ. Then the geometric
parameters like bond lengths and bond angles between its constituent atoms, were compared
with the experimental values obtained from X-ray mesurments (obtained from scientific
literature) [10-14]. The harmonies between calculated and experimental structural parameters
were studied and the regression coefficients (R2) were calculated using Excel from Microsoft
office tools. Moreover, Mulliken atomic charges of constituent atoms and MESP of the studied
compounds were calculated using the same computational methods with the same bases set and
were compared to each other. Also, the optimized structures of the studied compounds were
used to calculate the *H and **C NMR spectra using DFT/B3LYP and the gauge independent
atomic orbital (GIAO) methods with 6-311G++(d,p) and LanL2DZ basis set and chloroform as
solvent. The chemical shifts of the compounds were computed with reference to TMS B3LYP
/ 6-311G++ (d, p) GIAO. The obtained values were compared to each other and then to the
experimental chemical shifts. The vibrational frequencies were obtained as well from the
optimized structures, and compared with the experimental frequencies, the vibrational
assignments were observed and explained as symmetric, asymmetric, stretching, in plane
bending and/or out of plane bending. Finallyy, HOMO and LUMO energies, as well as the
energetic gaps (HOMO-LUMO) were calculated using single point energy.
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11.2.9. ADME and Pharmacokinetics properties

In order to develop drugs with desired properties and optimal dosing regimens, it is very
essential to determine the pharmacokinetic properties of these drugs, including their ADME.
Pharmacokinetics is the field that studies the four processes of ADME. It answers whether a
drug is able to get to the site of action. ADME refers to Absorption, Distribution, Metabolism
(biotransformation), and Elimination, once a drug enters the body, the body starts to process
these four aspects of a drug [15].

Nowadays, drug developers are facing significant difficulties to develop more efficient as
well as cost-effective drugs as compared to current treatments, therefore, a need to optimize
physicochemical properties including their bioactivities and the ADME properties as well have
arisen in order to develop drugs with the least adverse effects. Other properties that are taken
into account in the prediction of the behaviors of newly-developed drugs are related to the size
of doses and their frequencies as well. These properties include drugs’ bioavailability, oral
absorption, clearance, volume of distribution, as well as the penetration through the blood-brain
barrier (BBB). The metabolic stability of drugs is also considered as a crucial issue that drug
developers need to pay particular attention to, since the success or failure of the development
process depends greatly on the metabolism profile of these drugs [16].

The ADME and Pharmacokinetics properties of FMA derivatives were predicted using
SwissADME web server. The drug-like nature including the Lipinski rule of five, Ghose,
Veber, Egan and Muegge rules, were predicted for all compounds by entering the SMILES of
the compounds as well as the bioavailability score and the pharmacokinetics properties.

11.3. Results and discussion

11.3.1. Geometric parameters

The parameters for optimizing the molecular geometry (bond distances and angles) of A0
are tabulated in table I11.2 and the optimized structure with the numbering arrangement are
shown in figure 11.1. Since the crystal structure of A0 is not available, the optimized structure
can only be compared with other similar systems Al for which the crystal structures have been
solved.

The comparision of the calculated geometric parameters with the X-ray data shows a good
agreement, with a coefficient regression R? equal to 0.980 for interatomic distances with both
basis sets and 0.930 and 0.940 for angles with 6-311G++ (d,p) and LanL2DZ respectively (find
in appendix n°1 the distribution graphs for the geometric parameters ).

The Fe-C bond lengths were equal to 2.08 for ferrocene [17], also Mauricio. Y et al have

found that this bond is equal to 2.08 for 2-ferrocenyl-1,8-naphthyridine complex [18]. In this
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work, we calculated the Fe-C bond in around 2.07A (2.11A) using 6-311G++ (d,p) (LanL2DZ),
while the experimental vary from 1.99 to 2.08 A with max difference equal to 0.08 A (0.13 A)
for 6-311G++ (d,p) (LanL2DZ). The C-C bond lengths were calculated in the range of 1.388 —
1.508 A (1.401-1.505 A) using 6-311G++ (d,p) (LanL2DZ), which fit with the experimental
values between 1.52 and 1.31 A with max differences equal to 0.11 and 0.13 for 6-311G++
(d,p) and LanL2DZ, respectively. Similar to this results, Mauricio. Y et al [18] have calculated
this bond at 1.416 A for a ferrocenic complex, and another study has shown that the C-C bond
of ferrocene is equal to 1.39 A [17]. The interatomic distances shows better agreement with
other compounds (appendix n° 1) where max differences around 0.06 for the C-C bonds lengths
and coefficient regressions R? from 0.97 to 0.99 with both bases sets.

Moreover, the C-N bonds were in the range of 1.39 -1.46 A for both basis set, which is in good
agreement with the X-ray values with max difference equal to 0.04.

The expected value for bond angle in benzene ring is 120° [19, 20]. Likewise, in this work
the C-C-C angles for benzene ring are from 117° to 121°. Moreover, the bond angles C6-C10-
C11of the studied compounds were calculated 127°(126°) using 6-311G++ (d,p) (LanL2DZ)
and in experimental result 126°, whereas, the same angle were equal to 125.8° for 2-ferrocenyl-
1,8-naphthyridine [18].

As seen from tables 11.2 and the other tables of geometric parameters in appendix n° 1,
most of the optimized bond lengths are slightly longer than the experimental values, and the
bond angles are slightly different from experimental ones because the molecular states are

different during experimental and theoretical processes.

(a) (b)
Figure 11. 1 (a) The ORTEP view of A0 shows atomic labeling scheme and 40% probability level dis-

placement ellipsoids. (b) DFT optimized structure of A0 by GaussView.
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Table 1. 2. Selected optimized geometry parameters of compound A0 by DFT/B3LYP method.

X-ray ’ a ‘ b ‘ ‘ X-ray ‘ a ‘ b
Bond distances(A)
C1 C2 1,37 1,425 1,443 C8 C7 1,38 1,425 1,444
C1 C5 1,43 1,426 1,443 C8 Fel 2,03 2,076 2,117
C1 Fel 2,05 2,078 2,121 C9 Fel 2,088 2,071 2,115
C2 C3 1,48 1,426 1,443 C10 C9 1,47 1,433 1,446
C2 Fel 2,056 2,078 2,119 C10 Ci11 1,52 1,508 1,506
C3 C4 1,44 1,426 1,443 C10 Fel 2,002 2,075 2,119
C3 Fel 2,04 2,077 2,119 C13 C12 1,372 1,408 1,424
C4 Fel 2,03 2,078 2,121 Cl14 C13 1,376 1,388 1,401
C5 C4 1,31 1,426 1,443 C14 C15 1,366 1,397 1,411
C5 Fel 1,99 2,078 2,12 C15 Cl6 1,368 1,392 1,407
C6 C7 1,34 1,425 1,442 Ci15 C14 1,38 1,397 1411
C6 C10 14 1,431 1,446 C17 C16 1,385 1,394 1,407
C6 Fel 2,03 2,074 2,114 C17 C12 1,374 1,405 1,421
c7 Fel 2,03 2,076 2,117 N1 C12 1,435 1,396 1,393
C8 C9 14 1,425 1,441 N1 C11 1,479 1,465 1,468
Bond angles (°)
C9 | Fel C6 68,28 67,56 66,93 H1 C1 C5 125,98 | 126,01 | 126,01
C9 | Fel | C10 41,06 40,43 39,95 H1 C1 Fel | 125,81 | 124,85 | 125,28
C9 | Fel C8 40,21 40,21 39,83 C2 C1 C5 108 108,01 | 107,97
C9 | Fel C7 67,68 67,51 66,93 C2 C1 Fel 70,33 | 69,94 | 70,06
C9 | Fel C3 130,1 123,53 | 123,92 C5 C1 Fel 69,41 | 69,93 | 70,09
C9 | Fel C1 128,95 | 159,57 | 159,92 H2 C2 C1 126,14 | 126,02 | 126,02
C9 | Fel C4 116,55 | 108,72 | 109,39 H2 C2 C3 | 126,25 | 125,93 | 125,99
C9 | Fel C2 167,78 | 158,96 | 158,94 H2 C2 Fel 126 124,71 | 125,05
C9 | Fel C5 107,14 | 123,97 | 124,59 C1 C2 C3 107,61 | 108,04 | 107,98
C6 | Fel | C10 40,68 40,35 39,95 C1 C2 Fel 69,36 | 69,94 | 70,15
C6 | Fel C8 68,21 67,55 66,95 C3 C2 Fel 70,04 | 69,91 70,1
C6 | Fel C7 40,85 40,16 39,85 H3 C3 C4 125,6 126 125,96
C6 | Fel C3 132 158,8 158,95 H3 C3 C2 125,54 | 126,01 | 125,97
C6 | Fel C1 116,25 | 108,58 | 109,36 H3 C3 Fel 126,4 | 124,8 | 124,97
C6 | Fel C4 170,27 | 159,64 | 159,89 C4 C3 C2 108,87 | 107,98 | 108,07
C6 | Fel C2 109,34 | 123,36 | 123,88 C4 C3 Fel 69,79 | 69,94 | 70,18
C6 | Fel C5 148,28 | 123,92 | 124,57 C2 C3 Fel 69,83 | 69,94 70,1
C10 | Fel C8 68,57 67,93 67,1 H4 C4 C3 | 126,05 | 126,06 | 125,98
C10 | Fel C7 68,53 67,83 67,1 H4 C4 C5 126,14 | 125,94 | 126,1
C10 | Fel C3 168,82 | 159,36 | 159,49 H4 C4 Fel | 126,12 | 124,79 | 125,26
C10 | Fel C1 106,72 | 123,58 | 124,43 C3 C4 C5 107,8 108 107,92
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Cl0 | Fel | C4 148,32 | 123,76 | 124,43 | C3 C4 Fel | 70,21 | 69,92 | 70,04
Cl0 | Fel | C2 129,41 | 159,08 | 159,47 | C5 C4 Fel | 69,23 | 69,92 | 70,07
Cl10 | Fel | G5 114,86 108,6 | 109,65 | H5 C5 Cl | 126,09 | 126,04 | 125,98
C8 | Fel | C7 40,08 40,16 39,87 H5 C5 C4 | 126,19 | 125,98 | 125,96
C8 | Fel | C3 119,06 | 108,15 | 108,69 | H5 C5 Fel | 125,44 | 125,07 | 125,53
C8 | Fel | C1 167,64 | 158,85 | 158,94 | C1 C5 C4 | 107,72 | 107,97 | 108,06
C8 | Fel | C4 109,49 | 123,49 | 12391 | C1 C5 Fel | 69,73 | 69,93 | 70,11
C8 | Fel | C2 151,25 | 123,18 | 123,51 | C4 C5 Fel 70,3 69,91 | 70,15
C8 | Fel | C5 129,53 | 159,37 | 159,52 | H6 C6 C7 | 126,06 | 125,87 | 126,22
C7 | Fel | C3 111,35 | 123,16 | 123,53 | H6 C6 | C10 | 125,88 | 125,72 | 125,45
C7 | Fel | C1 150,28 | 123,44 | 123,89 | H6 C6 Fel | 125,94 | 125,21 | 125,42
C7 | Fel | C4 131,46 | 158,89 | 158,96 | C7 C6 | C10 | 108,06 | 108,4 | 108,33
C7 | Fel | C2 118,96 | 108,15 | 108,65 | C7 C6 Fel | 70,04 70 70,2

C7 | Fel | C5 168,53 | 159,29 | 159,52 | C10 C6 Fel | 69,61 | 69,86 | 70,22
C3 | Fel | C1 67,5 67,47 66,81 H7 C7 C6 | 126,01 | 125,91 | 126,02
C3 | Fel | C4 40 40,14 39,79 H7 C7 C8 | 126,01 | 125,99 | 126,05
C3 | Fel | C2 40,12 40,15 39,81 H7 C7 Fel | 126,57 | 124,78 | 125,23
C3 | Fel | C5 67,61 67,48 66,82 C6 C7 C8 | 108,09 | 108,09 | 107,93
Cl | Fel | C4 68,1 67,47 66,83 C6 C7 Fel | 69,11 | 69,85 | 69,95
Cl | Fel | C2 40,31 40,12 39,79 C8 C7 Fel | 69,97 | 69,92 | 70,06
Cl | Fel | C5 40,86 40,14 39,8 H8 C8 C7 | 12591 | 126,08 | 125,99
C4 | Fel | C2 67,81 67,45 66,84 H8 C8 C9 | 126,01 | 126,05 | 126,07
C4 | Fel | C5 40,46 40,16 39,78 H8 C8 Fel | 126,45 | 124,69 | 125,27
C2 | Fel | C5 68,19 67,44 66,79 C7 C8 C9 | 108,08 | 107,85 | 107,94
H1 | C1 C2 126,01 | 125,97 | 126,02 | C7 C8 Fel | 69,95 | 69,93 | 70,06
C9 | C8 | Fel 69,17 69,7 69,98 | H11lb | C11 | H1la | 107,71 | 106,14 | 106,75
H9 | C9 C8 125,56 | 125,92 | 126,23 | H11b | C11 | N1 | 108,93 | 108,73 | 109,96
H9 | C9 | C10 | 12555 | 12559 | 12543 | H11b | C11 | C10 | 108,99 | 110,67 | 109,76
H9 | C9 | Fel | 12581 | 124,48 | 1254 | Hlla | C11 | N1 | 108,97 | 106,91 | 109,87
c8 | C9 | C10 | 108,88 | 108,48 | 108,34 | H11la | C11 | C10 | 108,97 | 109,33 | 109,77
C8 | C9 | Fel 70,62 70,09 70,19 N1 | Ci11 | C10 | 113,13 | 114,67 | 110,66
C10 | C9 | Fel 69,65 69,94 70,2 N1 | Ci12 | C17 | 120,76 | 122,87 | 121,83
C6 | C10 | C9 106,88 | 107,19 | 107,46 | N1 | C12 | C13 | 119,81 | 119,1 | 119,81
C6 | C10 | C11 | 126,28 | 127,33 | 126,26 | C17 | C12 | C13 | 119,6 | 117,95 | 118,37
C6 | C10 | Fel 69,71 69,79 69,83 | H13 | C13 | C14 | 120,23 | 119,76 | 120,06
cC9 | C10 | C11 | 126,81 | 125,42 | 126,28 | H13 | C13 | C12 | 120,26 | 119,18 | 119,34
C9 | C10 | Fel 69,28 69,63 69,85 | C14 | C13 | C12 | 119,51 | 121,06 | 120,6
Cl1 | C10 | Fel | 124,61 | 127,89 | 126,6 | H14 | C14 | C13 | 119,57 | 119,27 | 119,22
C15 | C16 | C17 | 120,29 | 121,17 | 121,09 | H14 | C14 | C15 | 119,57 | 120,03 | 119,92
H17 | C17 | Cl16 | 119,79 | 119,04 | 11943 | C13 | C14 | C15 | 120,85 | 120,71 | 120,86
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H17 | C17 | C12 119,6 120,46 | 120,26 | H15 | C15 | Cl6 | 120,39 | 120,72 | 120,66
Cle | C17 | C12 | 120,61 120,5 120,3 | H15 | C15 | C14 | 120,3 | 120,66 | 120,56
H12 | N1 | C12 - 112,9 | 118,76 | C16 | C15 | C14 | 119,31 | 118,62 | 118,78
H12 | N1 | C11 - 112,89 | 117,36 | H16 | Cl6 | C15 | 1199 | 119,89 | 119,89
Cl2 | N1 | C11 116,9 123,47 | 123,88 | H16 | Cl6 | C17 | 119,81 | 118,94 | 119,02

a:6-311G++ (d, p) , b: LanL2DZ

11.3.2. Atomic charges

The Mulliken analysis is one of the most widely used population analysis method because

it is the oldest and the simplest one. It plays an essential role in determining the atoms’

vibrational properties. Indeed, it figures out which atom is electron donor and which one is

electron acceptor. So it can determine the dipole moment and polarizability of the

molecule [21, 22]. Mulliken atomic charges between constituent atoms of A0 shows that most

of carbon atoms have negative charges, while the iron and nitrogen atoms have positive charges

using 6-311G++ (d,p), in contrast, the LanL2dz basis set shows that all atoms have negative

charges. However, the MESP map below (figure. 1l. 2) shows coincidence with the 6-311G++

(d,p) basis set. The Mulliken atomic charges of the other compounds are presented in appendix

n°l.

Table Il. 3. Mulliken atomic charges for A0 by DFT/B3LYP method with 6-311G++ (d,p) and

LanL2DZ basis sets.

Atoms | 6-311G++(d,p) | LanL2dz
Fe 0.561 -0.154
Cl -0.204 -0.232
C2 -0.227 -0.236
C3 -0.197 -0.236
C4 -0.247 -0.232
C5 -0.185 -0.245
Cé -0.352 -0.353
C7 -0.385 -0.229
C8 -0.259 -0.229
C9 -0.095 -0.353

C10 0.662 -0.305
Cl1 -1.140 -0.444
C12 -0.324 0.436
C13 -0.124 -0.412
Cl4 -0.272 -0.187
C15 -0.373 -0.265
C16 -0.232 -0.218
C17 0.446 -0.344
N1 0.206 -0.446
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11.3.3. Molecular electrostatic potential map (MESP)

The MESP simultaneously exhibits molecular size, shape as well as positive, negative and
neutral electrostatic potential regions in terms of color grading and is very useful in research of
molecular structure with its physicochemical property relationship. The MESP generally show
that the maximum positive region which preferred site for nucleophilic attack symptoms as blue
color, while the maximum negative region which preferred site for electrophilic attack
indications as red color. The green regions signify electrically neutral regions. Potential
decreases in this order: red < orange < yellow < green < blue.

The MESP surface map and contour map of AO (Fig. Il 2) show the one region
characterized by blue color (positive electrostatic potential) around the hydrogen binded to the
nitrogen atom which explain the ability for a nucleophilic attack on these positions. The MESP

of the other compounds are presented in appendix n°1.

Figure 1. 2. MESP Surface and contour map for AO.

11.3.4. NMR Spectrum Analysis

The optimized structure was used to calculate the *H and *3C NMR spectra. it is apparent
from *H NMR that the experimental chemical shifts of the ferrocenic part of A0 are around
4.00 ppm, whereas, the chemical shifts of both computational basis 6-311G++(d,p) and
LanL2DZ are between 2.86 and 3.71 ppm where the chemical shifts obtained from LanL2dz
basis set are lower. On the other hand, the chemical shifts for the rest of A0 are in the range of
4.01 - 6.81 ppm in experimental and 2.06 - 7.20 ppm in both computational basis. It is clear
that the experimental and calculated data are very close to each other, where the values of 6-
311G++ (d, p) are closer.

The ¥C NMR of AO shows that the experimental chemical shifts of ferrocenic part are

around 68 ppm, while the calculated ones are in the range of 59.80 - 73.41. The aromatic carbon
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atoms generally give rise to signals in the range of 100-150 ppm. The aromatic carbons of A0

abserved in the expected range from 104.12 to 153.56 ppm. The least chemical shifts are for
C11 between 39.74 and 44.39 ppm. It can be concluded that there is a good agreement between
the experimental and the computed data. The *H and *3C NMR spectra of the other compounds

are presented in appendix n°1.
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NMR 23C by 6-311G++(d,p)
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Table 1l. 4. Calculated *H NMR and 3C NMR chemical shift (ppm) of A0 CDCl; by experimental and
DFT/B3LYP methods

NMR H? NMR C®

Atom  EXp. a b Atom Exp. A b
H6 4.20 3.71 3.33 C1l 68.04 71.84 60.40
H9 4.20 3.59 3.33 Cc2 68.04 71.84 59.80
H7 4.24 3.52 3.22 C3 68.04 71.84 59.80
H8 4.24 3.59 3.22 C4 68.04 71.84 60.40
H5 4.24 3.52 2.86 C5 68.04 73.33 62.05
H1 4.24 3.71 3.22 C6 68.25 73.41 63.55
H2 4.24 3.71 3.22 C7 68.25 72.56 60.70
H3 4.24 3.71 3.22 C8 68.25 71.55 60.70
H4 4.24 3.71 3.22 C9 68.63 72.14 63.55
Hlla  4.30 4.36 3.22 C10 86.60 92.33 82.48

H1lb  4.30 3.71 3.22 Cl1 43.52 44.39 39.74
H12 4.01 3.08 2.06 C12 148.42 15356  136.23
H17 6.73 6.83 5.77 C13 117.68  119.19  104.12
H16 6.81 7.20 6.68 Cl4 129.44  134.08  122.03
H15 6.78 6.64 6.18 C15 129.44  120.73  108.72
H14 6.76 7.05 6.55 C16 129.44  133.60 122.81
H13 6.71 6.27 5.66 C17 117.68  113.20 100.34
a:6-311G++ (d, p) , b: LanL2DZ

11.3.5. Vibrational analysis

A0 has 102 vibration modes. All those vibrational modes are active in IR (figure 11.5). The
most important stretching and bending vibrations along with their probable assignments of title
molecules are given in table I1. 5, All of these vibrations were measured by the computational
methods of DFT / B3LYP with 6-311G++(d,p) and LanL2DZ basis sets. The computational
frequencies were compared to experimental frequencies[11].

It can be seen from the results that the simulated frequencies by Gaussian 09 software were
higher than experimental frequencies. So these frequencies should be multiplied by Scalling
factor to be close to the experimental frequencies. The FT-IR spectra of the other compounds

are presented in appendix n°1.
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IR Spectrum
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Figure 11. 5.Theoretical IR spectrum of AOQ.
e (C - H vibrations

Aromatic compounds commonly exhibit multiple weak bands in the region of 3100-3000
cm ! due to aromatic C—H stretching vibration [23], in this derivative there is one benzene and
two cyclopentadienyl (Cp) rings as well, which appeared as symmetric and asymmetric
stretching vibrational frequency in the range of 2972 -2916 cm™ with 6-311G++(d,p) and 3053
—2976 cm™! with LanL2dz basis sets, as it’s presented in the table I1.5 . The methylene bridges
belonged to C11 of AO was observed as symmetric stretching vibration at 2807 cm™ (2790cm™)
for 6-311G++ (d,p) (LanL2dz).

The molecule has bending C-H as well. The methylene bridge on C11 was observed as out
of plane bending vibration at 1417 and 429cm™ for 6-311G++ (d,p) and LanL2dz basis sets.
The aromatic and cyclopentadienyl C-H in and out of plane bending vibrational frequency
appeared in the range of 1211- 698cm™! with both basis sets.

The experimental bands for C-H stretching vibration appeared in the range of 3230 —
3051 cm™.
e (C=C and C-C vibrations

The carbon-carbon stretching vibrations of aromatic ring are expected in the range of 1650
-1200 cm™ [24]. In A0 derivative, C—C bonds of aromatic rings had the strongest symetric
stretching vibrational frequency in the frequency region of 1512 cm™ that was obtained using
6-311G ++ (d, p), likewise, in 1545 cm’! using LanL.2dz. Indeed, it can be seen in experimental
spectra that this bond is located in 1602 cm™', which agreed with the calculated result. These
bands match to C=C stretching vibrations.

Moreover, the C-C bonds correspond to meduim frequencies of carbon-carbon stretching
vibrations, which were calculated in the range of 1136 — 986 cm™!. Furthermore, it shows
medium in plane bending vibration in the range of 1403 — 1234 cm™'. However, the experimental

spectra shows similar result at 1100 cm™!.
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e C-N vibrations

It can be seen from the table IL.5 the band at 1403 (1360 cm™ ) using 6-311G++(d,p)

(LanL2dz) are assigned to C—N medium stretching vibration. Another similar strong band

appeared only at LanL.2dz in the region 1271 cm™.

The theoretically predicted scaled values show excellent agreement with experimental data.

e Fe-Cp vibrations

The Fe-Cp stretching vibrational frequency are generally observed in the region of

700 - 400 cm™! [25, 26]. As it is expected, the Fe-Cp stretching vibrations appeared in the range
of 448 - 401 cm™.

e N-H vibrations

As it is shown in table II.5, the NH bond appeared as weak stretching vibration at 3300 and

3400cm™ with 6-311G++(d, p) and LanL2dz basis sets, respectively. Moreover, it appeared as
out of plane bending at 1417 and 548 cm™ using 6-311G++(d, p) and 1429 and 298 using
LanL.2dz basis set.

Table I1. 5. The observed FT-IR of A0 and its calculated wavenumbers (in cm™) with their probable
assignments

Experimental Calculated frequencies
frequency Vibrational Assignments
(cm™) 6-311G++(d,p) Lan2dz
FT-IR unscaled | scaled | unscaled | scaled

3405 3587 3300 3656 3400 | vw (NH)sy
3230 2972 3283 3053 | vw (CiH1C2H2C3H3C4H4CsHsCsHeC7H7 CsHsCoHo)sy

3090 3187 2932 3220 2995 | vm (Ci3H13C1aH14CisHi5Ci6H16C17H17)asy

2840 3170 2916 3200 2976 | vm (Ci3H13C1aH14C15H15C16H16C17H17)asy

2208 3051 2807 3000 2790 | vw(CuHuaHup)sy

1602 1643 1512 1661 1545 | v4(Ci3Ci4 Cis Cis)sy
1540 1417 1537 1429 | ay(CuHiHi)asy+ os (NH) asy
1525 1403 1462 1360 | am(Ci14Ci5C17Ci2 )asy+ vm (C12N) sy

1100 1341 1234 1395 1297 | am(C14Ci5C17C12 )asy+ om (CiiHiaHiv)asy

- - 1367 1271 | ns(CiHi6C17H17) + vs (C12N) sy
1280 1178 _ _ 75 (C1H1C2H2C3H3C4H4CsHsCsHsC7H7 CsHsCoHo)asy+ as
(CiiHiaHiv)sy

1276 1174 1302 1211 | mm (CsHesC7H7 CsHsCoHo)asy
1213 1116 1221 1136 | vm(CeCio Co)asy+ am(CriHiiaHiv)sy
1072 986 1095 1018 | vm(CsCio Co)asy+ mm (C2H2C3H3CaHaCsHs)sy

999 829 763 816 759 am (C1H1C2H2C3H3C4H4CsHsCsHsC7H7 CsHgCoHo)asy
759 698 783 728 am (C13H13C14H14C15H15C16H16C17H17)asy
596 548 320 298 om (NH)asy
487 448 444 413 Vs (C1FeCaoFeCsFeCaFeCsFeCoFe C7FeCsFeCoFe)sy
479 441 443 412 vm (CiFeC2FeCsFeCsFeCsFeCsFe C7FeCsFeCoFe)asy
452 416 431 401 vm (C1FeC2FeCsFeCsFeCsFeCsFe C7FeCsFeCoFe)asy

asy — asymmetric, Sy — symmetric, v — stretching, n- in plane bending, a- out of plane bending, s - strong, m -

medium. The scaling factor is equal to 0.92 for 6-311G++(d,p) and 0.93 for LanL.2DZ.
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11.3.6. Frontier molecular orbitals

The lowest-lying unoccupied molecular orbitals (LUMO) and the highest occupied
molecular orbitals (HOMO) are known as frontier molecular orbitals (FMO). The HOMO
represents the capacity to give an electron, while LUMO as an electron acceptor represents the
capacity to acquire an electron. The energy gap between HOMO and LUMO decides the
chemical reactivity, kinetic stability and, optical polarizability and chemical hardness—softness
of a molecule [36, 37]. In the current study, the HOMO, LUMO and the energy gap between
them (AE) were calculated at both level of theory 6-311G++ (d,p) and LanL2DZ. The energies
and the contour diagrams of these molecular orbitals are shown in figure 11.6.

It can be seen from figure 11.6 that the HOMOs mainly concentrate on the ferrocenic part of
the molecule, however, the LUMOs are distributed over the aromatic ring. From the energy gap
(AE) of the studied molecule, A25 is predicted to be the most reactive with AE energy gap equal
t0 2.612 and 2.334eV with 6-311G++(d,p) and LanL2DZ, respectively. The HOMO and LUMO

energies and thier energetic gaps of the other compounds are presented in appendix n°1.

6-311G++(d,p) LanL2DZ
Ervmo =-3.075eV Ervmo =-3.398 eV
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: > :
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(g\] o
I ; I
& =
< A <
EHOMO =-5.687¢eV EHOMO =-5733¢eV

Figure 11. 6. Frontier molecular orbitals of A25 by DFT/B3LYP methods with 6-311G++(d, p)
and LanL2DZ basis sets .

55



Molecular Geometry, Structural, Electronic properties and ADME studies - - CJhapter | I"‘u

11.3.7. ADME and Pharmacokinetics properties

SwissADME online web tool provided by the Swiss Institute of Bioinformatics (SIB) was
utilized for the computation of the ADME parameters, pharmacokinetic properties and drug-
like nature of the compounds A0-A28 to assure that they are not only promising candidates in
terms of biological efficacy but also from the pharmacokinetic aspects.
11.3.7.1. Drug-likeness properties

Among all 117 different routes of administration for a drug molecule approved by the US
Food and Drug Administration (FDA), oral administration is the most popular one. A patient
finds it easier to open the lid of a bottle and take the tablets/capsules rather than taking an
injection intravenously. Orally administered medications are ingested in the mouth, after which
it travels through a long journey through the human body until drugs reach the interaction site
and exerts its pharmacological effect [15].

The results have shown that most of tested compounds fulfil the drug-likeness
characteristics as defined by the major pharmaceutical companies; Lipinski’s (Pfizer) [27],
Ghose’s (Amgen)[28], Veber’s (GSK) [29] , Egan’s (Pharmacia) [30] and Muegge’s (Bayer)
[31] filters. However, some of the compounds have shown 1 violation (MLOGP>4.15) with
Lipinski rule of five, as well as other violations was predicted in Muegge rule (XLOGP3>5,
Heteroatoms<2). The oral bioavailability score was predicted to be 0.55 for all compounds,

which indicate a good oral administration of the studied compounds.

56



Molecular Geometry, Structural, Electronic properties and ADME studies \ ‘ Qhapter | I'

Table I1. 6 . Drug-likeness and bioavailability of the studied compounds.

Comp. Lipinski Ghose Veber Egan Muegge | Bioavailability
#violations | #violations | #violations | #violations | #violations Score
A0 0 0 0 0 1 0.55
Al 0 0 0 0 0 0.55
A2 0 0 0 0 0 0.55
A3 1 0 0 0 1 0.55
A4 0 0 0 0 1 0.55
A5 0 0 0 0 2 0.55
A6 0 0 0 0 2 0.55
A7 1 0 0 0 2 0.55
A8 1 0 0 0 2 0.55
A9 1 0 0 0 2 0.55
Al10 1 0 0 0 2 0.55
All 1 0 0 0 2 0.55
Al2 1 0 0 0 2 0.55
Al3 0 0 0 0 1 0.55
Al4 0 0 0 0 0 0.55
Al5 0 0 0 0 0 0.55
Al6 0 0 0 0 1 0.55
Al7 0 0 0 0 0 0.55
Al8 0 0 0 0 0 0.55
Al9 0 0 0 0 0 0.55
A20 0 0 0 0 0 0.55
A21 0 0 0 0 0 0.55
A22 0 0 0 0 0 0.55
A23 0 0 0 0 0 0.55
A24 0 0 0 0 0 0.55
A25 0 0 0 0 0 0.55
A26 0 0 0 0 0 0.55
A27 0 0 0 0 0 0.55
A28 0 0 0 0 0 0.55

11.3.7.2. Pharmacokinetic properties

The pharmacokinetic properties are very important when predicting the behaviors of
newly-developed drugs including blood-brain barrier (BBB), gastrointestinal absorbtion (Gl
absorbtion), P-glycoprotein substrate (P-pg substrate) as well as drug metabolism.

Permeable drugs primarily cross biological barriers including the intestinal epithelial and
the BBB (blood-brain barrier) by the mechanism of passive diffusion, where substances are
transported by the effect of a concentration gradient. Basically, there are two types of passive
diffusion, one is the paracellular transport while the other is the transcellular transport
mechanism; other drugs are being transported by either the carrier-mediated or the P-pg

mediated transport.
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The process of metabolism is a very complex process that involves various enzymatic

activities that vary among individuals due to different genetic factors. The cytochrome P450
(CYP) is considered to be the most influential enzyme in the drug metabolism, which led to the
development of many models such as QSAR for the prediction of the metabolism of molecules
by the CYP enzyme [16, 32].

All compounds showed high gastrointestinal absorption (Gl absoption) with BBB
permeability which is due to their optimal physicochemical properties situated in the suitable
physicochemical properties range for oral bioavailability. Moreover, some of the compounds
are not P-glycoprotein substrates, which indicate that they are not susceptible to the efflux
mechanism performed by this transporter which is used by many tumor cell lines as a drug-
resistance mechanism [32].

In the family of CYP enzymes, the CYP3A4 was the most important enzyme on account
of metabolizing 50% of all drugs by itself and the CYP2C9 enzyme mainly metabolizes several
clinically used drugs such as celecoxib and diclofenac [33]. It can be seen from table II. 7 that
all compounds were predicted to not be CYP2C9, CYP2D6 and CYP3A4 inhibitors, however,
some of them were predicted to be CYP1A2 and CYP2C19 inhibitors.

Table Il. 7. ADME prediction of the studied compounds.

Comps. Gl BBB Pgp | CYP1A2 [ CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4
absorption | permeant | substrate | inhibitor | inhibitor | inhibitor | inhibitor | inhibitor
A0 High Yes Yes No No No No No
Al High Yes Yes No No No No No
A2 High Yes Yes No No No No No
A3 High Yes Yes No No No No No
Al High No No No No Yes No Yes
A5 High Yes Yes No No No No No
A6 High Yes Yes No No No No No
AT High Yes Yes No No No No No
A8 High Yes Yes Yes No No No No
A9 High Yes Yes Yes No No No No
Al0 High Yes Yes Yes No No No No
All High Yes Yes Yes No No No No
Al2 High Yes Yes Yes No No No No
Al3 High Yes Yes Yes No No No No
Al4 High Yes Yes Yes No No No No
Al5 High Yes Yes Yes No No No No
Al6 High Yes No Yes No No No Yes
Al7 High Yes No Yes No No No No
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Al8 High Yes No Yes No No No No
Al9 High Yes Yes No No No No No
A20 High Yes Yes No No No No No
A21 High Yes Yes No Yes No No No
A22 High Yes Yes No Yes No No No
A23 High Yes No Yes No No No Yes
A24 High Yes No Yes No No No Yes
A25 High Yes No Yes No No No Yes
A26 High Yes Yes No No No No No
A27 High Yes Yes No No No No No
A28 High Yes Yes No No No No No
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I11.4. Conclusion

A computational work in chemistry have not been carried out to examine the structural and
spectroscopic properties of ferrocenylmethylanilines derivatives. Thus, the structure of the title
molecules were studied using the theoretical methods of DFT / B3LYP with 6-311G++(d,p)
and LanL2DZ basis sets.

After simulating the molecular structure of the candidate drugs with Gaussian 09 software
and obtaining bond lengths and angles between its constituent atoms, a comparison with the
experimental XRD data has shown a good agreement.

A vibrational analysis has been studied and functional groups were determined using both
experimental and theoretical methods. Computational *H and *C chemical shift values were
reported and compared with experimental data, showing good agreement for both *H and *3C.
HOMO and LUMO energy gaps explain the reactivity of studied compounds, where A23 and
A25 were predicted to be the most reactive with least AE energy gaps. The MESP at the 6-
311G++(d,p) optimized geometry was calculated to predict the reactive sites for electrophilic
and nucleophilic attack for the studied molecules. Finally, the ADME parameters,
pharmacokinetic properties and drug-like nature were predicted and showed good

bioavailability and absorption.
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I11.1. Introduction

Depending on the type of breast cancer, different types of drug treatment might be used,
including chemotherapy, hormone therapy, targeted therapy and immunotherapy. Hormone
therapy treats the types of breast cancer affected by hormones, like estrogen and progesterone.
In this case, breast cancer cells have receptors (proteins) that attach to estrogen and
progesterone, which helps them to grow. Therefore, these treatments can either prevent these
hormones from attaching to their receptors, or reduce their level. It can reach cancer cells almost
anywhere in the body and not only in the breast. It is recommended for women with tumors that
are hormone receptor-positive (ER+), which account for about 70% of breast cancers.

In this chapter, we aimed to find new potentially active ferrocenic compounds against
hormone dependent breast cancer. First, the anti-proliferative activity of a series of 29
ferrocenylmethylanilines against both hormone-dependent (MCF7) and -independent (MDA-
MB-231) breast cancer cell lines was performed using MTT assay. Moreover, docking study
was carried out against Estrogen and Progesterone receptor to understand the efficacy of the
investigated compounds against the hormone dependent cells. Finally, another docking study
was performed with aromatase and 17p-HSD1, the enzymes that catalyse the estrogen

synthesis.
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111.2. Chemistry

All compounds (Table I1. 1, chapter Il) were synthetized in the Laboratory of “Valorisation
et Technologie des Ressources Sahariennes (VTRS)” of the university of EI-Oued, following
our previously reported procedure [1-5].

111.3. Anti-proliferative activity against MDA-MB-231 and MCF-7
111.3.1. General terms

e Cell line: A culture which is subcultured beyond the initial primary culture phase, it
has an unlimited number of passages, giving a continuous line.

e Primary culture: The initial culture derived from in vivo material

e Cell culture: Lab technique for bringing cells to life in vitro.

e Substrate: The container on which a culture is grown (the flask).

e Passage: Subculture of cells from one container to another.

e Confluent: Situation wherein cells fully cover the substrate.

e Medium: It is a liquid which support the survival of cells in their incubation
environment, it generally contains an appropriate source of energy and compounds
which regulate the cell cycle.

111.3.2. Cell culture

The initial culture taken directly from an individual is referred to as the “primary culture”
and when diluted and transferred into further containers (a procedure called “subculture” or
“passage”), it becomes a “cell line.” Cell lines may be categorized as either “continuous” lines,
with the potential for unlimited population expansion, or “finite,” lines, which undergo a limited
number of population doublings before “senescence.” Becoming a continuous cell line
necessitates “transformation” and this requires either the presence of cells already transformed
at the beginning of the culture or undergoing transformation in the early generations.

Cell lines can either exist as adherent cultures or they may grow in "suspension." Most cell
types adhere to a "substrate™ such as plastic or glass and proliferate as a monolayer, whereas
suspension cultures do not adhere to a substrate surface and will float in the medium{[6].
111.3.2.1. Basic Requirements of Cell Culture

e Cell Culture Hood: working under aseptic conditions is a basic necessity of all cell
culture laboratories worldwide. Successful research in the cell culture, as well as
obtaining accurate and reproducible results, relies on full control of undesired
contaminations. In order to avoid contamination from airborne particles, all

manipulations with cells are carried out in a cell culture hood (biosafety cabinet), a
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closed workspace where the air is continuously filtered. Before and after work, the hood
and all the items that you bring into the hood must be cleaned with disinfection solution
(e.g., 70% ethanol or isopropanol) [7].

e Media: Cell culture media are the key constituent providing an environment ensures

the survival, further continuous proliferation, and/or differentiation for cells that have
been either freshly explanted from an organism or have been transformed from other
primary cultures. Cell culture media shall in the first line provide the energy sources,
confer oxygen to cells, contain a salt composition and pH that are beneficial to the cells
being cultivated, and take up metabolites and debris of cultured cells. Additionally,
culture media are often used to provide signals for the survival, growth, and/or
differentiation of the cultured cells. Thus, cell culture media must replace the natural
environment of the cultured cells in fluid form.
Dulbecco’s Modified Eagle’s Medium (DMEM) is rich medium, containing high
concentration of amino acids and vitamins comparing to another medium named
EMEM. Additionally, ferric nitrate, sodium pyruvate, and other amino acids are
included. Originally, it contained glucose at 1000 mg/L, but a variation with 4500 mg/L
glucose has been proved to be better to culture a number of cells. DMEM is a basal
medium and does not contain proteins or growth-promoting agents and requires fetal
calf serum (FBS) supplementation. DMEM contains sodium bicarbonate buffer system
(3.7 g/L) and required the presence of CO. to preserve the required pH. DMEM s
applied widely for culturing primary mouse, chicken, and human cells including
fibroblasts. It is used as a basal medium also for embryonic stem cells[7].

e Serum: Although media contains many of the essential nutrients needed for growth,
serum provides additional key elements. Serum supports the survival and growth of cells
in culture to the extent that it can replace many of the in vivo hormonal, nutritional, and
stromal elements present in the in vivo cell environment. Serum proteins include
hormones, growth factors, lipids, transport (binding) proteins, enzyme cofactors, and
attachment factors. The concentrations of individual components of serum will differ
with the age and health status of the animals of origin, therefore, fetal and new-born calf
sera are commonly used in most cancer culture studies although both human and equine
sera are also used. Typically, concentrations of 5-20% serum in media are considered
optimal depending on cell type. Higher percentages generally add little benefit for

increased cost[6].
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e The Substrate: Almost all types of cancer cells require interaction with a substrate for
their growth and differentiation in culture. Most cancer cell types will grow as
monolayers on plastic or glass. Modern cell culture flasks and microplates are
disposable, single-use vessels which are mainly made of polystyrene due to its good
optical properties, easy casting during manufacturing, reasonable costs, and surface
modification possibilities[7].

e Physical Environment: Maintaining the physical environment conditions within
certain limits is important for optimal cell growth. The preferred temperature for most
mammalian cultures is 36.5° + 1°C, although cells can still grow at lower temperatures,
temperatures above 40°C leads quickly to the cell death. Culture media contain
buffering systems which generally require a CO, atmosphere and frequently 5% CO is
preferred. Most cancer cells need a pH value of about 7.2-7.4 and media should be
periodically changed as cell growth creates respiratory by-products that acidify the
media. The pH indicator commonly added to medium is phenol red[6].

In our case, the medium includes 500ml of DMEM, 5ml of L-Glutamin, 5ml of Pen Strep
Solution and 50ml of Fetal Bovine Serum (FBS). Ethanol 70% was used for sterilization of the
hood and all materials. The 75ml flasks were used, we added 13 ml of the medium and carefully
added 1000ul of the cells which had been frozen at -80°C. The flasks were then incubated at
37°C in a humidified atmosphere containing 5% CO». After 48 hours the cells were multiplied,
we poured the medium and added Phosphate Buffered Saline solution (PBS) which is used to
wash the cells before dissociation, transportation or diluting cells for counting, we poured it and
added 500ul of Trypsin EDTA which helps to remove the cells from the substrate. Finally, we
added 3.5ml of the medium and the cells are ready for the cytotoxicity test.

Afterward, we counted the cells in the obtained mixture using a drop of Trypan Blue and
hymocytometer and then made dilution to obtain 4000 cells per well.
111.3.3. Breast cancer cell lines (MCF-7 and MDA-MB-231)
111.3.3.1. MCF-7

MCEF7 is the most studied human breast cancer cell line in the world, it was named after
the Michigan Cancer Foundation (MCF) and it was derived from the pleural effusion from a 69
years old female with breast adenocarcinoma [8, 9].

MCEF7 cells are of interest as they retain a variety of characteristics similar to mammary
epithelium. It is one of few breast cancers which express the oestrogen receptor alpha (ERa)

[10-12]. Moreover, these cells express androgen, progesterone and glucocorticoid receptors
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which make them valuable tools in medical research. Treatment with oestrogens for MCF7 has

been shown to have an anti-apoptotic effect [13, 14], whereas treatment with anti-oestrogen
chemotherapy drugs (e.g. Tamoxifen) can reduce growth of cultures by inhibiting proliferation
and inducing apoptosis [15, 16]. MCF7 are mainly used as an in vitro model for breast cancer
biology researches, because of the number of variants available. It is used in development of

chemotherapeutic drugs and understanding drug resistance.
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Figure 1ll. 1. MCF-7 cell lines.

(personal photo.)

111.3.3.2. MDA-MB-231

The MDA-MB-231 cell line is an epithelial, human breast cancer cell line isolated at MD
Anderson cancer center from a pleural effusion of a 51 years old Caucasian female with a
metastatic mammalian adenocarcinoma. It is one of the most widely used breast cancer cell
lines in medical laboratories [17, 18].

The MDA-MB-231 cell line is a triple-negative breast cancer (TNBC) cell line, highly
aggressive, invasive and poorly differentiated. TNBCs lacks estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). The
invasiveness of the MDA-MB-231 cells is mediated by proteolytic degradation of the
extracellular matrix [18, 19]. MDA-MB-231 cells are different from other breast cancer cells
due to the unique presence of several proteins including MKP3 and Nedd4 [20]. Also, MDA-
MB-231 cells have more highly phosphorylated ERK1/2 compared with other breast cancer cell
lines and exhibit very low basal Akt activity [20, 21].

Presently, MDA-MB-231 have no clinically established targeted therapies [22]. Therefore,
understanding their molecular basis is important for successful development of new drugs and
as a result several studies on potentially active agents for this specific form of breast cancer

were performed using the MDA-MB-231 cell line.
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Figure 1ll. 2. MDA-MB-231 cell line
(personal photo.)

111.3.4. Cytotoxicity essay (MTT assay)

The use of a tetrazolium dye (MTT) as an indirect measure of cell number was first reported
in the early 1980s. The American National Cancer Institute (NCI) evaluated MTT dye reduction
as a possible endpoint in a rapid screening assay, and this stimulated interest in the wider
scientific community.

MTT assay is fast, simple, and allows to perform a large number of assays in one batch.
This is an important factor when comparing cell lines, cytotoxic agents, or when evaluating
combinations of drugs.
111.3.4.1. MTT assay basics

It is based on the ability of mitochondrial succinate dehydrogenase to precipitating the
tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl bromide) tetrazolium)
crystals. Intracellular violet formazan crystals are dissolved in DMSO and revealed by OD
reading. The intensity of this coloration is proportional to the number of living cells present
during the test but also to their metabolic activity. A standard range of number of known cells
is carried out in parallel with each experiment [6].
111.3.4.2. The MTT Reagent

MTT is a yellow water-soluble tetrazolium dye that is reduced by live cells to a purple

formazan product that is insoluble in aqueous solutions.
The MTT reagent can be prepared by adding 5mg of MTT in 1ml of phosphate buffered saline,
it is stable at -20°C in the dark for two months, provided there is no contamination. However,
it is advised to prepare only the amount needed for the current experiment. Solution must be
filter sterilized after adding MTT [6].
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111.3.4.3. Equipment

The FLUOstar Omega is a multi-mode microplate reader with six detection modes. It
utilizes an ultra-fast UV/vis spectrometer or filters for absorbance as well as highly sensitive
filters for all other detection modes.
111.3.4.3. MTT protocol

The experiment was carried out at the department of biochemistry at the faculty of
pharmacy, Hacettepe University, Ankara, Turkey.

The cancer cell lines MDA-MB-231 (ATCC® HTB-26) and MCF-7 (ATCC® HTB-22)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) including 1% L-glutamine,
1% pen-strep solution and 10% of fetal bovine serum (FBS), at 37°C in a humidified
atmosphere containing 5% CO. for 48 hours. Then, the cells were seeded in 96-well plate at
4000 cells per well in 100 ul of DMEM, after 6 hours, the medium was changed and DMEM
with 1% L-glutamine, 1% per-strep solution and 2% of FBS was added. After 8 hours, the tested
compounds were added at different concentrations and incubated for 48 hours at 37°C in the
presence of 5% CO,. After incubation, 10ul MTT reagent (5mg/ml) was added to each well and
well plates were incubated for 2 hours at 37°c in a stirrer. The MTT formazan crystals were
dissolved by adding 100puL DMSO. Crizotinib (Sigma, PZ0191, USA), an approved anti-cancer
drug, was also added as a positive control[23].

Relative cell viability was estimated by comparing absorbance value at 570 nm (for
absorbance of MTT formazan) and 690 nm (for the reference wavelength) of treated group and
untreated control group using FLUOstar Omega microplate reader. 1Cso values were calculated
using GraphPad Prism software.
111.3.4.4. Applications of MTT assay

e Analysis of cytotoxic and cytostatic compounds such as anticancer drugs and other

pharmaceuticals.

o Measurement of cell proliferation in response to growth factors, cytokines, mitogens

and nutrients.

e Assessment of growth inhibitory antibodies and physiological mediators.

111.3.5. Results and discussion

The results were obtained after 2 days of culture, and were expressed as percentages of cell
vs. control. Control experiments were conducted in the same conditions, but without any
additional chemical compound.

For first general screening, the cell viability was evaluated at 4 concentrations, 200, 100,
50 and 25 uM for both cell lines.
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The cell viability data for MDA-MB-231 cell line revealed that the cytotoxicity of all the
compounds increases with higher concentration where most of them were inactive at 25uM. In
particular compounds Al, A2, A3, A9, A25 and A28 are more potent at 200uM than the rest of
the compounds. For this reason, a broader range of concentrations (800, 400, 200, 100, 50, 25
HM) was chosen to assess the activity of these compounds in more detail. The results
corresponding to the percentage cell viability are presented in graph I11.1.

It can be seen from the graphs that the cytotoxicity of all the compounds against MDA-
MB-231 is directly related to the concentration, and all compounds were potent at 800uM. In
particular, A25 is the most potent one with cell viability ratio less than 50% with the lowest
concentration 25uM and around 11% in the concentration 800puM (Graph 111.1.d).
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Graph 111. 1. MDA-MB-231 cell viability ratio versus logarithm of the concentration obtained for

compounds a: AO—A7; b: AB—A15; ¢c: A16—A22; d: A22—A28.

Unlike MDA-MB-231 cell line, the cell viability results for MCF-7 showed that the
cytotoxicity of the studied compounds is high at the lowest concentration 25uM, where the
most potent ones are A2, A4, A9, Al4, Al5, Al7, A19, A27 and A28 with cell viability ration
less than 50%. Thus, a wider range of concentrations (200, 100, 50, 25, 12.5, 6.25, 3.125, 1.562
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M) was selected to further analyse the activity of these compounds in more detail. The results

of the cell viability ratio are presented in graph. 111.2. It can be noticed that A27 is the most

potent one which inhibit almost 70% of the cells in the lowest concentration equal to 1.562M.
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Graph I11. 2. MCF-7 cell viability ratio versus logarithm of the concentration obtained for compounds
a: AO—A7; b: AB—A15; c: A16—A22; d: A22—A28.

The following figures show examples of 96 well plate after formazan crystals were

dissolved. Control experiment were conducted without any additional chemical compound

which is clear in figure I11.3.a with most intensive color. A14 appears with a clear purple with

all concentrations with MCF7 cells (figure 111.3.b).

Figure I11.4.a shows an intensive purple with all concentrations with MDA-MB-231 cells,

however, they were clear with the high concentrations (800uM and 400uM) figure 111.4.b.

The 1C50 values along with SEM (standard error of the mean) and R? (squared correlation

coefficient) are presented in table 111.1.
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Control= = m—

Figure 111. 3. The 96-well micro plate used in MTT assay for MCF-7 cell line with different

concentration of some of the compounds.

Figure 111. 4. The 96-well micro plate used in MTT assay for MDA-MB-231 cell line with different

concentration of some of the compounds.

As the data shows in Table I11.1, all compounds have shown a promising cytotoxicity
against MCF-7, the most potent ones are A2, A9, Al4, A17 and A27 with ICso equal to 17.9,
14.14, 14.06, 19.34 and 15.9 puM, respectively. where, the only inactive compounds are A16
and A23 with ICsg equal to 201.6 and 227.2 pM, respectively.

On the other hand, it can be seen from table I11.1 that most of studied compounds were
inactive against MDA-MB-231 with IC50 in the range of 101.7 - 318.4 uM except for A10,
Al4, A25 and A28 that have moderate cytotoxicity with ICso equal to 83.24, 60.93, 31.4 and
79.56 UM, respectively, where A25 was the best one. Similar result has been found previously,
where ferrocenic derivative (1,2-bis(4’-hydroxyphenyl)-2-ferrocenyl-but-1-ene) has shown a
very weak cytotoxicity against MDA-MB-231. However, 1,1-bis(4’-hydroxyphenyl)-2-
ferrocenyl-but-1-ene has indicated strong effect against those cells [24]. In addition, A25
showed cytotoxicity against both MDA-MB-231 and MCF-7, which may be explained by the
existence of ERP in both MDA-MB-231 and MCF-7 that could mediate the cytotoxicity[24,
25].
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It can be seen from the results that none of the compounds was more potent than Al4 at
both cancer cell lines which also shows a good affinity to DNA with binding energy AG equal
to -25,147 KJ/mol [4]. Regarding the substituted CN group at phenyl ring, we can say that the
cyano group in meta position is the best comparing with ortho and para positions where it shows
moderate cytotoxicity. Furthermore, it can be seen that A27 has shown better result than A26
and A28 with MCF-7 cell line. We can say that the best position for the cyano group in the
acylated and the non-acylated compounds is the meta position. The compounds bearing NO>
substituent and their acylated forms have also shown similar results, in contrast the ortho NO-
substituent were totally inactive (A16 and A23). Moreover, the compounds with NO: in the
para position show moderate cytotoxicity.

Based on the obtained results, it can be assumed that all potent compound with MCF-7 cell
line (A9, Al4, Al7 and A27) are substituted in meta position with one of the following CI, NO>
or CN group.

Furthermore, A9, A17 and A27 are expected to be selective against MCF-7 since they were
totally inactive against MDA-MB-231 with selectivity equal to 8.4, 10.4 and 12.5, respectively.

Although most of the studied compounds showed remarkable cytotoxicity, but Crizotinib
which is used as a standard anti-cancer drug in this study showed stronger cytotoxicity against
both cell lines with IC50+SEM values equal to 3.5+1.5 uM for MDA-MB-231 and 3.5+1.5 yM
for MCF7.

Table I11. 1. IC50 values of compounds A0-A28 of cell proliferation assay against MCF-7 and MDA-

MB-231.
. | MCF7 MDA-MB-231
OMPOUNGS I icsommy — R? SEM _ |IC50(uM)  R? SEM

A0 5034 09553 00248 | 1873 09716 00227
Al 2497 09832 00143 | 1017 09387  0.0301
A2 179 09241 00458 | 1265 0917  0.037
A3 306 09123 0038 | 1163 0913 00333
Ad 2788 0872 00792 | 1305 08667  0.0559
A5 4697 09664 00206 | 2575 09202  0.0311
A6 3324 09718 00200 | 1443 09617  0.0334
A7 3823 0926 00328 | 2846 0957  0.0232
A8 6296 0928 00327 | 2253 0939  0.0309
A9 1414 08942 00533 | 1182 0807  0.0625
A10 3426 09458 00276 | 8324 0752  0.0950
ALl 4706 09674 00216 | 1074 0924  0.0417
AL2 7076 09875 00128 | 1315 0922  0.0399
A13 3708 09486 00299 | 1099 0927  0.0386
Al4 1406 09491 00351 | 6093 0901  0.0556
Al5 2696 09376 00410 | 1144 0944 00357
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Al6 201.6 0.8981 0.0223 172.9 0.950 0.0326
Al7 19.34 0.9014 0.0452 201.5 0.885 0.0529
Al8 55.83 0.9397 0.0290 116.9 0.955 0.0293
Al19 47.07 0.9231 0.0506 106.9 0.919 0.0401
A20 40.83 0.9878 0.0128 168 0.927 0.0411
A21 85.32 0.946 0.0277 302.8 0.918 0.0421
A22 43.14 0.92 0.0371 194.1 0.918 0.0475
A23 227.2 0.8054 0.0493 318.4 0.909 0.0350
A24 51 0.9354 0.0299 220.5 0.938 0.0258
A25 41.11 0.959 0.0245 314 0.833 0.0883
A26 44.61 0.919 0.0355 166.7 0.935 0.0362
A27 15.9 0.9084 0.0566 198.7 0.958 0.0243
A28 31.32 0.9616 0.0316 79.56 0.916 0.0476
Crizotinib 3.6 - 0.6 35 - 15

SEM: standard error of the mean; R2: squared correlation coefficient.

I11.4. In silico evaluation of the anti-breast cancer activity

To predict and explain the mechanism of anticancer activity and further visualized the
interactions of the studied compounds with MCF-7, molecular docking study was performed,
since MDA-MB-231 lacks the estrogen (ERa) and progesterone receptors (PR), these receptors
were chosen for this part.

Moreover, the compounds were docked into the human placental aromatase cytochrome
P450 and 17-beta-hydroxysteroid dehydrogenase type 1 (178-HSD1) enzymes.

The docking study was performed for the four targets with the 29 studied compounds using
AutoDock 4.2 software with AutoDock Tools (ADT) interface.

111.4.1. The Targets
111.4.1.1. Estrogen Receptor a (ERa)

It is one of two major estrogen receptor types (ERa and B), a nuclear receptor activated by
the sex hormone estrogen. ERa regulates essential physiological functions of different. it
mainly occurs in mammary gland, uterus, ovary (thecal cells), bone, male reproductive organs
(testes and epididymis), prostate (stroma), liver, and adipose tissue.

In several breast cancers, ERa activation by estrogens is commonly considered responsible
for enhanced proliferation. Therefore, theoretically, breast cancer patients with estrogen

responsive disease should respond positively to treatment with ERa-antagonists [26].
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111.4.1.2. Progesterone Receptors (PR)

Progesterone effects are mediated through the binding to the nuclear progesterone receptor
(PR). PR is a member of a large family of ligand-activated nuclear transcription regulators, that
are characterised by organisation into specific functional domains and are maintained, to
differing degrees, between species and family members. The general trend for PR coactivators
IS to be overexpressed and amplified in cancers, suggesting that increased availability of these
proteins may enhance PR activity in tissues such as the breast, where it is known to play a role
in cancer development [27].
111.4.1.3. The human placental aromatase cytochrome P450

Aromatase, a cytochrome P450 enzyme complex present in breast tissues, plays a
significant role in the biosynthesis of estrogen from androgen. The aromatase converts the ring
situated on the left (the ring labelled A) of the steroid into an aromatic ring (hence the name

aromatase) through oxidation and the loss of a methyl group (figure 111.5) [28].

Methyl group cHy, O H

H
- - —
oxidation

CHy o2

Aromatase

-HCO,H

Testesterone Estradiol
Figure 111. 5 Aromatase converting testosterone to estradiol.

Consequently, the inhibition of the aromatase is a crucial strategy to prevent the growth
stimulation effect of estrogens in breast cancer tissues in postmenopausal women. Aromatase
inhibitors (Als) have been developed and used as anti-breast cancer agents [29, 30].
111.4.1.4. 17B-hydroxysteroid dehydrogenase type 1 (178-HSD1)

The enzyme 173-HSDL is considered to catalyse the final step in the hormone Oestradiol
synthesis. It catalyses the NAD(P)H dependent transformation of estrone (E1) to 17p-estradiol
(E2) which represents the most potent estrogen in humans. This hormone stimulates breast
cancer and other oestrogen-related diseases [31, 32].

Therefore, the selective inhibition of this enzyme is considered as a valuable treatment
option. This intracrine concept has been supported by the observation that an 173-HSD1
inhibitor tool compound can effectively block the increased E2 synthesis in endometriotic tissue
specimens[33].

Because of the tissue-selective expression and the intracrine mode of action of 17b-HSD1

[34], its inhibition should be associated with less side effects compared to established therapies
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using GnRH- analogues, aromatase inhibitors, anti-estrogens or selective estrogen receptor
modulators (SERMs) [35-37].
111.4.2. Docking using AUTODOCK
111.4.2.1. The theory of AUTODOCK

A semi-empirical free energy force field is used while the docking simulation procedure.
the force field evaluates conformation in 2 steps, in the first step is the estimation of the
intramolecular energy of transformation from the unbounded to the bounded stats of ligand-
target conformation, the second is the evaluation of the intramolecular energy of combining the

ligand and the receptor in the bound state[38, 39].

AG =AG,, +AG,, 4 + AG,,. +AG

or TAGq  (Eq il 1)

elec

Where:

AG,,, : is the van der waal’s energy
AG,,0nq : is the hydrogen bonding energy

AG,,.. : is the electrostatics interaction energy

elec

AG,, : is a term which translates the increase of energy of the system due to the restriction of

the free rotors of the ligand and the restriction of the rotations and translations of the ligand

during complexation with the receptor.

AG,, : is another term related to entropy that describes the energy changes of the system during

the desolvation of the ligand at the time of complexation at the receptor.

IV.4.2.2. AUTODOCK steps
The ligand / protein interaction is evaluated by the following steps [40, 41]:

e Preparing Coordinates: The first step is to prepare the ligand and receptor coordinate
files to include the information needed by AutoGrid and AutoDock. after downloading
the PDB file of the target as mentioned above, all the hydrogen atoms of the ligand are
present, whereas only the essential (polar) hydrogens of the target are kept. Partial
charges are assigned by the appropriate method (Gasteiger for the ligand and KOLL
UNI for the target). The target.pdb file is converted to “.pdbqt” format in which the
partial charges, polar hydrogen atoms and parameters of the target atoms are found. For
the ligand.pdb is also converted to ““.pdbqt” file.

e Generation of a box containing the grid (Running AutoGrid): AutoDock needs pre-
calculated grid maps, one for each atom type present in the ligand being docked. This

makes the docking calculations quicker. These maps are calculated by AutoGrid. A
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grid map consists of a 3D lattice of regularly spaced points, surrounding (either entirely
or partly) and centered on some region of interest of the macromolecule under study
(catalytic site). Typical grid point spacing varies from 0.2A to 1.0A, and the default is
0.375A (almost 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. AutoGrid requires a grid parameter
file which usually has the extension “.GPF”.

e Running AUTODOCK: AutoDock uses one of many conformational search
algorithms to explore the conformational states of a flexible ligand, using the maps
produced via AutoGrid to estimate the ligand-protein interaction at each point in the
docking process. In a typical docking, the user will dock a ligand many times, to get
numerous docked conformations. AutoDock requires the grid maps that is calculated by
AutoGrid, a “.pdbqt” file for the ligand and a docking parameter file that specifies the
files and parameters for the docking calculation which has the extension “.dpf”.

e Result analysis: At the end of the docking process, a dock.dlg file is generated. It
contains the final docked coordinates regrouping the solutions proposed (confirmations)
by similarity and the classes by increasing energies. The similarity among two solutions
is calculated using the Root Mean Square Deviation (RMSD). these docked
conformations might be visualized using AutoDockTools, they might be written as
“.pdbgt” files using AutoDockTools, or they might be read directly from the dock.dlg
file using a text editor.

Theoretically, the best solution is the one with the lowest free binding energy which
should be negative (AG< 0).

111.4.3. Molecular docking

The docking study was performed using AutoDock 4.2 software with AutoDock Tools
(ADT) interface [42]. Table 111.2 shows the targets’ information chosen for docking studies
along with their PDB codes. After downloading the PDB files from protein data bank
(www.rcsb.orqg), all receptors were first prepared using Discovery Studio Software [43], all
water molecules, ligands and cofactors were removed to obtain the raw protein’s structure and
the active site was defined. The polar hydrogen atoms were then added along with the charges
using ADT. The ligands were fully optimized using DFT/B3LYP method with 6-311G++(d, p)
basis set using Gaussian 09W software (chapter Il) [44]. Then, the structures were saved as
“ pdbqt” file using ADT.
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The docking procedure consists of two main steps; the first one is the generation of

interactions maps of the receptor depends on the active site using the AutoGrid tool, the grid
boxes size are tabulated in table 111.3. The second step is docking the ligand into the receptor
with AutoDock4. Lamarckian genetic algorithm was utilized for docking search with number
of evaluations: 2,500,000, population size: 150, GA run: 15. The graphical interface of ADT
was used to dock and view the results. Finally, different values of binding energy were
obtained, the best poses were selected with the lower docking energy [45-47] and were used in

the docking analysis using Protein-Ligand Interaction Profiler (PLIP) [48] .

Table 111. 2. Target receptors’ information chosen for docking studies.
Estrogen receptors (ER) and

PDB ID 210G
Resolution (A) | 1.60

R-Value Free | 0.328
R-Value 0.212

Space Group | P6522
Chains A

Organism Homo sapiens

progesterone receptors (PR)

PDB ID 1A28

Resolution (A) | 1.80

R-Value Free | 0.227

R-Value 0.191

Space Group P12:1

Chains AB

Organism Homo sapiens
Aromatase

PDB ID 3S79

Resolution (A) | 2.75

R-Value Free | 0.236

R-Value 0.220

Space Group P3:21

Chains A

Organism Homo sapiens
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17p-HSD1
PDB ID 3HB5
Resolution (A) | 2.00
R-Value Free | 0.248
R-Value 0.202
Space Group Cl21
Chains X
Organism Homo sapiens

Table I11. 3. Grid parameters used to generate the AutoGrid

210G 1A28 3S79 3HBS5
Size 50 x 50 x 50 50 x 50 x 50 70x 70 x70 50 x 50 x 50
Spacing 0.375 0.375 0.375 0.375
X =24.685 X=26.573 X=83.347 X=12.472
Coordinates Y =5.51 Y=18.374 Y= 50.057 Y=-1.756
Z =23.906 Z=64.687 Z=46.452 Z=-3.474

111.4.4. Results and discussion
111.4.4.1. Estrogen and Progesterone receptors

The molecular docking study was carried out using estrogen receptor (ERa) and
progesterone receptor (PR) as targets to clarify the efficacy of studied ferrocenylmethylanilines
derivatives against hormone-dependent (MCF7) and to predict binding mode of these
interactions. Table I11.4. represents the binding free energies (AG) along with the binding
constants (K) of the studied compounds interacted with ERa and PR.

Table I11. 4. binding free energies (AG) and binding constant (K), for the studied molecules
with ERa and PR.

Compounds ERa PR
AG (Kcal.mol?) K (M) AG (Kcal.mol?) K (M)

A0 -7.8 5.14 x10° -7.66 4.06 x10°

Al -7.99 7.08 x10° -8.95 35.732 x10°
A2 -8.12 8.82 x10° -8.93 34.547 x10°
A3 -9.85 162.939 x10° -10.62 596.771 x10°
Ad -9.02 40.207 x10° -10.13 261.238 x10°
A5 -8.09 8.38 x10° -8.63 20.833 x10°
A6 -7.88 5.88 x10° -8.83 29.187 x10°
A7 -7.95 6.62 x10° -8.51 17.017 x10°
A8 -8.24 10.794 x10° -8.86 30.701 x10°
A9 -8.01 7.32 x10° -8.97 36.957 x10°
Al0 -7.65 3.99 x10° -8.30 11.943 x10°
All -7.90 6.09 x10° -9.09 45.244 x10°
Al2 -7.76 4.81 x10° -8.59 19.474 x10°
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Al3 -7.53 3.26 x10° -8.14 9.12 x10°
Al4 -8.23 10.614 x10° -8.75 25.504 x10°
Al5 -7.88 5.88 x10° -8.90 32.843 x10°
Al6 -6.77 0.9 x10° -8.68 22.665 x10°
Al7 -7.48 3 x10° -9.82 154.902 x10°
Al8 -7.45 2.85 x10° -9.86 165.709 x10°
Al9 -7.92 6.29 x10° -8.35 12.994 x10°
A20 -7.88 5.88 x10° -9.51 91.85 x10°
A21 -7.53 3.26 x10° -8.57 18.829 x10°
A22 -9.03 40.891 x10° -10.16 274.791 x10°
A23 -7.14 1.69 x10° -9.20 54.463 x10°
A24 -7.82 5.32 x10° -10.39 404.953 x10°
A25 -71.97 6.85 x10° -10.15 270.197 x10°
A26 -7.92 6.29 x10° -9.30 64.464 x10°
A27 -9.05 42.293 x10° -9.83 157.536 x10°
A28 -8.74 25.078 x10° -9.37 72.539 x10°

In summary, the obtained results have shown high affinity between all molecules and both
targets ERa and PR with binding free energy in the range from -6.77 to -10.62 Kcal.mol* (table.
1. 4).

In the binding pattern of the compounds and ERGq, it can be seen that A3 has shown the
lowest binding free energy equal to -9.85 Kcal.mol™. In addition, A4, A22 and A27 have also
shown low binding free energies, equal to -9.02, -9.03 and -9.05 Kcal.mol?, respectively. A16
has shown the highest binding free energy equal to -6.77 Kcal.mol, which was inactive against
MCEF-7 cell lines with 1Cso value equal to 201.6 um (table 111.1).

Moreover, all compounds have shown at least 5 hydrophobic bonds with different amino
acids, some of them made one H-bond or more with the amino acids Glu353, Arg394, Leu346,
Ala350, Asn719, Pro325, Leu391, Arg766, GIn725, Leu763 and Leu718. Furthermore, another
bond of the type n-  stacking was observed with the amino acids Phe404, Phe778 and Trp393
(table 111.5 and figure 111.6).

It can be seen that all compounds are located at the estrogen binding cavity(table.lll. 5),
which is formed by the following amino acids: Met 342 to Leu 354, Trp 383 to Arg394, Val418
to Leu 428, Met 517 to Met528, Leu 539 to His 547 and Leu 402 to Leu 410 [49].

It has been reported and proved in the literature [49] that estrogen binds to his receptor by
several amino acids which are lle 424, Gly 521, Leu 525, Phe404, Glu353, His524, Arg394,
Ala 350 and Leu 387. It can be seen from table 1ll. 6, that each of the studied compounds has
shown similar bonding pattern to Estrogen’s, for instance A9, Al4, A17 and A27 have
presented key hydrogen bonds with GIlu353 and Arg394. Moreover, A2, Al4 and A27 have
made key hydrophobic interactions with Leu525 and Ile424. Therefore, these docking analyses
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indicates the good inhibitory effect of the studied compounds against ERa.. The compound A27
was chosen for secondary structure view to show its positioning into the receptor (figure I11.7).
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Table Il1. 5. Distances of formed bonds between the ligands and ERa residues.

ERo
E— AO AL A2 A3 AL A5 A6
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
PRO324 | 2.96 LEU349 | 387 | LEU346 | 336 | LEU346 | 3.20 LEU349 3.35 SRO324 3.04 LEU346 3.25
ILE326 | 3.16 | ALA350 | 3.43 | LEU384 | 327 | THR347 | 332 | ALA350 3.34 3.20 LEU349 3.36
LEU327 | 3.8 324 | LEU387 | 3.75 2.95 LEU384 321 ILE326 317 ALA350 3.82
LEU349 | 348 LEUSB4 547 | LEuser | 350 | AMA0 3o L EU3aT 3.64 CLU353 3.76 LEU387 3.89
cLusss |32 LEU87 | 314 | | .. | 341 | TRP383 | 333 3.18 354 LEU391 3.96
377 | MET388 | 3.95 373 | LEU384 | 3.44 LEU391 3.90 HIS356 3.16 359
| MET357 | 372 LEU391 | 328 | PHE425 | 3.35 3.24 3.26 MET357 3.92 357
Hydrophobic = Fags | 329 oHEaos | 324 | HIS524 | 354 LEU387 545 | PHEA04 3.23 ILE386 361 LEUS25 3.21
LEU387 | 3.39 352 | LEU525 | 3.85 | LEU391 | 3.3 \LEd424 3.95 LEU387 3.84
LYS449 | 3.97 ILE424 3.0 bHE40s |35 3.08 ARG394 3.18
PHE425 3.92 378 LEU525 3.26 OHE44S 3.20
322 | MET528 374 372
LEU525
331
LYS531 | 3.72
Hydrogen GLU353 192 LEU346 2.18
Bonds ARG394 2.80 ALA350 3.68
-Stacking PHE404 | 5.05 TRP393 430 PHE404 5.04
. AT A8 A9 ALD ALl A2 A3
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
361 PRO324 | 323 | PRO324 | 387 | PRO324 | 321 LEU349 3.28 3.46 361
PRO324 301 | ILE326 | 344 | ILE326 | 349 LEae | 392 | ALA350 3.74 LEU346 3.56 LEU346 3.47
\LEaps | 388 | MET357 | 342 | GLUSS3 | 3.35 3.22 TRP383 331 LEU349 354 3.45
3.46 ILE386 320 | MET357 | 337 | | a7 | 368 LEU384 3.39 ALA350 3.02 LEU349 341
Hydrophobic | | £ijap7 | 381 | ARG394 | 321 | LEU387 | 3.89 3.46 LEU391 3.88 LEU384 351 ALA350 3.38
352 OHEA4S 318 | ARG3%4 | 331 | GLU353 | 3.14 LEUS2S 3.63 LEU387 3.68 LEU384 3.90
cLusss | 3L 875 | opicass | 314 | ILE386 | 3.89 3.80 371 OHE404 3.25
3.70 LYS449 | 391 359 | PHE445 | 3.8 LEU391 391 3.64
HIS356 | 3.41 LYS449 | 3.30 3.84 \LE42a 3.10
MET357 | 3.61 PHE404 3.69 3.98
ILE386 | 3.12 LEU428 3.35 PHE425 3.82
LEU387 | 2.97 LEU428 332
LYS449 | 367
Hvdrogen GLU353 | 211 | GLU353 | 201 | PRO325 | 2.15 LEU346 2.07 LEU391 359
é g ARG394 | 311 | ARG39%4 | 2.89 ALA350 3.46 213
onds ARG394 345
7-Stacking TRP393 435 | TRP393 | 4.46 PHE404 497 PHE404 524
Al4 INT Al6 AL7 Al8 A19 A20
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AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
LEU346 | 3.94 LEU346 | 323 | |\ | 390 | LEU346 | 335 | THR347 3.35 SRO324 2.96 LEU349 3.22
THR347 | 351 LEU349 | 353 360 | ALA350 | 358 | ALA350 3.03 331 LEU384 3.25
LEU349 | 3.34 LEU387 322 | LEU349 | 354 | LEU384 | 362 TRP383 3.63 ILE326 3.27 LEU391 3.25
3.18 392 | ALA350 | 380 | LEU387 | 3.78 LEU384 3.66 372 3.47
ALA3S0 35 oHEaos | 396 | LEU384 | 366 | LEU39L | 3.62 LEU38T 3.41 GLU353 3.95 PHE404 3.38
Hydrophobic | TRP383 | 3.17 338 | ILE424 | 371 3.69 HIS356 3.34 ILE424 3.44
LEU387 | 3.40 ILE424 331 | LEU525 | 3.83 LEUS25 3.50 ILE386 3.84 HIS524 351
PHEA04 | 3.47 LEU428 3.35 3.33 LEU387 3.60 LEUS25 352
LEUss | 378 TRP393 3.92 3.64
3.32 ARG394 341
PHE445 3.75
1.90 LEU391 375 | LEU391 | 369 | ARG394 | 167 LEU391 3.38 GLU353 2.02 LEU391 3.60
Hé%rr?g:” ARG3%4 5 o9 ARG394 L77 | rncags | 204 | ARG3%4 | 297 | a0 1.85 ARG394 2.09 ARG394 215
274 3.45 2.94 3.45
n-Stacking PHE404 5.02
A21 A22 A23 A24 A25 A2 A27
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
LEU346 | 342 LEU36 382 | LEU384 | 320 | oo | 388 LEU346 3.79 LEU346 3.39 THR347 352
LEU349 | 3.69 380 | LEU387 | 3.48 356 | THR347 3.35 LEU349 378 LEU349 3.10
ALA350 | 3.61 361 | MET388 | 398 | ALA350 | 3.67 | ALA350 297 ALA350 3.60 ALA350 313
LEU384 | 337 LEU3B4 | 338 | LEU39L | 391 | | oo, | 391 TRP383 358 LEU384 337 TRP383 3.12
LEU384 | 3.30 LEU387 341 | pieses | 394 351 3.30 LEU387 3.75 LEU387 3.62
LEusar |_320 LEU391 2.96 319 | ILE424 | 357 LEU387 323 3.08 PHE404 3.79
Hvaronhobic 3.70 PHE404 | 326 | ILE424 | 350 | HIS524 | 3.64 PHE404 3.79 LEU301 3.30 LEU525 3.20
ydrop MET388 | 3.98 \LEd24 395 | LEU428 | 322 | LEU525 | 3.84 LEU525 3.30 3.91
LEU391 | 3.67 337 | HIS524 | 357 PHE404 3.45
3.14 PHE425 329 | LEU525 | 3.46 3.06
PHE404 ¢ ILE424 323
PHE425 | 3.75 3.64
LEU525 | 3.86 PHE425 3.85
LEU428 3.28
- kggggi ggz LEU391 i;g ALA350 3.09 ARG304 ésﬁ
Bonds ' ARG394 306 '
7-Stacking PHE404 | 5.00 PHE404 5.05
A28
AA Dist
LEU346 | 3.30
| LEU349 | 397
Hydrophobic ALA350 3.45
LEU387 | 356
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A27-ERa A28-ERa

Figure 111. 6. 3D interaction between studied ligands and the target ERa (PDB ID: 210G) where the

grey lines show hydrophobic bonds and the bleu lines show the H-bonds.

Figure 111. 7. Docking pose of A27 with ERa illustrating (a) the secondary structure view (b) zoomed

view of the interactions.

Previous studies found that hydroxytamoxifen made interaction between His524 and the
ferrocenyl group, and between Asp351 and the nitrogen of its basic chain, moreover, it was
found that these interactions provide correct positioning of the organometallic hormone and
particularly of the dimethyl amino side chain which is known to be the source of the
antihormonal effect. Looking at figure 111.6 and table 111.5 we can see that the compounds A2,
A20 and A24 made similar hydrophobic bond between His524 and the ferrecenyl group of these
compounds, which may be important for the antiproliferative activity of these compounds.

In addition, all tested compounds have indicated a good relationship to PR with binding
free energies lower than the ER’s in the range from -7.66 to -10.62 Kcal.mol*. Similar to ERa.
results, the best compound interacted with PR is A3 with the lowest binding free energy equal
to -10.62 Kcal.mol™. Furthermore, A4, A22, A24 and A25 have also shown low binding free
energies equal to -10.13, -10.16, -10.39 and -10.15 Kcal.mol™, respectively.
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Previous studies have found that progesterone binds to its receptor via hydrogen bonds to
GIn 725, Tyr 777, Asp 719, Thr 894 and Arg 766, and Van Der Waals bond with Phe778 [50,
51]. As it is shown in table 111.6, Al4, A15, A16, Al17, A18, A20, A23, A24, A25, A27 and
A28 have made similar hydrogen bonds with GIn725 and Arg766. Other bonds, n-stacking and
n-alkyl, were made with Thr894 and Phe778, the amino acids which bind to progesterone, these
interactions as well could disturb its binding pattern. These results indicate that these
compounds have high binding affinity with PR (table I11.6 and figure 111.8).
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Table Il1. 6. Distances of formed bonds between the ligands and PR residues

PR
A0 Al A2 A3 A4 A5 A6
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
Hydrophobic LEU715 3.18 LEU715 3.56 LEU715 3.40 LEU715 3.42 LEU715 3.23 LEU715 3.92 LEU718 3.93
LEU718 3.42 LEU718 3.81 3.93 3.56 LEU718 3.59 LEU718 3.93 LEU721 3.45
3.89 3.76 LEU718 3.36 LEU718 3.90 LEU721 3.39 LEU721 3.47 3.86
LEU721 3.63 LEU721 3.53 3.51 3.91 TRP755 3.27 3.94 TRP755 3.62
MET759 3.30 3.95 MET759 3.47 LEU721 3.68 MET759 2.83 TRP755 3.54 MET759 3.66
LEU763 3.80 TRP755 3.50 LEU763 3.80 MET759 3.59 VAL760 3.96 MET759 3.70 PHE778 3.54
PHET778 3.61 MET759 3.95 LEU797 3.46 PHET78 3.23 PHE778 3.40 PHE778 3.59 LEU797 3.73
3.31 PHE778 3.49 LEUSS7 3.27 3.81 3.95 TYR890 3.22 TYR890 341
PHE794 3.88 PHE794 3.57 3.54 LEU797 2.97 PHE794 3.46 PHE905 3.98 THR894 3.88
THR894 3.65 THR894 3.60 LEU887 3.22 LEU797 3.25 PHE905 3.92
341 PHEQ05 3.14 3.24 TYR890 3.77
PHEQ05 3.5 TYR890 3.79
THR894 3.93
3.32
PHE905 3.4
Hydrogen Bonds ASN719 2.16 ASN719 1.99 ASN719 1.93
A7 A8 A9 Al10 All Al2 Al3
AA Dist AA Dist | AA Dist AA Dist AA Dist AA Dist AA Dist
Hydrophobic LEUT15 3.61 LEU718 3.89 LEU718 3.76 LEU715 3.92 LEU718 3.96 LEU715 3.61 LEU718 3.39
3.60 LEU721 3.49 LEU721 3.42 MET759 3.80 LEU721 3.44 LEU718 3.77 3.45
LEU718 3.90 3.93 3.97 VAL760 3.47 3.85 LEU721 3.90 MET759 3.44
LEU721 351 TRP755 3.55 TRP755 3.78 LEU763 3.63 TRP755 3.64 MET759 341 PHET78 3.53
TRP755 3.68 MET759 3.77 PHE778 3.35 LEU797 3.81 MET759 3.63 PHE778 3.38 3.77
MET759 3.66 PHE778 3.54 TYR890 3.28 LEU887 3.65 PHE778 3.54 TYR890 3.42 LEU797 3.94
PHE778 3.33 TYR890 3.18 THR894 3.81 TYR890 3.23 TYR890 3.32 PHEQ0S 3.48 TYR890 3.39
LEU797 3.60 3.74
TYR890 3.46
THR894 3.57
PHEQ05 3.31
Hydrogen Bonds ASN719 1.89 | ASN719 1.92 LEU887 2.28 ASN719 1.85 LEU718 1.95 ASN719 2.38
CYS891 3.72 GLY722 3.40 2.08
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Al4 Al5 Al6 Al7 Al8 Al19 A20
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
LEU715 3.38 LEU715 3.57 LEU718 3.29 LEU715 3.37 LEU715 3.30 LEU715 3.25 LEU715 3.50
VAL760 3.85 LEU718 3.43 3.36 3.18 3.21 3.22 3.10
LEU763 3.88 PHE778 3.81 LEUT21 341 LEU718 3.48 LEU718 3.43 LEU718 3.50 LEU718 3.31
Hydrophobic PHE778 3.67 LEU797 3.07 3.33 PHE794 3.90 LEU721 3.32 LEU721 3.43 LEU721 3.88
LEU797 3.35 PHEQ05 3.88 PHE778 3.05 TYR890 3.79 TYR890 3.43 MET759 3.33 MET759 3.30
TYR890 3.60 PHE794 3.33 PHE905 3.99 PHE778 3.62 LEU763 3.25
PHEQ05 3.87 LEU887 3.88 PHEQ05 3.36 TYR890 3.83 TYR890 3.36
3.83 PHEQ05 3.53 PHEQ05 3.73
GLN725 2.18 ASN719 2.12 GLN725 1.78 LEU718 2.18 LEU718 1.82 LEU718 2.13 LEU718 2.26
Hydrogen Bonds ARG766 2.08 GLN725 2.21 MET759 3.47 GLN725 1.88 GLN725 1.85 GLY722 3.42
ARG766 3.13 LEU763 3.64 LEU763 3.70 LEU763 3.58 GLN725 1.72
ARG766 1.97 ARG766 1.75 ARG766 1.89 ARG766 2.00
n-Stacking PHE778 5.19 PHE778 5.34
A21 A22 A23 A24 A25 A26 A27
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
3.78 LEU715 3.44 LEU718 3.19 LEU715 3.61 LEU718 3.79 3.63 LEU715 3.37
LEU718 LEU715
3.21 3.75 3.59 LEU718 3.20 LEU721 3.70 3.75 3.18
LEU718 LEU721 LEU718
LEU721 3.76 3.41 3.85 LEU721 3.59 TRP755 3.88 LEU718 3.97 3.48
TRP755 3.49 3.38 MET759 3.01 3.98 PHE794 3.34 3.59 PHE794 3.90
PHE778 LEU721
MET759 3.99 LEU721 3.84 PHE778 3.74 3.36 LEU797 3.11 3.88 TYR890 3.79
3.58 MET759 3.17 PHE794 3.09 PHE794 3.96 TYR890 3.14 TRP755 3.45
Hydrophobic PHET8 3.65 LEU763 | 371 | LEU797 | 321 | LEU797 | 3.67 MET759 | 3.71
PHE794 3.25 PHE778 3.54 LEU887 3.52 LEU887 3.77 PHE778 3.52
LEU797 3.37 PHE794 3.35 TYR890 3.39 PHE794 3.38
PHEQ05 3.89 LEU797 3.30 THR894 3.53
3.48 PHE905 331
LEU887 352
TYR890 3.66
LEU715 2.47 GLN725 2.23 GLN725 1.92 GLN725 1.95 LEU718 2.18
ASN719 2.45 LEU763 3.59 LEU763 3.52 LEU763 3.51 GLN725 1.88
Hydrogen Bonds
ARG766 2.09 ARG766 1.85 ARG766 1.80 LEU763 3.70
ARG766 1.75
n-Stacking PHE778 4.86 PHE778 5.19
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A24-PR

A27-PR

PHET778A

LEU797A

Figure I11. 8. 3D interaction between studied ligands and the target PR (PDB ID: 1A28) where the

grey lines show hydrophobic bonds and the bleu lines show the H-bonds.

Figure 111. 9. Docking pose of A27 with PR illustrating (a) the secondary structure view (b) zoomed

view of the interactions.
111.4.4.2. Aromatase and 17p-HSD1
The inhibition of both aromatase and 17p-HSD1 enzymes is considered as crucial strategy
to reduce the estrogen level. Table I11.7. represents the binding free energies (AG) and the

binding constants (K) of studied compounds interacted with Aromatase and 173-HSD1.

96



In vitro and in silico evaluation of anti-proliferative activity against
breast cancer.

Chapter 111

Table I11. 7. binding free energies (AG) and binding constant (K), for the studied molecules with
Aromatase and 173-HSD1.

Compounds Aromatase 17 beta-HSD type 1
AG (Kcal.molt) K (M%) AG (Kcal.mol ) K (M1
A0 -7.21 1.9 x10° -6.76 0.89 x10°
Al -7.77 4.89 x10° -7.89 5.98 x10°
A2 -7.53 3.26 x10° -8.81 28.22 x10°
A3 -9.28 62.32 x10° -8.78 26.82 x10°
A4 -10.26 325.25 x10° -9.12 47.59 x10°
A5 -7.85 5.59 x10° -7.55 3.37 x10°
A6 -8.18 9.76 x10° -7.64 3.93 x10°
A7 -7.80 5.14 x10° -7.79 5.06 x10°
A8 -7.96 6.73 x10° -7.73 4,57 x10°
A9 -8.28 11.54 x10° -7.72 4.49 x10°
Al10 -7.15 1.72 x10° -7.25 2.03 x10°
All -8.56 18.51 x10° -7.99 7.08 x10°
Al2 -8.42 14.62 x10° -7.51 3.15 x10°
Al3 -7.69 4.27 x10° -7.57 3.49 x10°
Al4 -8.19 9.92 x10° -7.71 4.42 x10°
Al5 -8.86 30.70 x10° -7.97 6.85 x10°
Al6 -9.19 53.55 x10° -8.30 11.94 x10°
Al7 -9.79 147.26 x10° -8.83 29.19 x10°
Al8 -9.62 110.56x10° -8.23 10.61 x10°
Al9 -7.8 5.14 x10° -7.56 3.43 x10°
A20 -7.84 5.50 x10° -7.77 4.89 x10°
A21 -7.33 2.33 x10° -8.02 7.45 x10°
A22 -8.73 24.65 x10° -8.57 18.83 x10°
A23 -8.6 19.80 x10° -8.53 17.60 x10°
A24 -9.97 199.47 x10° -9.83 157.54 x10°
A25 -10.07 236.10 x10° -9.34 68.96 x10°
A26 -7.8 5.14 x10° -8.29 11.74 x10°
A27 -8.45 15.38 x10° -8.71 23.84 x10°
A28 -8.42 14.62 x10° -8.80 27.75 x10°
ASD -9.25 59.25 x10° - -
E2B - - -11.61 3167.16 x10°

In summary, the obtained results showed high affinity between all molecules and both
targets.

The studied compounds interacted to aromatase enzyme with binding free energy in the
range from -7.15 to -10.26 Kcal.mol™* (table. I11l. 7), where A4 and A25 showed the lowest
binding free energy equal to -10.26 and -10.07 Kcal.mol, respectively. However, A10 showed
the highest binding free energy equal to -7.10 Kcal.molX. Androstenedione (ASD), which is an
androgen steroid hormone and a precursor of estrogen, was also docked into the aromatase as
a reference ligand. It can be seen that the compounds A3, A4, Al7, Al18, A24 and A24 showed

a higher docking score than Androstenedione’s which is equal to -9.25 Kcal.mol™.
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Molecular docking results revealed that most of the compounds could occupy at the same

binding site of the natural substrate Androstenedione on the aromatase pocket, and share the
same binding residues with those of the Androstenedione which are Arg 115, lle 305, Ala 306,
Asp 309, Thr 310, Phe 221, Trp 224, 11e133, Phe 134, Val 370, Leu372, Val 373, Met 374, Leu
477 and Ser 478 [52]. These suggested that the investigated compounds may elicit their

aromatase inhibitory activities via acting as competitive inhibitors (table I11.8 and figure 111.10).
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Table I11. 8. Distances of formed bonds between the ligands and aromatase residues

Aromatase
Bonds e A0 AL A2 A3 AL A5 A6
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
MET364 | 3.28 ILE133 360 | PHE134 | 347 | ILE132 | 346 ILE132 3.30 THR310 3.56 MET364 3.49
PRO368 | 3.58 PHE134 | 328 | TRP224 | 337 | | oo | 3.30 LE133 3.45 MET364 3.48 PRO368 3.36
VAL3o |39 | VAL370 | 368 | THR310 | 317 3.23 2.94 PRO368 3.48 VAL370 372
397 | VAL373 | 331 | LEUST2 | 3238 | Lo | 354 | VALSIO0 3.44 VAL369 3.90 ALA443 3.14
Hydrophobic | PRO429 | 398 LEU477 345 | VAL373 | 3.30 367 | \aL373 3.04 ILE398 3.96
PHE430 | 3.90 LEua77 | 319 | LEULS2 | 320 3.67 PRO429 3.84
ALA443 | 315 330 | ALA306 | 319 | ALA438 3.07 DHE430 3.22
ALA307 | 350 3.62
ALA438 | 3.49 ALA443 311
ALA443 | 3.44
VAL270 | 350 | oo | 212 | MET374 | 188 ARGLLS 2.92 PRO429 1.99
181 272
Hydrogen 272 291
Bonds ARGSTS | —5'ac ARG375 225
CYS437 4.00
n-Stacking PHE221 | 477 | PHE203 | 483
A7 A8 A9 A10 All AL2 AL3
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
MET311 | 382 | MET364 | 3.09 | MET364 | 326 | ILE132 | 398 | MET364 3.33 MET311 381 LE13 3.66
MET364 | 3.20 PRO368 | 3.43 | PRO368 | 3.38 | PHE148 | 3.40 PRO368 3.37 MET364 3.20 3.91
| PRO368 | 345 | VAL370 | 322 | PRO429 | 378 | LEU152 | 2.96 | VAL369 3.9 PRO368 341 ILE133 3.49
Hydrophobic ™/ A1 369 | 326 | PHE430 | 3.08 | PHE430 | 3.95 | ALA306 | 3.38 | VAL370 3.81 VALST0 3.25 PHE148 313
VAL370 | 372 | ALA443 | 313 | ALA443 | 311 | ALA307 | 313 | ALA443 3.14 321 LEU152 2.99
PRO429 | 3.87 ALA438 | 361 PHE430 3.07 PHE203 3.34
PHE430 | 3.34 ILE42 3.75 ALAA43 2.94 3.25
ALA43 | 291 ALA306 3.14
ALA307 3.28
ILE442 3.69
SER314 | 2.84 SER314 297 | VAL370 | 337 SER314 2.79 ALA438 1.94
Hydrogen | VAL370 | 2.89 SER314 2.97 VAL369 381 ILE442 3.69
Bonds VAL369 | 4.03 VAL370 3.74
VAL370 | 275
elogn GLU302 | 3.17
bonds
n-Stacking PHE203 5.04
Al4 Al5 Al6 AL7 Al8 A19 A20
AA | Dist AA | Dist AA | Dist AA | Dist AA | Dist AA | Dist AA | Dist
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ILE132 | 384 | MET364 | 329 | PHE134 | 3.74 | ILE132 | 3.43 ILE132 3.07 ILE133 3.39 ILE133 3.94
ILE133 | 3.44 PRO368 | 3.47 | TRP224 | 358 | TRP224 | 3.40 LEU152 3.35 PHE148 3.18 LEU152 2.93
PHE148 | 331 | VAL370 | 324 | VAL370 | 367 | VAL3T0 | 349 | , ..o 3.10 LEU152 3.14 PHE203 3.43
LEU152 | 3.85 PHE430 318 | VAL373 | 310 | ALA438 | 350 3.14 PHE203 3.33 ALA306 3.38
Hydrophobic | ALA306 | 309 | ALAM3 | 333 | LEUAT7 | 320 | LEU4T7 | 339 | ALA07 3.86 GLU302 3.93 ALA307 3.10
374 ALA438 3.94 ALA3OS 3.13 ILE442 3.98
ALAZD7 | 360 ILE442 358 313
3.07 ALA307 2.94
ALA438 | 3.92 ILE442 3.80
ALA443 | 3.85
ALA438 | 1.98 238 2.92 3.20 276 ALA307 1.83 2.03
SER314 573 | ARGLIS 27— ARGIIS (o ARGLIS 504 GLv439 399 ARG115 267
3.18 297 | TRP141 | 3.23 TRP141 2.09 GLY439 3.97
Hé%rr?g:” \;'T‘;?: g.ssai ARG3TS 5 s | ARG145 ;.zg ARG145 i%
ARGA35 |37z ARG435 261
ALA438 278
n-Stacking PHE203 4.87
_m-Cation ARG115 | 1.29
Interaction
A21 A22 A23 A24 A25 A2 A27
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
ILE133 | 356 \LE133 373 | ILE133 | 337 | ILE133 | 3.46 ILE132 317 LEU152 3.99 ILE133 3.75
oHELE | 3% 378 | PHEL34 | 389 | PHE134 | 3.45 ILE133 3.38 ALA306 353 VAL370 3.39
3.12 OHEL48 325 | PHE221 | 363 | TRP224 | 3.33 PHE148 353 ALA307 3.56 3.33
LEUlsy | 311 337 | cppgps | 315 | VAL373 | 345 | ALA306 331 THR310 358 LEU372 3.94
3.86 LEULSD 3.07 363 | | gysry | 314 | ALA438 2.93 MET311 3.89 VAL373 3.34
PHE203 | 3.44 362 | ASP309 | 357 387 | ALA443 3.97 VAL370 3.04 3.16
| GLU302 | 3.94 378 3.32 PHE430 3.86 MET374 3.63
Hydrophobic |\ Fra03 | 3.03 PHE203 369 | 'HR310 o0 ALAA43 3.02 LEU477 3.43
3.34 310 | VAL370 | 3.80
ALASDS 57y ALASOS e T EusT2 | 346
ALA307 | 312 | ALA306 | 329 | VAL373 | 3.42
ILE442 | 398 | ALA307 | 2.89 | MET374 | 3.80
THR310 | 3.35 | LEU477 | 3.29
ALA438 | 3.66
ALA307 | 1.94 | ALA438 | 209 | ARGLIS | 205 | ,oooo | 240 | oo 2.16 THR310 2.29 ARGL115 259
GLY439 | 251 | GLY439 | 232 | MET374 | 198 1.90 1.96 ALA438 321 ASP3TL 2.43
Hydrogen ARGaTs | 183 TRP141 2.02 GLY439 237 2.56
Bonds 185 | ARG145 257 LEU372 219
ALAGB | 270 | oo ;gg MET374 231
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LEU152

LEU4TTA

Figure 111. 10. 3D interaction between studied ligands and the target Aromatase (PDB ID: 3S79) where

the grey lines show hydrophobic bonds and the bleu lines show the H-bonds.

Figure 111. 11. Docking pose of A4 with aromatase illustrating (a) the secondary structure view (b)

zoomed view of the interactions.
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The docking results of the studied molecules with 173-HSD1 showed medium binding
affinity with docking scores in the range from -6.76 to -9.83 Kcal.mol™* comparing to the
reference ligand E2B (-11.61 Kcal.mol?), the top three derivatives are A4, A24 and A25
possessing the lowest binding free energies equal to -9.12, -9.83 and -9.34 Kcal.mol?,
respectively. However, the least potent derivative is A0 with AG equal to -6.76 Kcal.mol™.

Moreover, all compounds showed at least 3 hydrophobic bonds with different amino acids,
some of them made one H-bond or more with for example Tyr155, Lys159, Gly186, thr190 and
val188. Furthermore, another bond of the type -  stacking was observed with the amino acids
Tyr155 and Phel92.

It can be seen that most of the compounds are located at the 17p-HSD1 binding cavity,
which is formed by the following amino acids: Ser 142, Val 143, Lys 149, Gly 185, Pro 187,
Tyr 218, His 221, Ser 222, Phe 226, Phe 259, Met 279, and Glu 282 [53].

It was found that the natural substrate binds to178-HSD1 by hydrogen bonds with the
residues Tyrl55, Ser142, His221 and Glu282 [53], also E2B binds to 17B-HSD1 via hydrogen
and -7 bonds with the residues Tyr155[54]. Similar to these findings, 13 of our derivatives
(Al, A2, Al4, A15, Al6, Al7, A18, A21, A23, A24, A25, A26 and A27) have made similar
bonds with the amino acid Tyr155. These indicate that the derivatives may act as competitive
inhibitors (table 111.9 and figure 111.12).
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Table I11. 9. Distances of formed bonds between the ligands and 173-HSD1 residues

17B-HSD1
Bonds type A0 Al A2 A3 A4 A5 Ab6
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
VAL188 g.gs LEU96 g.g LEU96 3.33 THR140 g.éz |LE14O g.gg ILE14 2.88 VAngg g.go
95 . 71 67 | THR14 . 97 | THRL 94
PHEL92 5 5g T TYR155 | 390 | "R 359 | PHEIZ o VaL1es | 384 | VAN 353 ohE1gy | 384
Hydrophobic 871 | \,al 188 | 317 | PHEL®2 | 336 PHE192 3.26 THR190 | 3.93 3.49
PHE226 3.32 3.31 VAL196 3.40 PHE192 3.95 PHE226 3.73
3.48 PHE226 3.49 PHE226 3.37 3.33
PHE226 3.24
THR190 1.98 VAL188 | 1.66 ILE14 2.12 ILE14 1.84 THR190 | 2.06 | THR190 1.83
Hydrogen Bonds GLY15 3.14
ASN90 1.92
r-Stacking TYR155 | 4.88 | TYRIS5 | 4.67 PHE192 | 4.8
TYR155 | 4.75
A7 A8 A9 A10 All Al12 Al3
Aa Dist Aa Dist Aa Dist Aa Dist Aa Dist Aa Dist Aa Dist
ILE14 3.35 ILE14 3.84 PHE192 3.77 3.69 3.8 VAL188 3.83 3.99
TYR155 3.58 VAL188 3.52 PHE192 3.44 VAL188 3.41 VAL188 3.88 THR190 3.98 VAL188 3.64
VAL188 343 | THR190 | 3.85 | PHE226 | 3.71 | THR190 | 3.85 | THR190 3.99 PHE192 | 3.75 | THR190 3.68
357 | PHE192 | 3.47 PHE192 | 381 | , .o 3.97 PHE226 | 374 | , .0, 3.68
Hvdroohobi THR190 3.85 PHE226 3.61 PHE226 3.59 3.59 3.83
ydrophobic 3.63 PHE226 | 3.55 PHE226 | 3.30
PHE192 3.44 THR190 2.97
3.67
VAL196 3.36
PHE?226 3.71
Hydrogen Bonds | VAL188 | 2.76 | THR190 | 1.91 | THR190 | 1.82 | THR190 | 1.84 THR190 | 1.82 | THR190 2.78
Halogen bonds CYS185 | 3.96 THR190 3.65
ALA191 3.46
-Stacking PHE192 | 4.32 PHE192 | 4.03 | PHE192 4.40
Al4 Al5 Al6 Al7 Al8 Al9 A20
Aa Dist Aa Dist AA Dist
TYR155 341 | LYS159 | 2.89 ILE14 3.19 ILE14 326 | TYRI55 3.60 ILE14 3.16 ILE14 3.15
. PHE192 339 | GLY186 | 282 LEU96 383 | TYRI55 | 391 | PHE192 3.36 TYR155 | 353 | TYR155 3.88
Hydrophobic 3.88 VAL188 2.69 THR140 3.72 TYR155 3.98 PHE226 3.02 VAL188 3.86 VAL188 3.07
VAL196 3.70 TYR155 3.28 VAL188 3.55 VAL188 3.71 THR190 3.83
PHE226 3.62 VAL188 | 3.02 PHE226 | 3.45 PHE192 | 3.60 | PHE192 3.60
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PHE192 | 3.69 3.39 PHE192 | 3.35 3.35
VAL196 | 3.38 oHEsss | 362 | PHE226 | 369
3.66
3.36
TYRI55 | 333 TyRiss | L77 | TYR1S5 | 210 | TYRIS5 | 333 | GLY186 | 228 ILE14 281
Hvarogen Bonds | LYS158 | 3.07 171 | LYS159 | 1.75 | LYS159 | 204 | VAL188 | 166 | GLY15 2.08
ydrog LYS159 | 203 | GLY186 | 195 | GLY186 | 2.32 ASN9O 2.16
VAL188 | 3.00 THR190 | 185
7-Stacking TYR155 | 515 | TYRIS56 | 4.77 TYR 207 | PHE192 | 487
A21 A22 A23 A24 A2 A26 A2
AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist AA Dist
LEU96 382 | THR190 | 397 | ILE14 | 3.29 LEUos | 38L | LEUS 3.76 ILE14 348 | Flos 3.65
PRO187 | 4.00 | ALAL91 | 328 | PHE192 | 3.45 346 | LEU9 345 | VALI188 | 3.49 3.40
PHE192 | 3.39 335 | VAL196 | 3.33 | TYRI55 | 331 | VAL188 | 367 | THRI9 | 378 | VAL188 | 355
_ VAL196 | 3.36 | PHE192 | 342 | PHE226 | 317 3.83 3.32 PHE192 | 357 | VAL196 | 3.6
A 3.50 PHEL92 53| PHELR 349 | VAL196 | 3.32 | PHE226 3.80
VAL196 | 3.40 | MET193 | 355 PHE226 | 3.40
VAL196 | 3.36
PHE226 | 3.20
2.28 ILE14 277 | SER142 | 283 | TYRI55 | 2.06 324 | VAL188 | 193 | LYS159 2.10
Hvdroaen Bonds VALIBE o s | GLY1s | 169 | TYRI55 | 177 | LYS159 | 240 | THRI9O0 =g
ydrog ASN9O | 207 | LYSI59 | 223 | VAL188 | 1.98 | ALAL9L | 2.94
MET193 | 2.04
. TYRI55 | 4.67 TYRI55 | 523 | TYRI55 | 5.07 501 | TYRI55 | 4.67 5.16
pAHEEHIE PHE192 | 464 TYRISS o5 PHEL92 | 466 | YR [T 57
A28
AA Dist
LEU149 | 3.30
TYR155 | 3.07
. PHE192 | 3.20
Hydrophobic MET193 372
331
PHE226 |5 'yc
1.94
Hydrogen Bonds THR190 3.14
ALA191 | 2.35
n-Stacking PHE192 4.88
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Al12-178-HSD1 Al13-178-HSD1 Al4-173-HSD1

PHE226X

X0ZZ3Hd

TYR155X

LEUS6X

A18-17p-HSD1

LYS159X

TYR155)

PHE192X

A21-178-HSD1
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A24-17p-HSD1 A25-17p-HSD1 A26-17p-HSD1

PHEZ226X

VAL188X

TYR155X

LEU96X

Figure I11. 12. 3D interaction between studied ligands and the target 17p-HSD1 (PDB ID: 3HB5)

where the grey lines show hydrophobic bonds and the bleu lines show the H-bonds.

Figure I11. 13. Docking pose of A24 with 17B8-HSD1 illustrating (a) the secondary structure view (b)

zoomed view of the interactions.
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I111.5. Conclusion

In summary, the ferrocenylmethylanilines derivatives showed an important anti-
proliferative effect against MCF-7 cell lines in vitro, which was explained using molecular
docking by the interaction of these compounds with the ERa and PR. These findings are worth
to be followed by in vitro study of the inhibitory effect of the studied compounds against these
receptors. Furthermore, docking study against aromatase shows that A4 and A25 were the most
active with the lowest binding free energies and more than three hydrogen bonds compared
with the rest of studied compounds and ASD. However, moderate affinity was predicted against

17B-HSD1 for all compounds compared to E2B.
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1V.1. Introduction

Quantitative structure-activity relationship (QSAR) analysis is based on the general
concept of medicinal chemistry that a ligand or compound's biological activity is related to its
molecular structure or properties, and structurally similar molecules may have similar
biological activities[1]. QSAR model defines mathematical relationships between descriptors
and biological activities of known ligands to predict unknown ligands’ activities. Nowadays, a
large amount of experimental and predicted data about the structure of organic molecules and
biomolecules is available. Advanced computational methods and high-performance computers
enable us to get wide sets of descriptors. Therefore, it becomes easy to predict and classify
biological activities of virtual or newly-synthesized compounds in several scientific studies
including chemistry, biology, toxicology and drug discovery [2-5]. 1D, 2D, 3D and
multidimensional QSAR approaches have been developed during the past several decades
[6-8]. The major differences in these methods include the chemical descriptors and
mathematical approaches that are used to establish the correlation between the target properties
and the descriptors.

Many statistical methods have been employed to generate QSAR models from descriptive
variables. Multiple linear regressions is one of the most successful techniques use by many

researcher in construct of QSAR models [9, 10].

IVV.2. Materials and methods

In this part, the anti-proliferative activity of 29 ferrocenylmethylaniline derivatives against
MCEF-7 cell lines was investigated to predict a QSAR model using molecular descriptors and
MLR analysis.
IV.2.1. Training set

To develop QSAR a series of compounds called a training set was used. The chemical
structure of the training set used in this study are presented in table 1\VV.1 where X and Y are the
substituting group. These compounds were optimized by DFT/B3LYP with 6-311G++(d,p)

basis set using Gaussian 09.
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Table. IV. 1. Chemical structures of the molecules under study. X and Y are the substituting groups

14 X
13 / / 15
11 12
9 10
=
, Y
e
-
N°: X Y N°: X Y N°: X Y
A0 H H Al10 4-Cl H A20 4-COMe H
Al H COMe All 3-Br H A21 H NHCOMe
A2 H COEt Al2 4-Br H A22 H NHCOPh
A3 H COPh Al3 2-CN H A23 2-NO2 COMe
A4 H CO-Ph-2-NO2 Al4 3-CN H A24 3-NO2 COMe
A5 2-Me H Al5 4-CN H A25 4-NO2 COMe
AbB 3-Me H Al6 2-NO2 H A26 2-CN COMe
A7 2-Et H Al7 3-NO2 H A27 3-CN COMe
A8 2-Cl H Al8 4-NO2 H A28 4-CN COMe
A9 3-Cl H Al9 2-COMe H

IVV.2.2. Biological data

In the present study a set of ferrocenylmethylaniline derivatives used as anti-proliferative

agents against MCF-7 cell line. The data set have been prepared by converting the obtained

ICso values (M) (Chapter 1V) to the logarithmic scale [pICso=-Log ICso] to guarantee linearity,

and to achieve normality.

IVV.2.3. Molecular descriptors

The molecular descriptors have been calculated using Gaussian 09W[11] and HyperChem

(8.03)[12] softwares and the website SwisSADME[13, 14].

The QSAR properties module from HyperChem (8.03)[12] was used to calculate: molar

polarizability (Pol), molar volume (MV) and molar weight (MW). The semi empirical PM3

optimized geometry was used to calculate the heat of formation (HF).

Molar polarizability (Pol): is the ease with which an external electric field deforms the
electron cloud. A molecule's polarizability can improve its aqueous solubility. This
feature plays a very important role in many molecular properties modeling [15].

Molar volume (MV): bounded by solvent accessible surfaces, using a grid method[16].
Molar weight (MW): is an essential criterion in the passive diffusion of drugs across

the tightly packed aliphatic side chains of the bilayer membrane. It is related to the size
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of the molecule, as molecular size increases, a larger cavity must be formed in water in
order to solubilize the compound [17]

Heat of formation (HF): The heat of Formation is known as the change in enthalpy
accompanying the formation of one mole of a compound from its elements in their
natural and stable states, under standard conditions at a given temperature of one
atmosphere[18].

The Quantum Chemical descriptors: dipole moment (W), Energy of frontier orbital’s
HOMO, LUMO, energetic gap (GapE), atomic net charges (qFel, gN1, qC9, qC10, qC11,
gC12, qC13, qC14 and gC15) and total energy (E) were computed using Gaussian 09W
software [11] by using DFT/B3LYP with 6-311G++(d,p) basis set.

Dipole moment (u): can be measured from the partial atomic charges. Probably the
most basic experimental measure of the charge density in a molecule is the molecular
dipole moment. The accuracy of the overall distribution of electrons in a molecule is
difficult to quantify, since it involves all of the multipole moments. Experimental
measures of accuracy are required to determine the findings [16].

Energy of frontier orbital’s HOMO, LUMO: The energies of the frontier orbitals
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital) are commonly used descriptors in QSAR analysis. They reflect the reactivity of
a molecule. A higher HOMO energy suggests higher affinity of a molecule to react as a
nucleophile, a lower LUMO energy suggests stronger electrophilic nature of a molecule.
Additionally, electrophilic and nucleophilic attack will most likely occur at atoms where
the coefficients of the corresponding atomic orbitals in HOMO and LUMO,
respectively, are large [19].

Energetic gap (GapE): translates the energy between the highest occupied and lowest
vacant molecular orbital, it's an important stability index. This energy difference is a
measure of the excitability of a molecule. Thus, the narrower the energy range, the more
the molecule will be able to interact with the environment.

A large HOMO-LUMO deviation implies high stability for the molecule in the sense of
its low reactivity in chemical reactions, and similarly, a small deviation implies high
reactivity of the molecule. [20, 21].

Atomic net charges: It plays an essential role in determining the atoms’ vibrational

properties. Indeed, it figures out which atom was electron donor and which one was
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electron acceptor. So it can determine the dipole moment and polarizability of the
molecule [22, 23]

Total energy (E): For a molecule isolated in the ground state, the calculated total energy
can be used as a quantum molecular descriptor. This approximate energy has been
calculated for an optimized conformation of the most stable geometry with minimal
energy structure[24]

Moreover, octanol/water partition coefficient (log P), the molar refractivity (MR),

Topological polar surface area (TPSA) and water solubility (logS) were obtained using the free
web-server SwissADME [13, 14] by entering the SMILES (Simplified Molecular Input Line
Entry System).

Octanol/water Partition coefficient (logP): Lipophilicity is an important property that
has a significant impact on the solubility, absorption, distribution, metabolism and
excretion of drugs. The partition coefficient P, defined as the ratio of molar
concentration of a chemical dissolved at equilibrium in octanol phase to its molar
concentration in aqueous phase [25-27].

Molar refractivity (MR): The molar refractivity (MR) is a steric parameter which
depends on the aromatic ring spatial array in the synthesized compounds [28]. The
refractivity is a special case of the molecular volume, it is a refractivity reduced to a
quantity of material, as well as the refractivity is the quality of the refractive power of a
body, it is used in the radio-electricity, biology, etc. In chemistry, the molecular
refractivity is an important criterion to measure the steric factor, it is important in the
case where the substitute has n electrons or lone pairs [15, 29].

Topological polar surface area (TPSA): is a very useful parameter for predicting drug
transport properties. It is defined as the sum of the surface areas of the polar atoms
(usually oxygen, nitrogen, sulphur, chlorine and hydrogen attached) in a molecule [30].
Water solubility (log S): Aqueous solubility of a chemical is defined as the amount of
solute dissolved under equilibrium conditions in a saturated aqueous solution. Solubility
is not only a property of interest to many academic research areas, but also a key
parameter in the pharmaceutical industry and drug design. Solubility can have a

significant effect on intestinal absorption. [31]

1V.2.4. Multiple Linear Regressions

Multiple linear regression (MLR) is one of the most popular modeling methods due to its

simplicity of use and ease of interpretation. The important advantage of multiple linear
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regression is that it is very transparent, since the algorithm is available, and predictions can be
made easily.

The MLR method is based on the assumption that the property Y depends linearly on the
different variables (the descriptors) X1, Xz...X according to the equation:

n
y=a,+ Zaixi (Eq IV.1)
i=1

Where: Y is the dependent variable, Xi are the independent variables (descriptor), n is the
number of explanatory variables, a, is the constant in the model equation; a; are the descriptor

coefficients in the model equation.

The size of these coefficients indicates the degree of influence of the corresponding
molecular descriptors on the target activity. A positive coefficient indicates that the
corresponding molecular descriptor contributes positively to the target, while a negative
coefficient suggests the negative contribution[32].

Multiple linear regression analysis was carried out using the stepwise strategy in SPSS 22
software for Windows[33] . Our regression analysis generates an equation for explaining the
statistical relationship between the predictor variables (descriptors) and the response variable
(bioactivity), as well as the statistical parameters such as correlation coefficient, squared
correlation coefficient, standard error of estimate and F- test values. These parameters explain
the significance of the obtained equation.

The Stepwise Method Search selects a model based on their statistical significance by
inserting or removing individual descriptors, one step at a time. The final result of this method
Is a single regression model, making it nice and simple.

The p-value for each term checks the null hypothesis that the coefficient is equal to zero
(no effect). A low p-value (< 0.05) indicates that the null hypothesis is rejectable. In other
words, a descriptor with a low p-value is likely to be a meaningful addition to the model because
changes in the value of the descriptor are linked to changes in the bioactivity.

Conversely, a larger (insignificant) p-value indicates that changes in the descriptor are not
correlated with bioactivity changes.

In our result, we found that the nine equation descriptors are statistically important, since
their p-values are less than 0.05.
1V.2.5. QSAR model validation: leave —one—out (LOO) cross—validation method

The final step in QSAR model development is model validation. In order to test the validity

of the predictive power of selected MLR model, as opposed to traditional regression methods,
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the cross-validation method estimates a model’s trustworthiness. This method is a special case

of "k-packet™ cross-validation where k=n. i.e. one takes (n-1) observations to build the QSAR

model, then validates it on the n' observation and repeats this operation n times so that in the

end each observation has been used exactly once as a validation set. The predictive ability of

the model is quantified in terms of the corresponding leave-one-out cross-validated parameters,

PRESS (predicted residual sum squares), SSY (sum of the squares of response value), R?%y

(overall predictive ability), adjusted R? and Q2 Spress (uncertainty of prediction), and PSE

(predictive square error). See equations IV.2 — IV.7.

1VV.2.6. Statistical Parameters

*
L X4

X/
L X4

X/
°

Fischer Statistic (F): is the ratio of two mean squares. The null hypothesis can be
rejected when the F value is large and the significance level small. In other words, F is
a statistical parameter used to evaluate the null hypothesis that inclusion of an additional
variable does not result in a significant increase in R2[34].

Correlation Coefficient (R): R is such that -1 <R < +1. The + and — signs are used for
positive linear correlations and negative linear correlations, respectively. If the
predicted and observed values have a strong linear correlation r is close to 1, however
if there is no linear correlation or a weak linear correlation r is close to 0. The value of
the correlation coefficient can be strongly influenced by one outlying point.
Coefficient of Determination (R?) : is such that 0 < R2 < 1, and the stronger the
correlation (R is closer to 1). It is found by squaring the correlation coefficient and is
used as a more precise way to interpret the correlation coefficient. [35]

Standard Error of the Estimate (SE): is a measure of how much the value of a test
statistic varies from sample to sample. It is the standard deviation of a statistical's
sampling distribution.

Factor of the quality Q: it suggests the power of prediction. Positive value for QSAR
model suggests its high predictive power and lack of over fitting[36].

PRESS: The predicted residual sum of squares is the difference between the observed
value and the model's expected value.

SSY: is the sum of the squares of the distances found for a variable compared to the
average of this variable, the sum of squares allows the overall difference in a variable
to be measured

Spress: the predictive ability of the models is evaluated by the root mean square error.

PRESS is smaller than SSY, the model can be considered statistically significant and
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predicts better than chance. The ratio PRESS/SSY can be used to measure approximate
confidence intervals for predicting new observations (compounds) [34, 37]..

% RZcv (Q?): Change in R? statistic created by adding or deleting an independent variable.
When the R? change associated with a variable is high, that means the variable is a
strong predictor of the dependent variable. the R%y (or Q2) values should be >0.6. The
model is considered to be excellent, if R%y (or 2) is >0.9.

+ R?adj: Adjusted R?, The R2 sample attempts to improve the calculation of how well
these models match the population. The model does not generally match the population,
as it fits the sample from which it is derived. Adjusted R2 attempts to correct R2 to
represent more closely the goodness of model fit within the population[38].

% PSE: predictive square error, is used to determine the predictive power of the models
proposed.

These parameters are defined in the following equations:

Seress = p1 T (EqVI1.3)
PRESS
R2 =1 =Q%...... EqVI.4
cv 3oy Q (EqV1.4)
e L (EqV1.5)
n-1

Where: n is the number of compounds used, p is the number of parameters (descriptors)

used in the model.

1VV.3. Results and discussion

Table 1V.2. shows the values of the calculated descriptors used in order to establish the
2D-QSAR model. After multiple regression analysis using SPSS statistics 22 software [33] the
best statistically significant correlations generated along with relevant statistical parameters are
given in the model below, the model was generated after removing 4 compounds (A7, A18, Al
and A20) which behaved as outliers with high residual ( 0.32, 0.29, 0.32 and 0.28, respectively)

comparing to the standard error of estimation.
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plC50=-13.85 - 2.179 HOMO +0.0003 E +0.107 MR + 0.022 MV + 0.005 HF - 0.617 Pol -
0.029 TPSA - 0.836 qC11 —0.829 gN1

n=25, R=0.92, R?= 0.84, SEE=0.14, F=9.33, Q=6.75, S= 0.302.

Table. 1V. 2: Values of molecular descriptors used in the multiple regression analysis
HOMO | LUMO | AE | Total E MR MV HF MW
Comps (pICS0 | " " | Tewy | o) | (aw) | (oebay) | (A9 | 9P | 1995 | (A8 | (ecatimol) | (amu)
A0 | 4298 | -5442 | -049 | 4952 -1976.69 | 1.796 | 78.79 | 3.03 | -4.76 | 798.72 | -148.52 291.18
Al | 4603 | -5.469 | -0.925 | 4544 | -2129.40 | 3.87 | 88.7 | 2.85 | -4.28 | 894.27 | -188.402 | 333.21
A2 | 4747 | -5.687 | -0.626 | 5.061 | -2168.71 | 3.8103 | 93.51 | 3.15 | -4.77 | 94197 | -191.884 | 347.24
A3 | 4514 | -5442 | -1.252 | 4191 | -2321.17 | 3.4562 | 108.6 | 3.9 | -6.01 | 1047.36 | -152.411 | 395.28
A4 | 4555 | -5.448 | -2.765 | 2.683 | -2525.73 | 6.1846 | 117.43 | 3.19 | -6.79 | 1100.54 | -156.861 440.2
A5 | 4.328 | -5.496 | -0.462 | 5.034 | -2016.02 | 1.229 | 83.76 | 3.3 | -5.14 | 841.92 | -155.7 305.2
a6 | 4.478 | -5.388 | -0.489 | 4.898 | -2016.02 | 1.606 | 83.76 | 3.3 | -5.14 | 848.88 | -157.865 305.2
A7 | 4.418 | -5.496 | -0.462 | 5.034 | -2055.34 | 1.222 | 88.57 | 3.56 | -5.58 | 890.31 | -158.701 | 319.23
A8 | 4.201 | -5.586 | -0.582 | 5.004 | -2436.32 | 2.138 | 838 | 3.5 | -541 | 837.18 | -155.037 | 325.62
A9 | 4.850 | -5.632 | -0.634 | 4.998 | -2436.32 | 3.418 | 838 | 35 | -541 | 842.77 | -155.491 | 325.62
A10 | 4.465 | -5551 | -0.653 | 4.898 | -2436.32 | 3.874 | 838 | 35 | -541 | 842.09 | -155.44 325.62
All | 4.327 | -5.633 | -0.653 | 4.979 | -4550.24 | 3.48 | 86.49 | 3.57 | -5.48 | 860.72 | -141.27 370.07
Al2 | 4.144 | -5551 | -0.68 | 4.871 | -4550.24 | 3.96 | 86.49 | 3.57 | -548 | 861.34 | -141.25 370.07
Al13 | 4.431 | -5.769 | -1.415 | 4.354 | -2068.97 | 4.4866 | 83.51 | 2.89 | -554 | 857.83 | -111.68 316.19
Al4 | 4.852 | -5.714 | -1.524 | 4.191 | -2068.97 | 6.0922 | 83.51 | 2.78 | -4.97 | 855.64 | -113.73 316.19
Al5 | 4569 | -5.905 | -1.143 | 4.762 | -2068.97 | 8.2504 | 83.51 | 2.78 | -4.97 | 851.21 | -118.746 | 316.19
Al6 | 3.696 | -5.606 | -2.64 | 2.966 | -2181.27 | 5.1478 | 87.62 | 2.56 | -6.12 | 837.99 | -150.441 | 336.17
Al7 | 4714 | -5.823 | -2.612 | 3.211 | -2181.27 | 6.7529 | 87.62 | 2.45 | -555 | 866.96 | -156.37 336.17
Al18 | 4.253 | -5.987 | -2.259 | 3.728 | -2181.27 | 9.4489 | 87.62 | 2.45 | -555 | 865.39 | -158.208 | 336.17
A20 | 4.327 | -5.741 | -1.279 | 4.462 | -2129.38 | 6.326 | 88.99 | 2.96 | -4.79 | 910.78 | -189.498 | 333.21
A19 | 4.389 | -5.632 | -1.768 | 3.864 | -2129.38 | 5.052 | 88.99 | 3 -5 | 900.48 | -187.028 | 333.21
A21 | 4.069 | -5.742 | -0.653 | 5.089 | -2184.74 | 3.9532 | 915 | 2.64 | -4.82 | 926.6 | -164.587 | 348.23
A22 | 4365 | -5.66 | -1.252 | 4.408 | -2376.52 | 3.4243 | 96.31 | 2.93 | -5.32 |1072.71 | -128.642 4103
A23 | 3.644 | -5578 | -2.912 | 2.667 | -2333.96 | 6.3106 | 97.52 | 2.15 | -5.07 | 944.33 | -194.722 | 378.21
A24 | 4292 | -5.959 | -2.721 | 3.238 | -2333.96 | 8.8934 | 97.52 | 2.15 | -5.07 | 930.05 | -201.07 378.21
A25 | 4.386 | -5.687 | -3.075 | 2.612 | -2333.96 | 2.1933 | 97.52 | 2.15 | -5.07 | 95321 | -196.525 | 378.21
A26 | 4.351 | -5551 | -2.095 | 3.456 | -2221.67 | 6.395 | 93.42 | 2.63 | -4.49 | 94326 | -151.403 | 358.22
A27 | 4799 | -5.606 | -2.095 | 351 | -2221.67 | 4.0356 | 93.42 | 2.63 | -4.49 | 949.31 | -152.688 | 358.22
A28 | 4504 | -5.608 | -1.983 | 3.624 | -2221.68 | 4.9661 | 93.42 | 2.63 | -4.49 | 949.61 | -152.842 | 358.22
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Table. IV. 2. Continued.

Comp Pol | TPSA | qFe qC9 | qC10 | gcl1 qC13 | qC14 | qC15 gN1

@ 13 | ©l ©  © | © O 0o o o ©
A0 30.25 12.03 0.561 -0.095 0.662 -1.14 -0.324 | -0.124 | -0.272 -0.373 0.206
Al 34.01 20.31 0.736 -0.455 0.913 -1.132 -0.66 0.152 | -0.278 -0.382 0.55
A2 35.84 20.31 0.548 -0.4 -0.316 | -0.539 -0.745 | -0.465 | -0.129 -0.29 0.574
A3 41.83 20.31 0.454 -0.167 0.749 -0.8 -0.281 -0.381 | -0.397 0.018 0.546
A4 43.55 66.13 0.457 -0.392 0.842 -0.895 -0.171 0.073 -0.402 -0.274 0.521
A5 32.09 12.03 0.639 -0.18 0.345 -0.929 -0.313 0.355 | -0.081 -0.409 0.184
A6 32.09 12.03 0.59 -0.099 0.736 -1.189 -0.46 0.396 0.603 -0.749 0.219
A7 33.92 12.03 0.629 -0.264 0.563 -0.975 -0.062 0.572 | -0.216 -0.509 0.185
A8 32.18 12.03 0.555 -0.199 0.692 -1.085 -1.39 1.111 | -0.198 -0.524 0.303
A9 32.18 12.03 0.544 -0.137 0.668 -1.087 -0.661 -0.339 | 0.527 -0.717 0.205

Al10 32.18 | 12.03 | 0.551 | -0.155 0.682 | -1.121 | -0.646 | -0.24 | -0.649 | 0.554 0.218

All 32.88 | 12.03 | 0.559 | -0.122 0.682 | -1.126 | -0.248 |-0.339 | 0.091 | -0.218 0.199

Al2 32.88 | 12.03 | 0.556 | -0.115 0.645 | -1.115 | -0.464 | -0.224 | -0.253 | 0.081 0.211

Al3 32.1 | 3582 | 0.868 | -0.324 -022 | -0451 | -0579 | 1.479 | 0.151 | -0.367 0.108
Al4 32.1 | 3582 | 0593 | -0.368 | -0.832 | -1.267 | -0.407 | 0.849 | 1.339 | -0.703 0.192
Al5 32.1 | 35.82 | 0.527 -0.2 -0.026 | -0.304 | -0.058 | -0.069 | -0.259 1.84 0.078

Al6 31.97 | 57.85 | 0.429 | -0.176 0.731 | -0.998 | -0.257 | -0.032 | 0.066 | -0.395 0.093

Al7 31.97 | 5785 | 0.71 -0.355 | -0.185 | -0.707 | -0.455 | 0.338 | 0.203 0.286 0.121

Al8 31.97 | 5785 | 0.821 | -0.373 | -0.152 | -0.468 | -0.066 | 0.466 | -0.002 | -0.451 0.066

A20 3401 | 29.1 | 0.842 | -0.417 | -0.116 | -0.553 | -0.404 | 0.703 | -0.005 | -0.498 0.235

Al19 3401 | 29.1 | 0.778 | -0.405 | -0.029 | -0.535 | -0.405 | -0.766 | -1.217 | 1.596 0.102

A21 35.36 | 32.34 | 0.802 | -0.385 | 0.361 | -0.905 | -0.584 | 0.007 | -0.086 | -0.301 0.901

A22 43.18 | 32.34 | 0.539 | -0.423 0.768 | -0.936 | -0.112 | -0.433 | -0.226 | 0.074 -0.573

A23 35.72 | 66.13 | 0.696 -0.31 -0.772 | -0.986 | -0.199 | -0.199 | 0.071 | -0.429 0.855

A24 35.72 | 66.13 | 0.784 | -0.302 0.893 -0.85 | -0.035 | -0.543 | -0.217 | 0.104 0.536

A25 35.72 | 66.13 | -0.146 | -0.36 0.468 | -0.541 | 0.465 |-0.305| -0.347 | 0.367 -0.244

A26 3586 | 441 | 0.704 | -0.198 1.048 | -1.302 | -0.954 | 1.198 | -0.078 | -0.374 0.703

A27 35.86 44.1 0.79 -0.47 -0.913 | -1.26 -0.788 | -0.383 | 1.445 -0.316 0.591

A28 3586 | 441 | 0.651 | -0.419 1.003 | -1.355 | -0.821 | 0.134 | -0.277 1.749 0.665

It can be seen that the obtained model shows R= 0.92 and R?= 0.84, which allowed us to
indicate firmly the correlation between the descriptors (HOMO, E, MR, MV, HF, POL, TPSA,
gC11 and gN1) and the anti-proliferative activity against MCF-7 cell line. The calculated F
value of the obtained model has been found greater than the tabulated one by a wide margin as
required for a meaningful regression. The positive value of Q equal to 6.75 for QSAR’s model
suggests its high predictive power. Moreover, the accuracy in the analysis is indicated by the
low standard error of estimate equal to 0.14. All the values of t-statistics are significant which
confirms the significance of each descriptor.

It can be seen from the equation that the negative coefficients of HOMO, Pol, TPSA, qC11
and N1 explain that any increase in these descriptors causes a decrease in the biological
activity. Moreover, the positive coefficients of E, MR, MV and HF indicates that any increase
in these parameters causes an increase in biological activity.

The correlation matrix between the descriptors obtained by the MLR analysis and the

biological activity is reported in Table 1V.3, where the descriptors obtained afterwards are
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correlated with each other and with the biological activity. Table V.3 shows that the heat of

formation and TPSA are important parameters in the correlation between the selected descriptor
and the anti-proliferative activity against MCF-7 cell lines.
Table. V. 3. Correlation Matrix for the obtained Model

pIC50 |HOMO | E MR | MV | HF [ pol | TPSA | qCcl1l | ¢N1

pIC50 1.000
HOMO | -0.125 1.000
E 0.168 | -0.086 | 1.000

MR -0.018 0.135 | 0.01 | 1.000

MV 0.076 0.102 | 0.053 | 0.926 | 1.000

HF 0.283 0.008 | -0.117 | -0.351 | -0.191 | 1.000

pol 0.051 0.155 | 0.019 | 0.906 | 0.988 | -0.14 | 1.000

TPSA -0.204 | -0.393 | 0.264 | 055 | 0.442 | -0.344 | 0.35 | 1.000

qC11 0.053 | -0.502 | 0.214 | 0.113 | 0.095 | -0.146 | 0.066 | 0.206 | 1.000

gN1 -0.134 | 0.108 | 0.068 | 0.303 | 0.145 | -0.325 | 0.098 | 0.151 | -0.285 | 1.000

The generated model was validated for predictive ability inside the model using Leave One
Out method (LOO). From the results depicted in table 1V.4, the model is statistically significant.
The PRESS value is lower than SSY which points out that the model predicts better than chance
and can be considered statically significant. Furthermore, The PRESS/SSY ratio is equal to
0.151 which should be lower than 0.4[39] . The high R?%y and low Speress (equal to 0.848 and
0.148, respectively) reflect its good predictive potential. Also, the high value of R%; is
important criteria for our QSAR model to have the best qualification.

The predictive error of the coefficient correlation PE is another parameter used to evaluate
the predictive power of the obtained model. If R < PE, then correlation is not significant; if R
> PE, several times (at least three times), then correlation is indicated; if R > 6 PE, then the
correlation is definitely good [40]. For the developed model the condition R > 6 PE is satisfied

and hence it has a good predictive power.

Table IV. 4. Cross-validation parameters.
R%g R% PE 6PE  SSY  PRESS Spress PRESS/SSY
0.758 0.848 0.021 0.129 2191 0.332 0.148 0.151
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Table. IV. 5. Observed vs. calculated activity of N-ferrocenylmethylaniline derivatives.

Compounds | pIC500bs plIC50Pred Residuals
A0 4.298 4,154 0.144
A2 4.747 4.586 0.161
A3 4.514 4.671 -0.157
A4 4.555 4.386 0.169
A5 4.328 4.400 -0.072
A6 4.478 4.492 -0.014
A8 4.201 4.343 -0.142
A9 4.850 4.645 0.205

Al10 4.465 4471 -0.006
All 4.327 4.332 -0.005
Al2 4.144 4.148 -0.004
Al3 4.431 4.487 -0.056
Al4 4.852 4.921 -0.069
Al5 4.569 4.504 0.065
Al6 3.696 3.752 -0.056
Al7 4.714 4.604 0.110
Al9 4.389 4.376 0.013
A21 4.069 4.273 -0.204
A22 4.365 4.340 0.026
A23 3.644 3.626 0.018
A24 4.292 4.264 0.028
A25 4.386 4.587 -0.201
A26 4.351 4.325 0.026
A27 4.799 4.627 0.172
A28 4.504 4.655 -0.151

Figure IV.1 shows the plot of linear regression of predicted versus experimental values of
the biological activity. The plot for the obtained model shows much correlation with
experimentally reported data having R2 = 0.848. The plot of residuals of predicted values of the
biological activity plCso against the experimental values does not show any systematic error
(figure 1V.2) positive and negative residuals are randomly distributed.

Thus, the current QSAR research shows that in the generation of these molecules, this

model can be successfully applied to predict anti-proliferative activity against MCF-7 cell line.
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Figure. IV. 1. Scatter Plot between the Observed and Predicted Activities of the Model.

0.2

0.1 4
T

l I ‘

E 0.0 T
w
[1}]
I ‘

-0.14

.02 .

T T 1 T 1 T T T T T
3.75 4.00 4.25 4.50 4.75 5.00
PIC500ps

Figure. IV. 2. Plots of the residual values against the experimentally observe.

1V. 4. Conclusion

QSAR study has been performed. A significant regression equation was obtained by the
MLR method with respect to their experimental biological activities. The best equation of
regression contains HOMO, E, MR, MV, HF, POL, TPSA, qC11 and gN1 descriptors. QSAR
model indicates that these descriptors have significant relationships with the observed
bioactivities.

This study will help the researchers to predict a better anti-proliferative activity of

ferrocenylmethylanilines derivatives before the experimental tests.
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‘General Conclusion |

General conclusion

In the present work, the structures of 29 ferrocene derivatives of type
ferrocenylmethylaniline were optimised with Gaussian 09 software using the theoretical
methods of DFT/B3LYP with 6-311G++(d,p) and LanL2DZ basis sets. The optimised
structures were validated by comparison of their bond lengths and angles of their constituent
atoms with the experimental Xray data. A good agreement between calculated and experimental
parameters was found which made these compounds suitable for in silico study. Moreover, a
vibrational analysis has been studied and functional groups were determined using both
experimental and theoretical methods. Computational *H and **C chemical shift values were
calculated and compared with experimental data, showing good agreement for both *H and *3C
NMR. Based on HOMO and LUMO energy gaps, the compounds A23 and A25 were predicted
to be the most reactive. The MESP at the 6-311G++ (d, p) optimized geometry was calculated
to predict the reactive sites for electrophilic and nucleophilic attack for all the studied
derivatives.

Additionally, all derivatives showed an important cytotoxicity effect against MCF-7 cell
lines, which was validated using molecular docking between the compounds and the ERa and
PR.

These results indicate that the studied derivates could be drug candidate against MCF7 cells,
however, its mechanism of action is not clear yet since the docking study showed high affinity
with both ERa and PR, it might be mediated by ERa, ERB or PR. Thus, this work should be
further followed by in vitro studies to better investigate their inhibitory effect against ERs and
PR, also other MTT assays with prostate cancer cells (PC-3, devoid of ERa but with ER) and
healthy cell line L929 should be carried out to evaluate the selectivity of compounds on cancer
cells over normal cells.

Furthermore, docking study against aromatase shows that compounds A4 and A25 were the
most active with the lowest binding free energies and more than three hydrogen bonds
compared to other compounds and ASD. However, moderate affinity was predicted against
17B-HSD1 for all compounds compared to E2B. This indicate that these derivatives might be
strong drug inhibitors of aromatase, which should also be followed by further in vitro study to
investigate their inhibitory effect against this enzyme, especially for the molecules A4 and A25
that have higher affinity than ASD.

Finally, QSAR study has been performed, and a significant regression equation was
obtained by the MLR method with respect to their experimental biological activities. The best
equation of regression contains HOMO, E, MR, MV, HF, POL, TPSA, qC1l and gN1
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descriptors. The QSAR model indicates that these descriptors have significant relationships
with the observed bioactivity. The model was validated for predictive ability inside the model
using Leave One Out method (LOO), which proves that the model can be successfully applied
to predict anti-proliferative activity against MCF-7 cell line.

The obtained results make it easy to predict the anti-proliferative activity against MCF7 cell
line for other substituted ferrocenylmethylaniline derivatives before carrying any experimental

assays.

134



HO

HO

X
’Appendlx
1

)’ >

7 @
Molecular Geometry, r
o Structural and electronic
roperty studies
N property

=
c®






1. Optimized structures of studied ferrocenic derivatives by Ortep view and GaussView
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N-(ferrocenylméthyl)-4 -nitrobenzénamine (A18)
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N- ferrocenylmethyl-N-(3-nitrophenyl)acetamide (A24)
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4-(ferrocenylmethylamino)benzonitrile (A15)

e T Sy e

N-ferrocenylméthyl-N-(3-cyanophenyl) benzamide (A27)
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N-ferrocenylméthyl-N-phénylacétamide (Al)
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N-ferrocenylmethyl-N-pheylbenzohydrazide (A22)

c23

N-ferrocenylmethyl-2-nitro-N-phenylbenzamide (A4) N-ferrocenylmethyl-2-methylaniline (A5)

N-Ferrocenylmethyl-2-Chloroaniline (A8) N-Ferrocenylmethyl-3-Chloroaniline (A9)
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N-Ferrocenylmethyl-4-Chloroaniline (A10)

9

9
J

B

9
9

N-Ferrocenylmethyl-3-Bromoaniline (A11)

S

o

N-Ferrocenylmethyl-4-
Bromoaniline (A12)

N-ferrocenylmethyl-2-acetylaniline (A19)

N-ferrocenylmethyl-4-

acetylaniline (A20)

Figure 1. optimized structures of studied ferrocenic derivatives by Ortep view and GaussView.

1. Molecular Geometry

Table 1. Selected optimized and experimental bond distances of studied compound.

~ Bond X-ray a b X-ray a b
distances(A)
01 N2 1.242 1.227 1.245 C12 0] 1.225 | 1.2237 | 1.261
Al6 02 N2 1.254 1.245 1.305 C12 N 1.359 | 1.3794 | 1.3899
N2 | C13 | 1.4471 | 1.449 1.447 C12 C13 1509 | 15185 | 1.5234
01 N2 1,227 1,226 1,282 Al C13 | H1l3a 0.96 1.0885 | 1.0921
Al7 02 N2 1,229 1,225 1,279 C13 | H13b | 0.959 | 1.0908 | 1.095
N2 | Cl14 | 1,474 1,483 1,479 C13 | H13c 0.96 1.0935 | 1.0972
01 N2 - 1,23 1,286 C12 0] 1.229 1.22 1.2597
Al8 02 N2 - 1,230 1,286 C12 N 1.368 1.384 | 1.3959
N2 | C15 - 1,456 1,455 C12 C13 1.513 | 1.5300 | 1.5334
N1 | Ci12 - 1.386 1.396 C13 | H1l3a 0.97 1.0940 | 1.0965
N2 | C19 - 1.478 1.478 A2 C13 | H13b 0.97 1.0962 | 1.0947
A23 N2 02 - 1.225 1.281 C13 Cl4 1.523 | 15276 | 1.5496
01 | C12 - 1.22 1.257 Cl4 | H14b | 0.959 | 1.0912 | 1.0970
N2 03 - 1.222 1.277 Cl4 | Hl4c 0.96 1.0908 | 1.0961
01 | Ci12 1.227 1.217 1.256 Cl4 | Hl4a 0.96 1.0933 | 1.0968
A24 N2 03 1.222 1.225 1.281 A3 C19 C20 1.389 | 1.3995 | 1.4123
N2 | Ci8 1.464 1.484 1.48 C19 C24 1.393 | 1.3987 | 1.4122
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Cl2 | C13 1.502 1.516 1.525 C20 C21 1.385 1.3913 | 1.4047
N1 C12 1.365 1.396 1.401 C21 C22 1.375 1.3947 | 1.409
N2 02 1.226 1.223 1.279 C22 C23 1.388 1.3938 | 1.4084
Cl2 | Ci13 - 1.519 1.524 C23 C24 1.383 | 1.3929 | 1.4059
N1 C12 - 1.387 1.398 O C18 1.224 1.2254 | 1.2650
ADS N2 C17 - 1.478 1.473 C18 C19 151 1.5052 | 1.5054
N2 02 - 1.225 1.28 N C18 1.371 1.3827 | 1.3944
N2 03 - 1.225 1.281 N1 N2 1.386 1.397
01 C12 - 1.22 1.259 N2 H12 1.018 1.021
Al3 C13 | C18 - 1.424 1.433 A21 N2 C12 1.379 1.396
C18 N2 - 1.158 1.186 01 C12 1.219 1.255
Al4 Cl4 | C18 - 1.433 1.443 C12 C13 1.512 1.517
C18 N2 - 1.156 1.183 C13 | H13b 1.088 1.093
ALS N2 | C18 - 1.157 1.185 C18 | C19 15 1.497 15
Cl5 | C18 - 1.426 1.435 01 | C18 | 1.23 1.221 | 1.261
Cl2 | C13 | 1506 | 1518 1.523 N1 | C12 1.42 1424 | 1421
C20 | C16 | 1442 | 1.432 1.441 N2 | C18 | 135 1.388 | 1.397
Ol | Cl2 | 1233 | 1.222 1.259 N2 N1 1.41 1.392 | 1.402
27 N2 C20 1.151 1.156 1.182 A22 C22 C23 1.383 1.394 | 1.408
N1 | C12 | 1.364 | 1.383 1.394 C24 | C23 | 1.381 | 1.394 | 1.406
H13a | C13 | 0.888 | 1.089 1.093 C24 | C19 1.39 1.399 | 1.413
Hi3b | C13 | 0.862 | 1.091 1.096 C20 | C21 | 1.381 | 1.391 | 1.404
H13c | C13 0.904 1.093 1.097 C20 C19 1.39 1.399 1414
Cl2 | C13 - 1,518 1.524 C22 C21 1.386 1.394 1.409
Cl13 | Hi3a - 1,089 1.096 C20 C15 1431 1.44
C20 | C17 - 1,431 1.440 01 C12 1.22 1.258
A28 N1 C12 - 1,384 1.395 A6 C12 C13 1.519 1.523
N2 C20 - 1,156 1.183 N1 C12 1.386 1.396
01 | C12 - 1,221 1.259 N2 C20 1.155 1.182
H13a C13 1.09 1.096
Table 2. Selected optimized and experimental bond angles of studied compound.
Xray | a | b | | Xray | a | b
Bond angles (°)
01 N2 02 121,7 122,18 | 121,08 | Al O Cil2 | N 120.99 | 121.565 | 121.081
01 N2 | C13 118,8 118,94 | 119,52 O Cl2 | C13 | 121.32 | 121.248 | 121.354
Al6 02 N2 | C13 119,3 118,87 | 119,38 N Cl2 | C13 | 117.69 | 117.187 | 117.564
Cl4 | C13 | N2 116,03 | 116,359 | 116,486 H13b | C13 | H13a | 109.49 | 110.154 | 109.922
Cl12 | C13 | N2 121,7 | 122,297 | 122,07 | A2 O Cil2 | N 121.49 | 121.384 | 121.423
01 N2 02 123,27 | 123,23 | 124,326 O Cl2 | C13 | 12192 | 119.194 | 121.12
01 N2 | C14 | 118,34 | 118,34 | 117,876 N Cl12 | C13 | 116.58 | 119.422 | 117.448
Al7 02 N2 | C14 | 118,39 | 118,42 | 117,798 H13a | C13 | H13b | 107.88 | 107.247 | 106.13
C15 | C14 | N2 118,69 | 118,58 | 118,698 Cl2 | C13 | C14 | 112.28 | 112.704 | 112.254
C13 | C14 | N2 117,28 | 117,91 | 117,908 H14b | C14 | H14c | 109.52 | 108.126 | 107.276
N2 | Cl5 | Cl4 - 119,697 | 119,63 O Ci8 | N 121.8 | 121.246 | 120.383
N2 | C15 | C16 - 119,662 | 119,542 O C18 | C19 121.2 | 119.642 | 119.673
Al18 01 N2 02 - 123,947 | 123,024 N C18 | C19 117 | 119.064 119.9
01 N2 | C15 - 118,068 | 118,528 C18 | C19 | C20 118.5 | 117.316 | 117.229
02 N2 | C15 - 117,985 | 118,448 A3 Cl8 | C19 | C24 122.1 | 123.238 | 123.267
C18 | C19 | N2 - 116.63 | 116.36 C20 | C19 | C24 119.3 | 119.228 | 119.318
H13a | C13 | C12 - 107.77 | 108.14 Cl9 | C20 | C21 119.9 | 120.44 | 120.445
A23 H13a | C13 | H13b - 109.15 | 109.38 C20 | C21 | C22 120.8 | 120.051 | 120.028
0Ol | Cl2 | C13 - 122.1 122.12 C21 | C22 | C23 119.5 | 119.789 | 119.745
Ol |C12| N1 - 121.06 | 120.51 C22 | C23 | C24 120.3 | 120.207 | 120.257
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02 | N2 | C19 - 116.9 | 117.35 C19 | C24 | C23 120.2 | 120.255 | 120.185
03 | N2 | C19 - 117.92 | 118.86 | A21 N2 |Cl12|cC13 - | 116.78 | 117.19
03 | N2 | 02 - 125.15 | 123.77 N2 N1 | C14 - | 116.08 | 118.67
N1 | C12| C13 | 117.82 | 116.88 | 117.79 01 |c12]|cC13 - | 1238 ] 123.94
Ol [C12| C13 | 120.79 | 121.33 | 120.87 01 | C12|N2 - | 119.42 | 118.87
Ol [C12| N1 | 121.37 | 121.78 | 121.32 | A22 C18 | N2 [ N1 121.12 | 12495 | 127.72
C19 [C18| N2 | 118.12 | 118.28 | 118.55 C20 | C19|C18 |117.09 | 116.85| 116.16
A24 02 | N2 | c18 | 11862 | 117.9 | 118.34 C20 | C19 | C24 118.8 | 119.41| 1194
02 | N2 | O3 | 123.29 | 124.67 | 123.67 C20 | C21|C22 |119.93| 120.03 | 119.92
03 | N2 | Cc18 | 118.09 | 117.45 | 117.99 C21 | C20 | C19 120.9 | 120.4 | 120.51
H13c [ C13 | C12 | 109.54 | 112.21 | 111.67 C21 | C22|C23 |119.36| 119.85| 119.77
H13c | C13 | H13b | 109.46 | 107.91 | 108.51 C23 | C24 | C19 |120.41| 120.04 | 119.95
01 [Cl12| N1 - 121.15 | 120.45 C24 | C19|C18 |123.98 | 123.61| 124.33
01 [C12| C13 - 121.1 | 120.88 C24 | C23|C22 |12056 | 120.26 | 120.42
N1 | C12 | C13 - 117.72 | 118.63 N2 |[C18|C19 |116.09 | 11961 | 121.7
H13c | C13 | H13a - 110.1 | 109.78 N2 N1 |[Cl11 |112.43| 112.04 | 115.32
A25 02 | N2 | 03 - 124.74 | 123.7 N2 N1 |[C12 |11454 | 115.02 | 117.28
02 | N2 | c17 - 117.65 | 118.17 01 |cC18]cC19 1219 | 12181 | 1214
03 | N2 | c17 - 117.61 | 118.13 01 | Ci18 | N2 121.9 | 11852 | 116.9
C18 [ C17 | N2 - 119.07 | 119.07 C24 | C23|C22 |12056 | 120.26 | 120.42
Cl6 [ C17 | N2 - 119.02 | 119.02 N1 |Cl12|cC13 - 1172 | 11761
C18 | C13| C12 - 118.92 | 119.1 | . N2 | C20 | C15 - | 178.64 179
AL3 N2 | C18 | C13 - 17753 | 178.33 01 |cC12]cC13 - | 121.45| 12159
H12 | N1 | C11 - 117 117.04 01 |C12|N1 -| 12133 ] 1208
Cl4 | C13| C18 - 120.29 | 120.25 N2 | C20 | C16 178.9 | 179.72 | 179.85
N1 | C12 | C13 - 122.81 | 122.85 | - 01 |C12|C13 |12059 | 121.4| 12154
AL4 N1 | C12 | C17 - 119.29 | 119.13 01 |C12|N1 1215 | 121.31 | 120.87
N2 | C18 | C14 - 179.74 | 179.83 N1 |Cl12|C13 117.9 | 117.29 | 117.59
H12 | N1 | C12 - 113.75 | 116.61 | A28 01 |C12|N1 - | 121,28 | 120.78
N1 | C12 | C13 - 122.44 | 122.05 01 |c12]cC13 - | 1213] 121.28
Al5 N1 | C12 | C17 - 119.47 | 119.74 N1 |Cl12|C13 - | 117,42 | 117.93
N2 | C18 | Ci5 - 179.92 | 179.97 N2 | C20 | C17 -] 1799 | 179.95
2. Distribution graphs for geometric parameters
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Graph 1. Distribution graphs between the experimental and calculated structural parameters for A16 .(a):
6-311G++ (d,p), (b): LanL2DZ.
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Graph 2. Distribution graphs between the experimental and calculated structural parameters for A17 .(a):

6-311G++ (d,p), (b): LanL2DZ.
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Graph 3. Distribution graphs between the experimental and calculated structural parameters for A18.(a):
6-311G++ (d,p), (b): LanL2DZ.
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Graph 4. Distribution graphs between the experimental and calculated structural parameters for A27 .(a):
6-311G++ (d,p), (b): LanL2DZ
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Graph 5. Distribution graphs between the experimental and calculated structural parameters for Al.(a): 6-
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Graph 6. Distribution graphs between the experimental and calculated structural parameters for A3.(a): 6-

311++ G (d,p), (b): LanL2DZ
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Graph 7. Distribution graphs between the experimental and calculated structural parameters for A2.(a): 6-

311G++ (d,p), (b): LanL2DZ.
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Graph 8. Distribution graphs between the experimental and calculated structural parameters for A22.(a):

6-311G++ (d,p), (b): LanL2DZ

4. Atomic charges

Table 3. Mulliken atomic charges for A16, A17 and A18 by DFT/B3LYP method with 6-311++ G (d,p)

and LanL2DZ basis sets.

Al6 Al7 Al8
Atoms a b Atoms a b atoms a b
Fe 0,429 | -0,136 Fe 0,71 -0,154 Fe 0,821 | -0,152
C1 0,731 | 0,358 C1l -0,185 0,302 C1 -0,152 | 0,298
C2 -0,176 | -0,358 C2 -0,355 | -0,355 C2 -0,373 | -0,353
C3 -0,164 | -0,22 C3 -0,131 | -0,229 C3 -0,232 | -0,227
C4 -0,345 | -0,234 C4 -0,32 -0,229 C4 -0,232 | -0,227
C5 -0,251 | -0,336 C5 -0,061 | -0,355 C5 -0,374 | -0,353
C6 -0,164 | -0,273 C6 -0,081 | -0,244 C6 -0,102 | -0,244
C7 -0,175 | -0,232 C7 -0,327 | -0,229 C7 -0,327 | -0,229
C8 -0,23 | -0,228 C8 -0,162 | -0,234 C8 -0,132 | -0,233
C9 -0,16 | -0,231 C9 -0,114 | -0,235 C9 -0,133 | -0,233
C10 -0,327 | -0,24 C10 -0,394 | -0,229 C10 -0,327 | -0,229
C11 -0,998 | -0,519 Cl11 -0,707 | -0,448 Cl11 -0,468 | -0,459
N1 0,093 | -0,394 C12 -0,455 0,485 C12 -0,066 0,46
C12 -0,257 | 0,336 C13 0,338 -0,451 C13 0,466 | -0,304
C13 -0,032 | 0,172 Cl14 0,203 0,358 Cl14 -0,002 | -0,36
Cl14 0,066 | -0,312 C15 0,286 -0,39 C15 -0,451 | 0,358
C15 -0,395 | -0,227 C16 -0,289 | -0,144 C16 -0,316 | -0,33
C16 -0,553 | -0,221 C17 -0,876 | -0,417 C17 -0,391 | -0,379
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C17 0,309 | -0,294 N1 0,121 -0,451 N1 0,066 | -0,425
N2 -0,327 | 0,071 N2 -0,194 0,063 N2 -0,218 | 0,065
01 0,019 | -0,248 01 -0,004 | -0,245 01 -0,023 | -0,263
02 -0,025 | -0,315 02 0,01 -0,238 02 -0,021 | -0,264

Table 4. Mulliken atomic charges for A23, A24 and A25 by DFT/B3LYP method with 6-311++ G (d,p)

and LanL2DZ basis sets.

A23 A24 A25
Atoms a b Atoms a b atoms a b

C1 -0.298 | -0.227 C1 -0.064 | -0.229 C1 -0.233 | -0.233
C2 -0.128 | -0.239 C2 -0.241 | -0.234 C2 -0.237 | -0.237
C3 -0.188 | -0.237 C3 -0.113 | -0.234 C3 -0.237 | -0.237
C4 -0.307 | -0.233 C4 -0.202 | -0.231 C4 -0.228 | -0.228
C5 -0.155 | -0.246 C5 -0.186 | -0.247 C5 -0.247 | -0.247
C6 -0.299 | -0.364 C6 -0.661 | -0.364 C6 -0.387 | -0.387
C7 -0.308 | -0.239 C7 -0.301 | -0.223 C7 -0.228 | -0.228
C8 -0.397 | -0.232 C8 -0.286 | -0.229 C8 -0.234 | -0.234
C9 -0.31 | -0.394 C9 -0.302 -0.38 C9 -0.36 -0.36
C10 -0.772 | 0.464 C10 0.893 -0.478 C10 0.468 0.458
C11 -0.986 | -0.54 C11 -0.85 -0.541 Cl11 -0.541 | -0.541
C12 0.283 | 0.246 C12 0.177 0.214 C12 0.214 0.214
C13 0.52 -0.735 C13 -0.574 | -0.744 C13 -0.711 | -0.711
C14 -0.199 | 0.308 Cl14 -0.035 0.54 Cl14 0.465 0.465
C15 0.197 | -0.281 C15 0.303 -0.374 C15 -0.339 | -0.339
C16 -0.273 | -0.213 C16 -0.444 | -0.174 C16 -0.341 | -0.341
C17 -0.429 | -0.202 C17 0.104 -0.37 C17 0.367 0.367
C18 0.071 | -0.336 C18 -0.217 0.351 C18 -0.347 | -0.347
C19 -0.199 | 0.258 C19 -0.543 | -0.422 C19 -0.305 | -0.305

Fe 0.696 | -0.137 Fe 0.784 -0.155 Fe -0.146 | -0.146
N1 0.855 | -0.242 N1 0.536 -0.266 N1 -0.244 | -0.244
N2 -0.255 | 0.047 N2 -0.231 0.065 N2 0.069 0.069
01 0.282 | -0.312 01 -0.265 | -0.287 01 -0.305 | -0.305
02 0.044 | -0.223 02 0.006 -0.226 02 -0.235 | -0.235
03 0.043 -0.21 03 0.003 -0.238 03 -0.236 | -0.236

Table 5. Mulliken atomic charges for A13, A14 and A15 by DFT/B3LYP method with 6-311++ G (d,p)

and LanL2DZ basis sets.

Al13 Al4 Al15
Atoms a b Atoms a b atoms a b
C1 -0.301 | -0.245 C1 -0.26 | -0.231 | C1 | -0.185 | -0.238
C2 -0.145 | -0.231 C2 -0.181 | -0.236 | C2 | -0.218 | -0.233
C3 -0.146 | -0.235 C3 -0.23 | -0.236 | C3 | -0.181 | -0.228
C4 -0.3 | -0.235 C4 -0.195 | -0.228 | C4 | -0.251 | -0.23
C5 -0.131 | -0.231 C5 -0.182 | -0.248 | C5 | -0.248 | -0.254
C6 -0.325 | -0.35 C6 -0.141 | -0.372 | C6 | -0.474 | 0.371
C7 -0.205 | -0.224 C7 -0.22 | -0.227 | C7 | -0.141 | -0.22
C8 -0.204 | -0.224 C8 -0.429 | -0.234 | C8 | -0.192 | -0.211
C9 -0.324 | -0.35 C9 -0.368 | -0.326 | C9 -0.2 | -0.391
C10 -0.22 | -0.305 C10 -0.832 | 0.417 | C10 | -0.026 | 0.372
Ci11 -0.451 | -0.455 Ci11 -1.267 | -0.551 | C11 | -0.304 | -0.486
C12 -0.579 | 0.275 C12 -0.407 | 0.479 | C12 | -0.058 | 0.464
C13 1.479 | 0.243 C13 0.849 | -0.481 | C13 | -0.069 | -0.325
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C14 0.151 | -0.33 C14 1339 | 0426 | Ci14 | -0.259 | -0.376
Cl15 |-0.367 | -0248 | Ci15 | -0.703 | -0.413 | C15 1.84 | 0.406
Cl6 |-0.217 | -0213 | Cl6 | -0.272 | -0.171 | C16 | -0.434 | -0.349
C17 0.222 | -0.327 | C17 | -0.223 | -0.412 | C17 | 0.025 | -0.399
C18 | -1.555|-0.284 | Ci8 | -1.259 | -0.274 | C18 | -1.713 | -0.273
Fe 0.868 | -0.16 Fe 0.593 | -0.152 Fe 0.527 | -0.188
N1 0.108 | -0.436 N1 0.192 | -0.408 | N1 0.078 | -0.448
N2 -0.196 | -0.046 N2 -0.181 | -0.036 | N2 | -0.178 | -0.046

Table 6. Mulliken atomic charges for A26, A27 and A28 by DFT/B3LYP method with 6-311++ G (d,p)

and LanL2DZ basis sets.

A26 A27 A28
Atoms a b Atoms a b atoms a b

C1 -0.307 | -0.234 C1 -0.218 -0.229 C1 -0.233 | -0.233
C2 -0.121 | -0.238 C2 -0.219 -0.238 C2 -0.208 | -0.237
C3 -0.192 | -0.239 C3 -0.102 -0.238 C3 -0.112 | -0.238
C4 -0.215 | -0.228 C4 -0.343 -0.234 C4 -0.316 | -0.228
C5 -0.204 | -0.246 C5 -0.153 -0.245 C5 -0.179 | -0.245
C6 -0.483 | -0.394 C6 -0.232 -0.36 C6 -0.227 | -0.387
C7 -0.348 | -0.231 C7 -0.258 -0.235 C7 -0.278 | -0.229
C8 -0.251 | -0.238 C8 -0.389 -0.227 C8 -0.336 | -0.235
C9 -0.198 | -0.365 C9 -0.47 -0.387 C9 -0.419 | -0.361
C10 1.048 0.472 C10 -0.913 0.459 C10 1.003 0.464
Cil1 -1.302 | -0.541 Ci11 -1.26 -0.542 Ci11 -1.355 | -0.543
C12 0.421 0.221 C12 0.334 0.213 C12 0.368 0.211
C13 -0.603 | -0.721 C13 -0.567 -0.72 C13 -0.563 | -0.715
Cl4 -0.954 | 0.284 Cl4 -0.788 0.447 Cl4 -0.821 | 0.450
C15 1.198 0.308 C15 -0.383 -0.476 C15 0.134 | -0.351
C16 -0.078 | -0.362 C16 1.445 0.42 C16 -0.277 | -0.355
C17 -0.374 | -0.212 C17 -0.316 -0.374 C17 1.749 0.420
C18 -0.286 | -0.212 C18 -0.215 -0.184 C18 -0.314 | -0.363
C19 0.4 -0.323 C19 0.218 -0.353 C19 -0.027 | -0.331
C20 -1.453 | -0.258 C20 -1.296 0.264 C20 -1.813 | -0.258
Fe 0.704 | -0.142 Fe 0.79 -0.141 Fe 0.651 | -0.143
N1 0.703 | -0.248 N1 0.591 -0.256 N1 0.665 | -0.247
N2 -0.139 | -0.02 N2 -0.165 -0.018 N2 -0.152 | -0.020

o] -0.285 | -0.318 0 -0.3 -0.316 o] -0.299 | -0.313

a:6-311++ G(d,

Table 7. Mulliken atomic charges for A1, A2 and A3 by DFT/B3LYP method with 6-311++ G (d,p) and

p),b: LanL2DZ

LanL2DZ basis sets.
Al A2 A3

Atoms a b Atoms a b Atoms a b

C1 -0.182 -0.247 1 C1 -0.222 -0.231 1 C1 -0.258 -0.235
C2 -0.22 -0.229 1 C2 -0.188 -0.236 | C2 -0.178 -0.239
C3 -0.203 -0.24 | C3 -0.231 -0.238 | C3 -0.211 -0.24
C4 -0.126 -0.239 | C4 -0.215 -0.231 | C4 -0.202 -0.23
C5 -0.331 -0.236 | C5 -0.271 -0.247 | C5 -0.229 -0.247
C6 -0.282 -0.36 | C6 -0.133 -0.374 | C6 -0.38 0.378
C7 -0.278 -0.238 | C7 -0.243 -0.228 | C7 -0.323 -0.228
C8 -0.356 -0.23 | C8 -0.355 -0.288 | C8 -0.294 -0.235
C9 -0.455 -0.386 | C9 -04 | -0349 ] C9 -0.167 -0.355
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C10 0.913 0461 | C10 0316 | 04771 C10 0.749 0.465
C11 1132 | -0538 ] C11 0539 | -0544 [ C11 08| -0531
C12 0.286 0.212 ] C12 0.024 | 01731 C12 -0.282 0.438
C13 0.553 -0.721 C13 0.043 | -0436 | C13 -0.054 0.388
Cl4 -0.66 0421 C14 0.745| -0639 ] C14 -0.281 | -0.207
Ci15 0152 | -0359 | C15 0.465 | 0.486 | C15 -0.381 | -0.234
C16 0.278 | -0.202 | C16 0129 | -0.302 | C16 -0.397 | -0.205
C17 0382 | -0.227] C17 029 | -0213 | C17 0.018 | -0.324
C18 0271 -0211)C18 0.206 | -0.218 | C18 -0.623 0.096
C19 0.028 | -0.338] C19 0.407 | -0.232] C19 -0.647 0.283
N 0.55 0251 C20 0.031 | -0.365 | C20 0.042 | -0.362
0 0309 | -0.327 | Fe 0548 | -0.157 [ Cc21 0359 | -0.221
Fe 0736 | -0142|N 0574 | -0.257 | C22 0222 | -0222
- - O] 0241 -0292 | C23 -0.299 |  -0.232

- - - -1 C24 -0.066 | -0.315

- - -| Fe 0454 | -0.151

- - -IN 0.546 | -0.253

- - -10 0242 | -0.313

Table 8. Mulliken atomic charges for A21 and A22 by DFT/B3LYP method with 6-311++ G (d,p) and

LanL2DZ basis sets.
A2l A22
Atoms b atoms a b

C1 -0.24 | -0.23 C1 -0.221 | -0.232
C2 -0.202 | -0.236 C2 -0.216 | -0.236
C3 -0.151 | -0.236 C3 -0.126 | -0.235
C4 -0.243 | -0.231 C4 -0.288 | -0.23
C5 -0.179 | -0.246 C5 -0.144 | -0.247
C6 -0.272 | -0.356 C6 -0.385 | -0.351
C7 -0.352 | -0.235 C7 -0.237 | -0.234
C8 -0.262 | -0.232 C8 -0.238 | -0.225
C9 -0.385 | -0.372 C9 -0.423 | -0.355
C10 0.361 | 0.445 | C10 | 0.768 | 0.466
Cl1 -0.905 | -0.535 | C11 | -0.936 | -0.558
C12 -0.104 | 0.243 C12 | -0.642 | 0.387
C13 -0.343 | -0.699 | C13 0.205 | -0.371
ci14 -0.584 | 0.405 Ci14 | -0.112 | -0.201
C15 0.007 | -0.375 | C15 | -0.433 | -0.255
Ci16 -0.086 | -0.197 | C16 | -0.226 | -0.219
C17 -0.301 | -0.256 | C17 0.074 | -0.336
C18 -0.231 | -0.22 C18 | -1.109 | 0.113
C19 0.232 | -0.332 | C19 1.244 | 0.317
Fe 0.802 | -0.149 | C20 0.498 | -0.356
N1 0.901 | -0.154 | C21 | -0.442 | -0.221
N2 -0.573 | -0.38 C22 | -0.283 | -0.217
0 -0.267 | -0.297 | C23 | -0.332 | -0.244
Cc24 -0.63 | -0.278

Fe 0.539 | -0.167

N1 -0.573 | -0.146
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N2 0.964 | -0.405
(0] -0.174 | -0.304

5. Molecular electrostatic potential map (MESP)
Figure .2 Molecular electrostatic potential map (MESP)
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6. NMR Spectrum Analysis

6.1. 'H NMR

Table 9. Calculated *H NMR chemical shift (ppm) of A16, A17 and A18 CDClI; by experimental method
and DFT/B3LYP methods

Al6 Al7 Al8
Atom Exp. a b Atom Exp. a b Atom | EXxp. a b
H5 4.24 3.25 2.76 H5 4.18 3.98 3.30 H5 420 |3.74 | 332
H2 4.3 3.53 3.00 H2 4.24 3.84 3.30 H2 424 374 |332
H4 4.24 3.53 3.00 H3 4.18 3.84 3.30 H3 420 |393 |332
H3 4.24 3.69 3.13 H4 4.18 3.84 3.30 H4 420 |393 |332
H7 4.29 4.02 3.13 H7 4.19 3.84 3.30 H7 421 393 |3.23
H6 4.29 3.53 3.64 H6 4.19 3.68 2.98 H6 421 | 359 | 285
H10 4.29 3.53 3.00 H10 4.19 3.84 3.30 H10 421 393 |3.23
H9 4.29 3.53 3.13 H9 4.19 3.84 3.30 H9 421 381 | 332
H8 4.29 3.69 3.13 H8 4.19 3.84 3.30 H8 421 381 | 332
H11 4.16 4.23 3.25 H11 4.05 4.11 3.30 H11 408 |4.08 | 332
H12 8.25 9.53 0.48 H12 4.16 3.14 2.34 H12 468 |3.47 | 275
H14 8.22 8.50 8.10 H17 7.56 6.61 5.93 H17 6.57 |6.28 | 5.61
H17 6.9 6.69 6.14 H16 7.28 7.20 6.65 H16 8.13 | 8.09 | 775
H16 7.46 7.30 6.81 H13 7.28 7.53 6.99 H13 8.10 |6.45 | 579
H15 6.67 6.62 6.26 H15 7.35 7.74 7.31 H14 6.57 | 851 |7.89

a:6-311++ G(d, p) , b: LanL2DZ

Table 10 Calculated 1H NMR chemical shift (ppm) of A23, A24 and A25 CDCI3 by experimental method
and DFT/B3LYP methods

A23 A24 A25
Atom a b Atom Exp. a b Atom | Exp. a b
H13a |1.92 0.39 H13a |18 1.74 131 H13a |1.89 |1.22 | 0.46
H13b | 1.70 1.10 H13b |18 1.86 131 H13b |1.89 |1.71 |0.97
H13c | 1.48 1.35 H13c |18 1.57 1.22 H13c 189 |171 |1.21
H9 2.98 2.35 H9 4.19 3.73 3.15 H9 419 |421 | 3.9
H5 3.52 2.87 H5 3.95 3.24 2.74 H5 409 |346 | 293
H2 3.91 3.20 H2 3.95 3.83 3.15 H2 409 |353 | 318
H4 3.59 2.95 H4 3.95 3.83 3.15 H4 4.09 |3.83 |3.39
H3 3.91 3.11 H3 3.95 3.73 3.24 H3 4.09 | 353 |3.26
H7 3.91 3.20 H7 4.19 3.73 3.15 H7 3.96 |340 | 293
H1 3.91 341 H1 3.95 3.99 3.15 H1 4.09 |353 |3.01
H8 3.52 2.95 H8 4.19 3.83 3.15 H8 3.96 | 362 |3.18
H6 4.27 3.97 H6 4.19 3.83 2.48 H6 3.96 | 291 | 242
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Hila |5.90 5.15 Hlla | 4.67 481 3.95 Hlla |4.69 | 353 |293
H1lb | 2.93 2.09 H1lb | 4.67 4.33 3.61 H1lb | 4.69 | 558 | 5.26
H15 6.73 6.11 H15 7.29 8.18 6.90 H15 710 | 742 |6.79
H18 7.93 755 H19 8.18 9.00 7.78 H19 7.23 | 6.76 | 6.06
H17 7.49 7.00 H17 7.90 8.18 7.93 H18 8.23 |8.28 | 7.80
H16 7.29 6.94 H16 7.53 7.56 7.11 H16 8.21 | 855 | 8.06

a:6-311++ G(d, p) , b: LanL2DZ

Table 11 Calculated *H NMR chemical shift (ppm) of A13, A14 and A15 CDCI; by experimental method and
DFT/B3LYP methods

Al3 Al4 Al5
Atom Exp. a B Atom EXp. a b Atom | EXxp. a B
H9 403 |3.81 3.36 H9 4.22 3.82 3.37 H9 403 393 | 339
H5 4.3 3.59 2.84 H5 4.27 3.53 2.90 H5 423 379 |339
H2 4.3 3.81 3.28 H2 4.27 3.64 3.28 H2 423 393 |339
H4 4.3 3.81 3.21 H4 4.27 3.82 3.28 H4 423 393 |339
H3 4.3 3.81 3.28 H3 4.27 3.72 3.28 H3 423 393 | 357
H7 423 |391 3.28 H7 4.20 3.64 3.16 H7 413 393 |339
H1 4.3 3.81 3.21 H1 4.27 3.72 3.16 H1 423 |4.06 |3.39
H8 423 |391 3.28 H8 4.20 3.64 3.16 H8 413 393 | 339
H6 423 |3.81 3.36 H6 4.20 3.64 2.96 H6 413 393 | 339
Hlla 742 391 3.28 Hlla | 4.52 3.82 2.96 Hlla |4.01 | 4.14 | 3.05
H1lb 742 391 3.28 H1llb | 4.52 4.45 3.52 H1lb | 4.01 | 3.64 | 2.96
H15 6.71 | 6.54 6.15 H15 7.23 6.88 6.41 H14 6.71 | 7.66 | 7.14
H14 6.73 | 7.44 6.85 H13 6.87 6.94 6.26 H13 7.42 |6.69 |6.01
H17 6.95 |6.54 5.93 H17 7.26 6.42 5.71 H17 744 |6.96 | 6.38
H16 6.75 | 7.44 6.79 H16 7.28 7.06 6.54 H16 747 | 7.66 | 7.14
H12 5.03 | 4.09 3.21 H12 3.98 3.30 2.68 H12 453 | 4.68 | 457

a:6-311++ G(d, p) , b: LanL2DZ

Table 12. Calculated *H NMR chemical shift (ppm) of A26, A27 and A28 by experimental method and

DFT/B3LYP methods

A26 A27 A28
Atom a b Atom Exp. a b Atom | Exp. a B
H13a | 1.14 0.43 H13a 1.77 1.58 1.03 H13a [1.82 | 159 | 0.98
H13b | 1.45 0.59 H13b 1.77 1.52 0.62 H13b |1.82 |[1.71 |0.98
H13c | 1.66 1.10 H13c 1.77 1.08 0.33 H13c 182 | 129 |051
H9 |4.36 3.94 H9 3.96 291 241 H9 4.09 |3.00 |3.80
H5 | 3.57 3.01 H5 3.98 3.47 2.86 H5 412 | 3.60 | 3.04
H2 | 357 3.16 H2 3.98 3.82 3.28 H2 412 | 3.60 | 3.30
H4 | 3.84 3.40 H4 3.98 3.61 2.97 H4 412 | 3.60 | 347
H3 | 3.57 3.25 H3 3.98 3.61 3.16 H3 412 | 3.60 | 3.37
H7 | 3.38 2.91 H7 3.99 3.76 3.22 H7 411 | 374 | 311
H1 | 357 3.01 H1 3.98 3.90 3.40 H1 412 1393 | 311
H8 | 3.57 3.16 H8 3.99 3.61 3.04 H8 411 | 3.60 | 3.30
H6 | 3.07 2.42 H6 3.96 4.16 3.90 H6 409 | 412 | 256
Hlla | 5.93 5.28 Hlla | 4.63 5.98 5.26 Hlla | 4.66 |5.84 | 291
Hilb | 3.57 291 H1lb 4.63 3.24 251 H1lb | 4.66 | 3.60 |5.12
H18 | 7.25 6.82 H18 7.38 7.49 7.07 H18 765 | 761 |7.18
H17 | 7.37 6.89 H17 7.44 7.65 7.14 H16 7.12 [8.04 | 7.50
H16 | 7.87 7.26 H15 7.32 6.82 6.12 H15 714 | 761 | 7.02
H19 | 6.64 5.98 H19 7.51 7.41 6.90 H19 711 | 6.77 | 6.12

a:6-311++ G(d, p) , b: LanL2DZ
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Table 13. Calculated *H NMR chemical shift (ppm) of A1, A2 and A3 CDClI; by experimental method and
DFT/B3LYP methods

Al A2 A3
Atom Exp. a b Atom Exp. a b Atom | Exp. a b
H6 4.03 3.18 2.61 H6 4.04 3.02 2.66 H6 418 | 451 |4.14
H9 4.03 4.21 3.80 H9 4.04 3.79 3.32 H7 410 |3.76 |3.24
H7 4.03 3.59 3.06 H8 4.04 3.79 3.21 H8 410 |351 | 299
H8 4.03 3.70 3.27 H7 4.04 3.65 2.90 H9 418 |3.13 | 261
H5 4.08 3.59 3.13 H5 4.08 3.65 3.21 H1 416 | 3.64 | 3.09
H1 4.08 3.59 3.06 H1 4.08 3.56 2.99 H2 416 |3.76 | 3.24
H2 4.08 3.88 3.50 H2 4.08 3.79 3.32 H3 416 |3.76 | 3.24
H3 4.08 3.59 3.36 H3 4.08 3.79 3.32 H4 416 | 3.76 | 3.38
H4 4.08 3.59 3.27 H4 4.08 3.65 3.32 H5 416 | 3.93 | 348
H11 4.61 5.86 2.66 H11 4.61 4.79 4.19 H11 489 |4.14 |5.07
H19 6.97 6.61 5.94 H20 6.97 7.44 6.74 H17 6.93 | 6.25 | 556
H18 7.28 7.28 6.88 H19 7.30 7.68 7.011 H16 7.13 | 7.02 | 6.56
H17 7.30 7.55 7.12 H18 7.33 7.44 6.85 H15 716 | 7.31 |6.92
H16 7.32 7.70 7.23 H17 7.35 7.44 6.74 H14 718 | 7.71 | 7.20
H15 7.26 7.39 6.88 H16 7.29 6.76 6.46 H13 691 |7.71 | 711
H13 1.75 1.62 0.85 H13 1.96 2.50 1.96 H20 7.26 | 7.97 | 7.50
- - - - H14 1.02 1.10 0.84 H21 713 | 751 |7.01
- - - - - - - - H22 716 | 751 |7.01
- - - - - - - - H23 718 |7.02 | 6.56
- - - - - H24 729 | 7.02 |6.27

Table 14. Calculated *H NMR chemical shift (ppm) of A21 and A22 CDCl; by experimental method and
DFT/B3LYP methods

a: 6-311++ G(d, p) , b: LanL2DZ

A2l A22

Atom Exp. a b Atom | Exp. a B
H13a 1.88 | 1.42 0.47 H9 414 | 3.76 | 271
H13b 1.98 |0.99 0.31 H5 418 |3.49 |293
H13c 1.88 | 0.99 0.01 H2 418 |3.76 |3.25
H9 410 | 3.83 3.27 H4 418 |3.76 |3.25
H5 421 | 351 3.00 H3 418 |3.76 |3.25
H2 421 |3.83 3.37 H7 421 | 349 |3.07
H4 421 |3.83 3.27 H1 418 |3.76 |3.25
H3 421 |3.83 3.37 H8 421 376 | 271
H7 415 | 3.83 3.37 H6 414 335 |3.25
H1 421 | 3.83 3.37 Hlla | 4.60 |3.76 | 3.62
H8 415 | 3.83 3.37 H1lb | 4.60 | 480 |3.75
H6 410 | 3.96 3.49 H12 762 | 542 |588
Hlla 2.01 |3.83 3.27 H13 6.97 | 753 | 6.66
H1lb 201 | 461 3.94 H14 6.86 | 7.63 | 7.00
H12 7.36 | 5.56 5.27 H15 7.27 | 7.14 | 6.66
H15 7.00 |7.02 6.14 H16 6.86 | 7.63 | 7.00
H18 6.97 | 7.53 6.97 H17 6.97 | 7.32 |6.37
H17 6.94 |7.02 6.57 H20 7.73 | 753 | 7.69
H16 6.97 | 7.47 6.84 H21 754 1732 |7.00
H19 7.00 | 731 6.43 H22 744 | 742 |6.88

H23 754 | 714 |6.29

H24 773 1732 | 6.66

a:6-311++ G(d, p) , b: LanL2DZ
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6.2. ®°C NMR

Table 15. Calculated *C NMR chemical shift (ppm) of A16, A17 and A18 CDClI; by experimental

method and DFT/B3LYP methods

Al6 Al7 Al8
Atom a b Atom a b Atom | Exp. a b
C6 74.08 64.22 C6 72.45 62.07 C1l 84.37 87.50 79.90
C10 72.21 60.30 C10 72.36 60.35 C2 68.43 73.46 63.57
C9 71.58 59.10 C9 72.36 59.89 C3 68.31 73.09 61.74
C8 72.21 59.10 C8 72.24 59.89 C4 68.31 73.09 61.74
C7 72.29 60.09 C7 74.14 60.35 C5 68.31 73.46 63.57
C5 69.95 58.51 C5 74.97 63.88 C6 68.70 73.46 61.64
C4 70.87 60.30 C4 73.26 60.99 C8 68.70 72.79 59.98
C3 72.21 60.22 C3 72.55 60.99 C7 68.70 72.94 60.39
C2 69.94 59.48 C2 73.86 63.88 C9 68.70 72.79 59.98
C1l 90.72 81.89 C1 88.49 80.54 C10 68.70 72.94 60.39
Cl1 42.55 36.96 Cl1 45.98 40.13 Cl1 42.23 45.32 40.64
Cl2 | 152.06 | 137.95 Cl2 | 154.07 | 136.68 | C12 152.92 | 156.47 | 141.05
C13 138.56 | 134.32 C13 106.36 96.53 C13 111.04 109.42 100.02
Cl4 133.62 | 121.20 Cl4 157.40 147.83 Cl4 126.56 132.19 120.97
C15 | 117.92 | 109.19 C15 | 116.13 | 104.22 | C15 152.92 | 144.65 | 138.69
C16 141.17 | 130.52 C16 133.25 122.95 C16 126.56 131.23 119.10
Cl17 | 115.77 | 105.66 Cl7 | 123.27 | 11157 | C17 111.04 | 115.16 | 103.86

a:6-311++ G(d, p) , b: LanL2DZ

Table 16. Calculated *C NMR chemical shift (ppm) of A23, A24 and A25 CDClI; by experimental

method and DFT/B3LYP methods

A23 A24 A25
Atom a b Atom a b Atom Exp. a b

C6 74.77 65.79 Cé 73.21 63.45 Cl 69.60 71.31 59.69
C10 89.66 80.45 C10 | 92.49 79.30 C2 69.60 71.73 59.92
C9 73.74 64.42 C9 71.47 62.44 C3 69.60 71.84 60.09
C8 70.33 59.01 C8 71.23 60.49 C4 69.60 72.29 60.36
C7 73.08 62.30 C7 71.98 62.04 C5 69.60 73.45 61.44
C5 73.74 61.90 C5 75.74 61.03 C6 76.74 72.72 63.15
C4 72.23 59.70 C4 72.21 59.82 C8 76.74 72.77 62.03
C3 71.68 59.45 C3 71.74 59.96 C7 76.74 70.91 59.28
C2 71.68 59.77 C2 71.98 60.23 C9 68.63 74.91 66.01
C1 72.32 60.65 Cl 72.21 60.05 C10 77.54 88.71 80.0
Ci11 50.62 45..21 Ci11 54.94 49.12 Ci11 48.73 52.67 47.02
C12 173.48 | 167.45 Ci12 174.07 167.29 Ci12 148.44 172.12 167.16
C13 23.79 16.89 Cl3 | 24.22 17.64 C13 22.93 23.26 16.34
Cl14 145.31 | 132.91 Cl4 152.23 136.39 C14 143.87 157.63 144.36
C15 140.34 | 129.66 Cl15 | 13192 |126.49 | Ci5 132.54 | 132.36 | 120.68
C16 137.13 | 127.88 Cl6 | 13192 | 12256 | Ci6 131.90 | 130.31 | 11842
C17 132.77 | 12221 Cl17 |123.83 |113.80 | C17 133.89 | 153.18 | 143.76
C18 130.86 | 121.49 C18 | 155.30 | 145.45 | C18 82.26 129.30 | 117.85
C19 157.39 | 147.97 Cl19 | 128.47 |123.16 | C19 129.45 | 135.70 | 124.92

a:6-311++ G(d, p) , b: LanL2DZ
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Table 17. Calculated *C NMR chemical shift (ppm) of 13, 14 and 15 CDClI; by experimental method and
DFT/B3LYP methods

Al3 Al4 Al5

Atom Exp. a b Atom Exp a b Atom Exp. a b
C6 68.17 | 74.39 63.86 C6 68.26 | 72.25 61.82 C6 68.3 69.29 58.97
C10 84.98 | 87.42 80.12 C10 85.34 | 90.81 83.09 C10 84.86 92.13 83.80
C9 67.69 | 74.39 63.86 C9 68.26 | 73.05 62.13 C9 68.26 73.14 62.43
C8 68.17 | 73.84 61.58 C8 68.26 | 72.93 61.82 C8 68.3 71.14 59.30
Cc7 68.17 | 73.84 61.58 c7 68.26 | 71.74 59.75 C7 68.3 72.23 60.25
C5 76.76 | 74.87 61.93 C5 68.73 | 73.18 61.04 C5 77.76 72.23 60.67
C4 76.76 | 72.69 60.30 C4 68.73 | 71.98 60.33 C4 77.76 72.95 60.89
C3 76.76 | 72.14 60.0 C3 68.73 | 71.74 59.95 C3 77.76 73.29 60.56
C2 76.76 | 72.14 60.0 Cc2 68.73 | 71.36 59.75 C2 77.76 72.23 59.80
Cl 76.76 | 72.69 60.30 Cl 68.73 | 71.88 59.75 C1 77.76 72.23 59.80
Cl1 42,29 | 44.87 40.30 Cl1 43.10 | 44.04 37.31 Cl1 42.66 43.03 38.12
C12 118.12 | 155.27 | 140.77 ] C12 119.85 | 153.59 | 137.10 | C12 151.04 | 157.28 | 141.29
C13 134.32 | 98.02 85.30 C13 117.29 | 117.27 | 106.65 | C13 112.18 | 112.49 | 102.23
Cl4 132.76 | 139.65 | 129.26 | C14 112.87 | 118.89 | 105.22 | C14 134.12 | 141.10 | 130.42
C15 116.61 | 118.79 | 109.18 ] C15 120.7 | 125.66 | 115.46 | C15 77.6 101.24 | 88.65
C16 116.61 | 138.49 | 126.39 ] C16 130.07 | 134.16 | 12345 ] Cl6 133.76 | 139.40 | 129.03
C17 95.62 | 110.69 | 101.69 | C17 114.84 | 122.10 | 108.94 | C17 111.08 | 118.65 | 106.84
C18 150.06 | 121.25 | 113.20 | C18 148.34 | 123.18 | 115.25 | C18 151.04 | 126.52 | 117.38

a:6-311++ G(d, p) , b: LanL2DZ

Table 18. Calculated *C NMR chemical shift (ppm) of A26, A27 and A28 by experimental method and
DFT/B3LYP methods.

A26 A27 A28
Atom a b Atom a b Atom Exp. a b
C6 73.34 64.4 Cé 74.85 65.37 C6 68.61 74.45 64.12
C10 89.24 80.56 C10 | 88.96 79.82 C10 82.31 89.33 80.72
C9 74.92 65.70 Cc9 73.12 64.22 C9 68.61 74.38 65.18
C8 73.09 62.05 C8 71.17 59.57 C8 76.65 70.77 61.85
c7 69.81 58.82 c7 72.44 62.17 C7 76.65 72.47 59.27
C5 74.01 62.05 C5 73.19 61.46 C5 68.42 73.38 62.02
C4 71.88 60.67 C4 71.43 59.57 C4 68.42 71.42 60.41
C3 71.36 59.82 C3 71.76 59.57 C3 68.42 71.77 60.13
C2 71.24 59.38 Cc2 72.92 59.87 C2 68.42 71.77 59.91
C1 71.74 59.92 C1l 73.00 60.59 C1 68.42 72.12 59.72
Cl1 50.31 45.13 Cl1 | 51.45 45.80 Cl1 48.73 51.72 46.29
C12 172.69 | 166.52 Cl2 | 17261 | 165.98 | C12 168.95 | 174.29 | 168.66
C13 23.65 17.03 C13 | 23.48 16.98 C13 22.88 23.75 17.24
Cl14 154.99 | 142.14 Cl4 |152.01 | 138.97 | C14 132.54 | 155.49 | 141.22
C15 119.36 | 105.81 C15 |142.01 | 132.38 ] Ci15 129.5 134.91 | 123.18
C16 140.35 | 130.40 Cl6 | 119.87 | 105.44 ] Cl6 129.5 140.22 | 130.20
C17 132.36 | 121.49 Cl7 |138.04 | 127.40 | C17 132.54 | 114.95 | 102.20
C18 136.76 | 125.62 C18 | 13449 | 12424 ]C18 133.41 | 139.62 | 129.33
C19 137.81 | 128.0 Cl19 | 13759 |126.25 | C19 118.06 | 136.92 | 126.29
C20 120.00 | 110.84 C20 |121.91 | 112.69 | C20 146.74 | 123.84 | 116.42

a:6-311++ G(d, p) , b: LanL2DZ

Table 19. Calculated **C NMR chemical shift (ppm) of A1, A2 and A3 CDClI; by experimental method
and DFT/B3LYP methods
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Al A2 A3

Atom Exp. a b Atom Exp a b Atom Exp. a b
C1 68.55 73.32 62.11 Cl 68.57 73.35 61.88 Cl 68.69 72.07 59.85
Cc2 68.55 72.20 60.52 C2 68.57 72.754 | 59.93 Cc2 68.69 71.58 59.93
C3 68.55 70.99 59.91 C3 68.57 72.52 60.16 C3 68.69 71.15 60.11
C4 68.55 70.53 59.81 Cc4 68.57 72.44 60.16 C4 68.69 70.97 60.28
C5 68.55 71.20 59.98 C5 68.57 71.81 60.22 C5 68.69 73.01 61.88
C6 77.16 75.04 64.86 C6é 77.16 72.52 63.49 C6 77.16 73.89 63.95
c7 77.58 72.55 61.61 Cc7 77.59 71.46 61.24 C8 77.58 71.85 60.87
C8 77.58 70.03 58.70 C8 77.59 72.75 59.70 c7 77.58 70.89 58.95
C9 77.16 73.65 64.81 C9 77.16 74.46 65.14 C9 77.16 75.96 66.47
C10 83.33 90.35 81.98 C10 83.33 89.186 | 80.44 C10 83.26 88.78 80.58
Cl1 48.40 51.05 45.11 Cl1 48.65 53.10 46.51 Cl1 49.88 53.59 48.29
C12 169.74 | 172.95 | 169.16 | C12 173.17 | 178.18 | 17441 | Ci12 126.75 | 151.68 | 138.54
C13 22.83 23.40 17.35 C13 27.87 31.16 26.39 C13 128.33 | 132.72 | 121.56
Cl4 127.87 | 15199 | 137.31 | Ci14 9.67 8.78 7.18 Cl4 128.97 | 134.03 | 122.95
C15 128.55 | 133.80 | 122.75 ] Ci15 127.86 | 149.43 | 13440 | Ci5 128.97 | 130.91 | 119.89
Cl6 129.43 | 134.32 | 123.74 ] Ci16 128.77 | 137.83 | 125.85 | C16 128.97 | 133.38 | 122.52
Cl7 129.43 | 13241 | 121.89 | C17 129.46 | 132.61 | 121.01 | C17 128.33 | 136.16 | 124.71
C18 129.43 | 133.30 | 122,75 ] Ci18 129.46 | 131.29 | 119.39 | Ci8 170.07 | 176.85 | 171.19
C19 128.55 | 136.98 | 125.62 | C19 129.46 | 134.26 | 121.56 | C19 127.68 | 142.50 | 127.18
- - - - Cc20 128.77 | 132.22 | 118.82 | C20 128.77 | 136.49 | 126.50
- - - - - - - - c21 129.50 | 132.78 | 121.65
- - - - - - - - C22 129.50 | 134.99 | 123.33
- - - - - - - - C23 129.50 | 131.02 | 119.89
- - - - - C24 128.77 | 13453 | 123.71

a:6-311++ G(d, p) , b: LanL2DZ

Table 20. Calculated *C NMR chemical shift (ppm) of A21 and A22. CDCl; by experimental method and
DFT/B3LYP methods

A2l A22

Atom Exp. A b Atom Exp. a b
Cé 69.82 | 73.63 62.98 Cl 68.92 72.14 60.10
C10 81.42 | 88.30 82.08 C2 68.92 72.60 60.10
C9 69.82 | 75.66 65.51 C3 68.92 73.01 60.10
C8 70.01 | 72.02 60.31 C4 68.92 73.01 59.94
c7 70.01 | 72.96 62.29 C5 68.92 73.84 61.56
C5 69.90 | 73.63 61.74 Cé 68.92 74.02 62.52
C4 69.90 | 72.39 60.31 Cc7 70.05 73.31 59.69
C3 69.90 | 72.08 60.31 C8 70.05 71.77 60.41
Cc2 69.90 | 71.55 59.93 C9 68.92 76.74 65.09
C1 69.90 | 72.02 60.03 C10 81.41 86.53 80.78
Cl1 54.32 | 59.38 50.27 Cl1 51.71 61.41 53.48
C12 175.99 | 180.49 | 178.62 | Ci12 148.43 | 157.52 | 141.48
C13 21.13 | 20.80 14.34 C13 113.62 | 118.58 | 104.88
Cl4 148.74 | 157.19 | 13941 | Ci14 129.34 | 134.83 | 123.00
C15 11454 | 116.84 | 103.60 | Ci5 120.03 | 125.04 | 112.58
Cl6 129.43 | 134.19 | 123.09 | Ci16 129.34 | 134.11 | 122.72
C17 121.0 | 12445 |111.82 | C17 113.62 | 120.83 | 103.86
C18 129.43 | 134.19 | 122,95 | Ci18 166.57 | 179.92 | 173.60
C19 114.54 | 119.82 | 10.99 C19 133.08 | 138.13 | 123.83
- - - - C20 127.26 | 135.46 | 126.34
- - - - c21 128.30 | 132.64 | 121.39
- - - - Cc22 132.16 | 136.13 | 125.35
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C23 128.30 | 131.37 | 120.72

C24 127.26 | 134.11 | 122.46

a:6-311++ G(d, p) , b: LanL2DZ

7. Vibrational analysis.

Table 21. The observed FT-IR of studied compounds and its calculated wavenumbers (in cm™) with their

probable assignments

compound

Experimental
frequencies
(em-1)

Calculated
frequencies

FT-IR

a

b

Vibrational Assignments

Al6

1610

1675

1657

Vs(C13C14 Ci6 C17)sy+ Vs(NCi2)sy + Vs(01N202)Asy

1612

1547

Vs(N202)sy+ s (NH)sy

1573

1446

Vm(O1N202)Asy+ tm (NH)sy+ vm(Cis Cie)sy

1506.4

1546

1466

Vs(01N202)Asy+ 15 (N1C12)sy+vs(C13Cia Cis Ci7)sy

1380

1380

Vm(C17 N2)sy

1274

1274

Vs(O1N202)sy

874

874

Ttw (O1N202)sy

Al7

1535.73

1660

1668

Vs(C13C14 Ci6 C17)sy+ Vs(NCi2)sy + Vs(01N202)Asy

1258.3

1581

1470

Vs(01N202)Asy+ s (NH)sy+ vs(C14 Ci5 Cis)asy+ vs(Ciz Ci3)sy

1428

VUm(O1N202)Asy+ Dm(N1Ci2)sy

1364

1271

Vs(Ci6 N2)sy+ Vs(N1C12)sy+ as (CiiHiaHiv)asy

845

799

Tw (O1N202)sy

Al8

1611.9

1643

1660

Vs(C13C14 Ci6 Ci7)sy

1626

1623

Vm(O1N202)Asy+ vim(C17C12 C13 +Ci14 C15Ci16)asy+ m (NH)sy

1559

1423

Vs5(01N202)Asy +1s (NH)sy

1543

1388

Vs(01N202)Asy +7s (NH)sy + Ds(N1Ci2)sy

1286

1345

1280

Vs(C15 N2)sy + Vs(01N202)sy

1126

1214

vs(Cis N2)sy

879

802

Tw (01N202)sy

A23

1731

1637

DS(Clzol)Sy

1586

1519

Ds(OlNzoz)ASY + Ds(Cls Cis C17)aSy

1387

1423

om (CisHizaH13pH13c)asy+ vm(N2Cio)sy

1296

1300

DS(Cl 1N1C12)asy

733

812

Tw (O1N202)Sy

A24

1656

1740

1641

DS(C1201)Sy

1531

1586

1523

V5(O1N202)Asy +vy(Ci4 Ci5 Cig)asy

1406

1413

Vm(N1C12C13)Asy + om (Ci13H13.Hi3H130)asy

1371

1278

vs(C18N2)sy+ Vs(N1Ci12)sy

855

821

Tw (O1N202)sy

A25

1659

1722

1624

DS(C1201)Sy

1593

1576

1633

V5(02N203)Asy + vs(C19Ci4 Ci15 +Cis C17C16)asy

1364

1274

Vm(N2Ci7)sy +vs(C1iN;Cip)asy

1284

1211

Vs(N1C12C13)Asy

868

815

Tw (O1N202)sy

Al3

2208.3

2307

2237

Um (C13-Ci3Ny)sy

1610

1642

1656

V5(C12C13C14 Ci5 Cis Cir)sy

1205

1215

Vw(C13Cis)sy

Al4

2223.8

2329

2259

Um (C14-Ci3N2)sy

1639

1655

Vs(C12C13C14 Ci5 Ci6 Ci7)sy
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1507.9 1182 1200 Vw(C14Cis)sy
A15 22106 2318 2248 Um (C15-C18N2)sy
1603.7 1651 1667 V5(C12C13C14 Ci5 Ci6 Ci7)sy
1198 1219 Vw(C15Ci8)sy
22106 2332 2265 Vw (C15-C20N2)sy
1602.3 1728 1646 Vs5(C1201)sy
A26 1632 1637 V5(C12C13C14 Cy5 Ci6 Ci7)sy
1283 1300 Vs(N1C12C13)Asy
1221 1235 Vw(C15C20)sy
22142 2334 2266 Vw (Cm-CzoNz)Sy
1636.1 1722 1636 vs(C1201)sy
A27 1634 1660 V5(C12C13C14 Cy5 Ci6 Ci7)sy
1292 1306 Vs(N1C12C13)Asy
1223 1238 Vw(C16C20)sy
22142 2332 2264 Vw (C17-C20N2)Sy
1636.1 1721 1630 DS(Clzol)Sy
A28 1642 1541 Vs(Ci4 Ci5 Ci6 Ci7 Ci18C1o)sy
1287 1301 V5(N1C12C13)Asy
1219 1227 Vw(C17C20)sy
441 405 Vw(C12Cl)sy
2920 3051 3068 vy (Ci3H2) sy
1666.4 1752 1680 v5(C1201) sy
A21 1593.1 1639 1653 Vs(C15 Ci6 Ci7 Cig C19Cop)sy
1340 1387 Vs(N1N2C12) sy
1331 1356 Vs (N2C12C13) asy + ns (N2H) sy
1199 1240 Vm(C1i1N1Ny)asy
1651.0 1723 1647 V5(C1201) sy
1595.0 1641 1653 Vw(C19C20 Ca1 Caz Cp3 Cag)sy
A22 1579.6 1693 1654 Vs(C12 C13C14Ci5 Cis Ci7)sy
1350 1384 Vs (N2C15C1g) asy + m (N2H) sy
1158 1244 Um(CllNlNz) asy
Al 2360 3243 3302 Vw (C1H1C2H2C3H3CaHaCsHs)sy
3240 3296 Vm (CeHsC7H7CsHsCoHo)sy
3232 3283 Vw (C1H1CoH2C3H3C4H4CsHsCsHeC7H7)asy
3194 3233 Vw (C15H15C16H16C17H17C18H18C19H19)sy
3180 3212 w (C15H15C16H16C17H17C18H18C19H19)asy
3147 3147 Vw (Ci3HizaHisbHisc)asy
3128 3156 Vw (CuiHiaHiib)asy
3062 3088 Vw (CiiH1aHiib)sy
1651 1713 1626 vs(C120)sy
1593 1635 1525 Vs(Ci5Ci6 C18Ci9)sy
1497 1510 Um(C6Cio Co)sy
1494 1486 1509 7m (C13H13aH130H130)sy
1473 1504 m (CuHi1aHiib)sy
1387 1371 1416 Vm(C6C10 Co C1Cs Ca)asy+ vm (C12N) sy
1284 1294 1306 Vs (C12C1N) asy+as (CiiHira)asy
1211 1225 om (Ci1Hi1aHiib)asy+ vm(CsCi0Co)asy
1023 1133 1122 0u(C1C2 C3 C4Cs)sy
1043 1048 Vm(CsC7 Cs C4Co)asy
806 841 815 am (C1H1C2H2C3H3C4H4CsHsCsHeC7H7CsHs)asy
701 731 726 am (C1H1C2H2C3H3C4H4CsHsCsHeC7H7CsHs)asy
561 506 494 Um (CeFeCoFeCsFeCsFeCioFeCiFe)sy
544 479 459 Vm(CeFeC7FeCsFeCoFeCoFeC3FeCsFeCsFe)sy
461 440 Vm(CsFeC7FeCsFeCoFeCiFeCoFeCsFeCaFeCsFeCioFe)asy
A2 2159 3232 3282 vw(C1H1C2H2C3H3C4H4CsHs)asy
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3230 3281 vw (CeHeC7H7 CsHsCoHo)asy
3178 3226 vm(Ci6H16C17H17 Ci1sH18C19H19C20H20)asy
3127 3181 vw(CiiHuaHuiv)asy
3104 3153 Um(Ci13H13aH136C14aH14aH14bH14c)asy
3063 3062 Vw (CriH11aHub)sy
3040 3049 Um(C14H14aH14bH14¢)sY
3022 3078 Um(Ci3Hi3aH13b)sy
1654 1722 1618 u(C1s0)sy
1592 1633 1653 Vw(C16C17 C18Cr9)sy
1525 1636 Vm(Ci5 Ci6 C17C1s C19Ca0)asy
1493 1501 1539 Tw(C14H14aH146H14c)sy+ mw(Ci3Hi32Hi3b)sy
1469 1438 1402 Um(Cs C7 CsCo)asy
1432 1418 1415 Um (C12NCis) asy+ am(CizHizaHisb)asy+ am(CiiHiaHiib)sy
1402 1393 1388 Vm(C1Cs Ca)asy+ vm(CsCio Co)asy
1374 1341 1377 am(CuHiaHiib)asy+ am(Ci3Hi3aH13b)sy+ vm (C12NCis) asy
1262 1271 1281 am(CuHiaHiib)asy+ mm (CeHsC7H7CsHsCoHo)sy
1256 1270 Vm(C6C7 Cs C4Coy Cio) sy
1235 1245 Um (C12NCis) asy++ ntm (C16H16C17H17C19H19C20H20)asy
1177 1194 1214 7m (C16H16C17H17C19H19C20H20)asy
1106 1133 1122 Vm(C1C2 C3 C4Cs)sy
1071 1125 1134 Um (CuN) sy
1023 1047 1056 7m (CeHeC7H7CsHsCoHo)asy
925 847 810 om(C1H1C2H2C3H3C4H4CsHsCsHeC7H7CsHsCoHoC16H16C17H17
CisH1sC19H19C20H20)asy
806 836 791 am(C1H1C2H2C3H3C4H4CsHs)asy
701 707 720 om(C16H16C17H17 C1sHi1s8C19H19C20H20)asy
613 488 474 Um (Ci0FeCsFeCoFeCiFeCsFe)sy
564 479 455 Um(CiFeCoFeCsFeCsFeCsFeCeFe C7FeCsFeCoFe)sy
460 440 m (C1FeCoFeCsFeCsFeCsFeCsFe C7FeCsFeCoFe)sy
A3 2159 3233 3285 vw (CsHsC7H7 CsHsCoHo)asy
3230 3280 Vw(Ci1H1C2H2C3H3C4H4CsHs )asy
3222 3271 w (CeHeC7H7CsHsCoHo)asy
3200 3241 Vw (C20H20C21H21Ca2H22Ca3H23Ca4Ho4)sy
3197 3235 Vw (Ci3H13C14H14C15H15Ci16H16C17H17)sy
3189 3228 m (C13H13C14H14C15sH15C16H16Ci17H17)asy
3184 3220 Um(C20H20C21H21C22H22C23H23C24Ho4)asy
3073 3101 vw (CiiH11aHub)sy
1639 1690 1584 vs(Ci130)sy
1594 1639 1651 Vw(C20C21 C23Ca4)sy
1617 1633 Um(C19C20C21 C22 C23Ca4)asy
1525 1525 Um(C12C13C14 Cis Ci16Ci7)asy+ vm (C12NCis) asy
1490 1469 1501 7m (CuHi1aHiib)sy
1443 1406 1437 Vm(CsC7 Cs C4Co Cio)asy+ am (CriHiuaHiib)sy
1428 1385 1412 Um(Ci1Cs Ca)asy+ om (CiiHi1aHi1b)sy+ vm (CisNCio) asy
1379 1371 1391 Vm (C12C13N) asy+ vm(CsCio Co)asy
1369 1321 1373 Vm(C12C13C14 Ci5 Ci16Cr7)asy
1295 1296 1306 Vs(C19Ci18N) asy+ as(CiiHiia)asy
1281 1270 1284 Tom (CeHoC7H7CsHsCoHo)sy+ tm(C11Hi1aH 110)sy
1178 1201 1228 aw(C20H20C21H21C22H22C23H23C24H24Co5H25C7H7 CsHs)sy
1142 1153 1159 Vm(C18C19)sy+ vm(C1iNCig)asy
1103 1132 1122 Vw(CiC2 C3 CaCs)sy
1021 1043 1053 7m (CeHsC7H7 CsHg CoHo)sy
963 973 982 Um (C10C11N)sy
815 832 808 om (C1H1C2H2C3H3C4H4CsHs)asy
769 712 730 om (Ci3H13C14H14C15sH15C16H16Ci17H17)asy
697 501 485 Um (C1oFeCesFeCoFeCiFeCsFe)sy
613 478 455 Um (CiFeCoFeCsFeCsFeCsFeCsFe C7FeCsFeCoFe)sy
579 469 440 Um (CiFeCaFeCsFeCsFeCsFeCoFe C7FeCsFeCoFe)sy

asy — asymmetric, Sy — symmetric, v — stretching, 7t- in plane bending, a- out of plane bending, s - strong, m - medium.
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8. Frontier molecular orbitals

Table 22. Frontier molecular orbitals by DFT/B3LYP methods with 6-311++G(d, p) : a; and LanL2DZ
basis sets: b.

6-311++G (d, p) LanL2DZ
Molecules Eromo | ELumo AE Enomo | ELumo AE
(eV) (eV) (eV) (eV)
A0 -5.442 -0.490 | 4952 | -5.113 | -0.742 4371
Al -5.469 -0.925 | 4544 | -5.475 | -0.781 4.693
A2 -5.687 -0.626 | 5.061 | -5.714 | -0.762 | 4.952
A3 -5.442 -1.252 | 4.191 | -5.442 | -1.225 4,218
Al3 -5.769 -1.415 | 4354 | -5.761 | -1.273 4.487
Al4 -5.714 -1.524 | 4191 | -5.698 | -1.367 4,331
Al5 -5.905 -1.143 | 4.762 | -5.832 | -1.024 | 4.809
Al6 -5.606 -2.640 | 2.966 | -5.640 | -2.950 2.690
Al7 -5.823 -2.612 | 3.211 | -5.880 | -2.916 2.963
Al8 -5.987 -2.259 | 3.728 | -6.055 | -2.544 3.511
A21 -5.742 -0.653 | 5.089 | -5.717 | -0.842 4.876
A22 -5.660 -1.252 | 4.408 | -5.683 | -1.318 4.365
A23 -5.578 -2.912 | 2.667 | -5.628 | -3.374 2.254
A24 -5.959 -2.721 | 3.238 | -5.973 | -3.093 | 2.880
A25 -5.687 -3.075 | 2.612 | -5.733 | -3.398 | 2.334
A26 -5.551 -2.095 | 3.456 | -5.551 | -2.014 3.537
A27 -5.606 -2.095 | 3.510 | -5.630 | -2.026 3.603
A28 -5.608 -1.983 | 3.625 | -5.687 | -1.926 3.755
A4 -5.448 -2.765 | 2.683 - - -
A5 -5.496 -0.462 | 5.034 - - -
Ab -5.388 -0.489 | 4.898 - - -
A7 -5.496 -0.462 | 5.034 - - -
A8 -5.586 -0.582 | 5.004 - - -
A9 -5.632 -0.634 | 4.998 - - -
Al0 -5.551 -0.653 | 4.898 - - -
All -5.633 -0.653 | 4.979 - - -
Al2 -5.551 -0.68 | 4.871 - - -
Al9 -5.632 -1.768 | 3.864 - - -
A20 -5.741 -1.279 | 4.462 - - -
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V1= degrees of freedom for numerator

Fos (v1,v2)  0=0.05
V1= degrees of freedom for denominator
V2/V1 1 2 3 4 5 6 7 8 9 10 12 15 20 24 30 40 60 120 0
1 161.44 | 199.50 | 215.70 | 224.58 | 230.16 | 233.98 | 236.76 | 238.88 | 240.54 | 241.88 | 243.90 | 24594 | 248.01 | 249.05 | 250.09 | 251.14 | 252.19 | 25325 | 254.31
2 18.512 | 19.000 | 19.164 | 19.246 | 19.296 | 19.329 | 19.353 19.371 | 19.384 | 19.395 | 19.412 | 19.429 19.445 | 19.454 | 19.462 19.470 | 19.479 19.487 | 19.495
3 10.128 | 9.5521 | 9.2766 | 9.1172 | 9.0135 | 8.9406 | 8.8867 | 8.8452 | 8.8123 | 8.7855 | 8.7446 | 8.7029 | 8.6602 | 8.6385 | 8.6166 | 85944 | 85720 | 8.5494 | 85264
4 7.7086 | 6.9443 | 6.5914 | 6.3882 | 6.2561 | 6.1631 | 6.0942 | 6.0410 | 5.9988 | 5.9644 | 59117 | 5.8578 | 5.8025 | 5.7744 | 5.7459 | 5.7170 | 5.6877 | 5.6581 | 5.6281
5 6.6079 | 5.7861 | 5.4095 | 5.1922 | 5.0503 | 4.9503 | 4.8759 | 4.8183 | 4.7725 | 4.7351 | 4.6777 | 4.6188 | 4.5581 | 4.5272 | 4.4957 | 4.4638 | 4.4314 | 4.3985 | 4.3650
6 5.9874 | 5.1433 | 4.7571 | 4.5337 | 4.3874 | 4.2839 | 4.2067 | 4.1468 | 4.0990 | 4.0600 | 3.9999 | 3.9381 | 3.8742 | 3.8415 | 3.8082 | 3.7743 | 3.7398 | 3.7047 | 3.6689
7 55914 | 4.7374 | 4.3468 | 4.1203 | 3.9715 | 3.8660 | 3.7870 | 3.7257 | 3.6767 | 3.6365 | 3.5747 | 3.5107 | 3.4445 | 3.4105 | 3.3758 | 3.3404 | 3.3043 | 3.2674 | 3.2298
8 5.3177 | 4.4590 | 4.0662 | 3.8379 | 3.6875 | 3.5806 | 3.5005 | 3.4381 | 3.3881 | 3.3472 | 3.2839 | 3.2184 | 3.1503 | 3.1152 | 3.0794 | 3.0428 | 3.0053 | 2.9669 | 2.9276
9 5.1174 | 4.2565 | 3.8625 | 3.6331 | 3.4817 | 3.3738 | 3.2927 | 3.2296 | 3.1789 | 3.1373 | 3.0729 | 3.0061 | 2.9365 | 2.9005 | 2.8637 | 2.8259 | 2.7872 | 2.7475 | 2.7067
10 4.9646 | 4.1028 | 3.7083 | 3.4780 | 3.3258 | 3.2172 | 3.1355 | 3.0717 | 3.0204 | 29782 | 2.9130 | 2.8450 | 2.7740 | 2.7372 | 2.6996 | 2.6609 | 2.6211 | 2.5801 | 2.5379
11 4.8443 | 3.9823 | 3.5874 | 3.3567 | 3.2039 | 3.0946 | 3.0123 | 2.9480 | 2.8962 | 2.8536 | 2.7876 | 2.7186 | 2.6464 | 2.6090 | 2.5705 | 25309 | 2.4901 | 2.4480 | 2.4045
12 47472 | 3.8853 | 3.4903 | 3.2592 | 3.1059 | 2.9961 | 2.9134 | 2.8486 | 2.7964 | 2.7534 | 2.6866 | 2.6169 | 2.5436 | 2.5055 | 2.4663 | 2.4259 | 2.3842 | 2.3410 | 2.2962
13 46672 | 3.8056 | 3.4105 | 3.1791 | 3.0254 | 2.9153 | 2.8321 | 2.7669 | 2.7144 | 2.6710 | 2.6037 | 2.5331 | 2.4589 | 2.4202 | 2.3803 | 2.3392 | 2.2966 | 2.2524 | 2.2064
14 4.6001 | 3.7389 | 3.3439 | 3.1122 | 2.9582 | 2.8477 | 2.7642 | 2.6987 | 2.6458 | 2.6022 | 2.5342 | 2.4630 | 2.3879 | 2.3487 | 2.3082 | 2.2664 | 2.2229 | 2.1778 | 2.1307
15 45431 | 3.6823 | 3.2874 | 3.0556 | 2.9013 | 2.7905 | 2.7066 | 2.6408 | 2.5876 | 2.5437 | 2.4753 | 24034 | 2.3275 | 2.2878 | 2.2468 | 2.2043 | 2.1601 | 2.1141 | 2.0658
16 44940 | 3.6337 | 3.2389 | 3.0069 | 2.8524 | 2.7413 | 2.6572 | 25911 | 2.5377 | 2.4935 | 2.4247 | 2.3522 | 2.2756 | 2.2354 | 2.1938 | 2.1507 | 2.1058 | 2.0589 | 2.0096
17 44513 | 35915 | 3.1968 | 2.9647 | 2.8100 | 2.6987 | 2.6143 | 2.5480 | 2.4943 | 2.4499 | 2.3807 | 2.3077 | 2.2304 | 2.1898 | 2.1477 | 2.1040 | 2.0584 | 2.0107 | 1.9604
18 44139 | 35546 | 3.1599 | 29277 | 2.7729 | 2.6613 | 25767 | 2.5102 | 2.4563 | 2.4117 | 2.3421 | 2.2686 | 2.1906 | 2.1497 | 2.1071 | 2.0629 | 2.0166 | 1.9681 | 1.9168
19 43807 | 35219 | 3.1274 | 2.8951 | 2.7401 | 2.6283 | 25435 | 2.4768 | 2.4227 | 2.3779 | 2.3080 | 2.2341 | 2.1555 | 21141 | 2.0712 | 2.0264 | 1.9795 | 1.9302 | 1.8780
20 4.3512 | 3.4928 | 3.0984 | 2.8661 | 2.7109 | 2.5990 | 2.5140 | 2.4471 | 2.3928 | 2.3479 | 2.2776 | 2.2033 | 2.1242 | 2.0825 | 2.0391 1.9938 | 1.9464 | 1.8963 | 1.8432
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21 43248 | 3.4668 | 3.0725 | 2.8401 | 2.6848 | 2.5727 | 2.4876 | 2.4205 | 2.3660 | 2.3210 | 2.2504 | 2.1757 | 2.0960 | 2.0540 | 2.0102 | 1.9645 | 1.9165 | 1.8657 | 1.8117
22 43009 | 3.4434 | 3.0491 | 2.8167 | 2.6613 | 2.5491 | 2.4638 | 2.3965 | 2.3419 | 2.2967 | 2.2258 | 2.1508 | 2.0707 | 2.0283 | 1.9842 | 1.9380 | 1.8894 | 1.8380 | 1.7831
23 4.2793 | 3.4221 | 3.0280 | 2.7955 | 2.6400 | 2.5277 | 2.4422 | 2.3748 | 2.3201 | 2.2747 | 2.2036 | 2.1282 | 2.0476 | 2.0050 | 1.9605 | 1.9139 | 1.8648 | 1.8128 | 1.7570
24 4.2597 | 3.4028 | 3.0088 | 2.7763 | 2.6207 | 2.5082 | 2.4226 | 2.3551 | 2.3002 | 2.2547 | 2.1834 | 2.1077 | 2.0267 | 1.9838 | 1.9390 | 1.8920 | 1.8424 | 1.7896 | 1.7330
25 42417 | 3.3852 | 29912 | 2.7587 | 2.6030 | 2.4904 | 2.4047 | 2.3371 | 22821 | 2.2365 | 2.1649 | 2.0889 | 2.0075 | 1.9643 | 19192 | 1.8718 | 1.8217 | 1.7684 | 1.7110
26 42252 | 3.3690 | 29752 | 2.7426 | 2.5868 | 2.4741 | 2.3883 | 2.3205 | 2.2655 | 2.2197 | 2.1479 | 2.0716 | 1.9898 | 1.9464 | 1.9010 | 1.8533 | 1.8027 | 1.7488 | 1.6906
27 42100 | 3.3541 | 29604 | 2.7278 | 25719 | 2.4591 | 23732 | 23053 | 22501 | 2.2043 | 2.1323 | 2.0558 | 1.9736 | 1.9299 | 1.8842 | 1.8361 | 1.7851 | 1.7306 | 1.6717
28 41960 | 3.3404 | 29467 | 2.7141 | 25581 | 2.4453 | 23593 | 2.2913 | 22360 | 2.1900 | 2.1179 | 2.0411 | 1.9586 | 1.9147 | 1.8687 | 1.8203 | 1.7689 | 1.7138 | 1.6541
29 41830 | 3.3277 | 29340 | 2.7014 | 25454 | 2.4324 | 23463 | 2.2783 | 22229 | 21768 | 2.1045 | 2.0275 | 1.9446 | 1.9005 | 1.8543 | 1.8055 | 1.7537 | 1.6981 | 1.6376
30 41709 | 3.3158 | 29223 | 2.6896 | 2.5336 | 2.4205 | 2.3343 | 2.2662 | 2.2107 | 2.1646 | 2.0921 | 2.0148 | 1.9317 | 1.8874 | 1.8409 | 1.7918 | 1.7396 | 1.6835 | 1.6223
40 4.0847 | 3.2317 | 2.8387 | 2.6060 | 2.4495 | 2.3359 | 2.2490 | 2.1802 | 2.1240 | 2.0772 | 2.0035 | 1.9245 | 1.8389 | 1.7929 | 1.7444 | 1.6928 | 1.6373 | 1.5766 | 1.5089
60 40012 | 3.1504 | 2.7581 | 25252 | 2.3683 | 2.2541 | 2.1665 | 2.0970 | 2.0401 | 1.9926 | 19174 | 1.8364 | 1.7480 | 1.7001 | 1.6491 | 15943 | 1.5343 | 1.4673 | 1.3893
120 3.9201 | 3.0718 | 2.6802 | 2.4472 | 2.2899 | 2.1750 | 2.0868 | 2.0164 | 1.9588 | 1.9105 | 1.8337 | 1.7505 | 1.6587 | 1.6084 | 1.5543 | 1.4952 | 1.4290 | 1.3519 | 1.2539
o 3.8415 | 2.9957 | 2.6049 | 2.3719 | 2.2141 | 2.0986 | 2.0096 | 1.9384 | 1.8799 | 1.8307 | 1.7522 | 1.6664 | 1.5705 | 1.5173 | 1.4591 | 1.3940 | 1.3180 | 1.2214 | 1.0000
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Abstract: Background: Since the binding of estradiol to its receptor promotes breast cancer cell proliferation (in the
ER+ tumours), many molecules targeting this protein have been synthesized to counteract the estradiol action. Fer-
rocene derivatives have proved their efficiency against hormone-dependent breast cancer cells (MCF-7).

Objective: In this study, we aimed to find new ferrocene derivatives having pharmacochemistry properties as potential
drugs against human breast cancer cells.

Methods: A series of 29 N-ferrocenylmethylaniline derivatives A0-A28 were synthesised, and their anti-proliferative
activity against both hormone-dependent (MCF-7) and independent (MDA-MB 231) human breast cancer cell lines
were performed using the MTT test. Molecular docking and drug-likeness prediction were also performed for the five
most active derivatives towards MCF-7. A QSAR model was also developed for the perdition of the anti-proliferative
activity against MCF-7 cell lines using molecular descriptorsiand MLR analysis:

Results: All studied derivatives demonstrated better €ytotoxicity against MCF-7 compared to the MDA-MB-231 cell
lines, and compounds A2, A9, Al14, A17 and A27.wetethe most potent'ones but still less active than the standard anti-
cancer drug, crizotinib. The QSAR study revealed good predictive ability, as shown by R%, = 0.848.

Conclusion: In vitro and in silico results indicated thatiderivatives A2, A9, A14, A17, and A27 possess the highest
anti-proliferative activity; these results can,be used to. design more potent N-ferrocenylmethylaniline derivatives as

anti-proliferative agents.

Keywords: N-ferrocenylmethylaniline, breast cancer, MCE-7, MDA-MB-231, estrogen receptor, progesterone receptor, QSAR, antiprolifera-

tive activity.

1. INTRODUCTION

Breast cancer is the most common cancer in women, followed
by colorectal cancer and lung cancer, with over 2smillion'new cases
worldwide in 2020. According to the World Health Organization,
breast cancer is the leading global cause offcancer-related death
among women, with almost 684 996 breast.eancer-related deaths in
2020 [1].

Although breast cancer incidence ‘and mortality have seen a
decline in recent years, thanks to early detection and increasingly
appropriate treatments, breast cancer, unfortunately, remains the
leading cause of cancer death in women [2]. Most women with
breast cancer will undergo some type of surgical excision, often
combined with other treatments, such as radiation therapy, chemo-
therapy, hormone therapy, and, very recently, biology therapy [3].
Surgery is meant to remove the tumor from the breast and lymph
nodes. It is almost always followed by radiotherapy. Biology ther-
apy refers to the treatment with Herceptin®™, a monoclonal antibody,
for patients overexpressing a specific "protein" (HER2) [4-6].

In the case of ER-breast tumours, chemotherapy is often pre-
scribed to kill cancer cells that could not be removed by other

* Address correspondence to this author at the Department of Chem-
istry, Faculty of sciences, University of El Oued, P.O. Box: 789,
39000, El Oued, Algeria; Tel/Fax: +213661655550;

E-mail: touhami-lanez@univ-eloued.dz

1871-5206/21 $65.00+.00

means or that may have already invaded other parts of the body.
However, the molecules used in chemotherapy are highly cytotoxic
and can reduce mortality by up to 20% [7-9]. The finding of the
hormone responsiveness of ER+ breast cancer cases triggered the
development of antiestrogens, and molecules, which could compete
with estradiol at its receptor and counterbalance its proliferative
action.

Thus, for the patients with ER+ tumours, adjuvant treatment
with antiestrogens [10, 11], or more recently with aromatase inhibi-
tors, are currently available for their treatment [12]. This hormone
therapy appears as a simple and safer alternative to ablative surgery
and undiscriminate radio- and chemotherapy for patients having
hormone-dependent breast cancer [10, 13, 14], but it causes side
effects like hot flashes, vaginal dryness or discharge, tumor flare
with bone pain, high calcium level in the blood, and other rare but
serious side effects like uterine cancer, blood clots and strokes [15].

The in vivo and in vitro antiproliferative activity of ferrocene
derivatives against Ehrlich ascites tumor (EAT) cells was observed
as early as 1985, though their effectiveness was limited by their
poor water solubility [16, 17]. Furthermore, ferrocene derivatives
have proved their efficiency against hormone-dependent breast
cancer cells (MCF-7) that express the estrogen receptor alpha
(ERa). Moreover, studies on the potential anti-proliferative effect of
compounds containing ferrocene indicated that the presence of the
ferrocene moiety is necessary to generate the anti-proliferative ef-
fect of these compounds [18, 19].

© 2021 Bentham Science Publishers
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Herein, we investigate the in vitro and in silico anti-
proliferative activity of a series of 29 N-ferrocenylmethylaniline
derivatives as novel cytotoxic agents against MCF-7 and MDA-
MB-231 cell lines. We also developed a QSAR model using mo-
lecular descriptors and a multiple linear regression method for pre-
dicting the activity of N-ferrocenylmethylaniline derivatives as
potent anti-human breast cancer.

2. EXPERIMENTS
2.1. Synthesis

The synthesis of N-ferrocenylmethylaniline derivatives (AO-
A28) used in this work as potent inhibitory on MCF-7 cell prolif-
eration was synthetized following our previously reported proce-
dure [20-24]. Their molecular structures are shown in Fig. (1) and
listed in Table 1.

Fig. (1). Structure of N-ferrocenylmethylaniline derivatives.

2.2. MTT assay against MDA-MB-231 and MCF-7

Cell culture and proliferation assays were carried out at the
department of biochemistry at the faculty of pharmacy of thetHacet-
tepe University, Turkey. The cancer cell lines MDA-MB-231
(ATCC® HTB-26) and MCF-7 (ATCC® HTB-22) were,cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) fincluding 1% Is=
glutamine, 1% pen-strep solution and 10% of fétal'bovine sefum
FBS, at 37°C in a humidified atmosphere containing 5% CO2for
48 hours. The cells were then seeded in 96-well'plates at 4000.cells
per well in 100 ml of DMEM. After 6 hours, the medium was
changed, and DMEM with 1% L-glutamine, 1% pen-strép solution
and 2% of FBS was added, and it was left to stand{or 8 hours. The
tested compounds were then added at different concentrations and
incubated for 48 hours at 37°C in the presenceyof 5% CO2. Crizo-
tinib (Sigma, PZ0191, USA), an approved anti-cancer drug, was
also added as a positive control.

After incubation, 10 pL of MTT reagent (5 mg/ml) was added
to each well, and the plates were incubated for 2 hours at 37°C
under the string. The MTT formazan crystals were dissolved by

Zegheb et al.

adding 100 uL DMSO.

Relative cell viability was estimated by comparing absorbance
values at 570 nm (for absorbance of MTT formazan) and 690 nm
(for the reference wavelength) of treated group and untreated con-
trol group using a FLUOstar Omega microplate reader. IC50 values
(concentration at which cell proliferation was inhibited by 50%)
were calculated using GraphPad Prism software.

2.3. Structure Optimization

Chemical structures of compounds A0-A28 were fully opti-
mized using density functional theory (DFT) and the B3LYP level
of theory [25, 26] with 6-311G++(d, p) basis set using Gaussian
09W software [27], and the optimized structures were saved as
PDBQT files using ADT.

2.4. Molecular Docking Study

The molecular docking study was performed for the five best
active compounds towards MCF-7 using AutoDock 4.2 software
with the AutoDock Tools (ADT) interface [28]. Estrogen alpha
(ERa) and progesterone receptors (PR) (PDB ID: 210G [29]@and
1A28 [30], respectively) were chosen as targets for this study (Ta-
ble 2). Both receptors were 'first prepared using Discovery Studio
Software [31]. The preparation involved the elimination of all water
molecules and cofactorsito obtain the raw protein’s structure, after
which (the active site'was defined. The polar hydrogen atoms were
addedialong with the charges using ADT.

The docking procedure consisted of two main steps; the first
step was the generation of interaction maps of the receptor using the
AutoGrid tool, with the grid boxes sized 50 x 50 x 50 A, spacing
0.5 Awwith coordinates X = 24.685, Y = 5.51 and Z = 23.906 for
ERa, and 50 x 50 x 50 A, spacing 0.5 A with coordinates X=
26.573, Y= 8.374, Z= 64.687 for PR. The second step consisted of
the docking of the ligands into the receptor with AutoDock4. La-
marckian genetic algorithm was utilized for docking search with a
number of evaluations: 2,500,000, population size: 150. The num-
ber of runs was 20 for each ligand. The graphical interface of ADT
was used to dock and view the obtained results. Finally, different
values of binding energy were obtained, and the best poses with the
lower docking energy [32-34] were selected and used in the dock-
ing analysis using Protein-Ligand Interaction Profiler [35].

2.5. Drug-likeness Screening

The drug-like nature was predicted for the five potent com-
pounds using the free web-server SwissADME [36, 37] by entering
the SMILES of the compounds. The Lipinski rule of five, Ghose,
Veber, Egan and Muegge rules were used for this analysis as well
as the bioavailability score.

Table 1. Chemical structures of N-ferrocenylmethylaniline derivatives used for anti-proliferative activity study and QASR analysis.

Code R' R’ Code R' R2 Code R' R’
A0 H H Al10 H 4-Cl A20 H 4-COMe
Al COMe 4-CN All H 3-Br A21 NHCOMe H
A2 COEt H Al2 H 4-Br A22 NHCOPh H
A3 COPh H Al3 H 2-CN A23 COMe 2-NO,
A4 CO-Ph-2-NO, H Al4 H 3-CN A24 COMe 3-NO,
A5 H 2-Me AlS H 4-CN A25 COMe 4-NO,
A6 H 3-Me Al6 H 2-NO, A26 COMe 2-CN
A7 H 2-Et Al7 H 3-NO, A27 COMe 3-CN
A8 H 2-Cl Al8 H 4-NO, A28 COMe H
A9 H 3-Cl Al19 H 2-COMe
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Table 2. Target receptors’ information chosen for docking studies.
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Estrogen receptors alpha (ERa)

PDB ID 210G
Resolution (A) 1.60
R-Value Free 0.328
R-Value 0.212
Space Group P6522
Chains A
Organism

Homo sapiens

Progesterone receptors (PR)

PDB ID 1A28
Resolution (A) 1.80
R-Value Free 0.227
R-Value 0.191
Space Group P12,1
Chains A,B
Organism

Homo sapiens

2.6. Quantitative Structure—activity Relationship (QSAR)

A data set containing 29 N-ferrocenylmethylaniline derivatives
as potent anti-proliferative agents were selected for the QSAR
study. The data set was prepared by converting the obtained IC50
values (UM) to the logarithmic scale [pIC50 = -log IC50] as well as
the molecular descriptors, which were calculated using Gaussian
09W [27] and HyperChem (8.03) [38] software and the web-server
SwissADME [36, 37].

The QSAR properties module from HyperChemr (8.03) {38]
were used to calculate molar polarizability (Pel),” molar wolume
(MV) and molar weight (MW). The semi-empirical PM3_ optimized
geometry was used to calculate the heat of formation (HE).

The Quantum Chemical descriptors, dipole moment (DM),
energy of frontier orbital’s HOMO, LUMO, energetic gap (GapE),
atomic net charges (qFel, qN1, qC9, qC104 qC11, qC12, qC13,
qC14 and qCl15) and total energy (E), were ‘computed through
Gaussian 09W software [27] by asing *DFT/B3LYP with 6-
311G++(d,p) basis set.

Moreover, partition coefficient (logP), the molar refractivity
(MR), topological polar surface area (TPSA) and water solubility
(logS) were obtained using the free web-server SwissADME [36, 37].

The final step in QSAR model development was model valida-
tion. In order to test the validity of the predictive power of the se-
lected MLR model, as opposed to traditional regression methods,
the cross-validation method estimated a model’s trustworthiness by
predicting data. This approach uses the following cross-validated
parameters: PRESS (predicted residual sum squares), SSY (sum of
the squares of response value), R%cv (overall predictive ability),
Spress (uncertainty of prediction), and PSE (predictive square er-
ror), equations 1, 2, 3 and 4 [39-43].

| PRE.
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3. RESULTS AND DISCUSSION

3.1. Anti-proliferative STUDY

The anti-proliferative assay was performed to evaluate the in-
hibitory effect of the studied compounds against both hormone-
dependent (MCF-7) and hormone-independent (MDA-MB-231)
breast cancer cells.

As demonstrated in Fig. (2), all compounds showed promising
cytotoxicity against MCF-7, with the most potent ones being A2,
A9, Al4, A17 and A27, with ICsy values equal to 17.9, 14.14,
14,.06, 19.34 and 15.9 pM, respectively. The only inactive com-
pounds identified were A16 and A23, with ICsy equal to 201.6 and
227.2 uM, respectively. In contrast, most of the tested compounds
were inactive against MDA-MB-231, with ICs, ranges from 101.7
to 318.4 uM, with the exception of compounds A10, A14, A25 and
Al, which showed moderate cytotoxicity, with ICsy values equal to
83.24, 60.93, 31.4 and 79.56 uM, respectively. A similar result has
been presented previously, where a ferrocenic derivative (1,2-
bis(4'-hydroxyphenyl)-2-ferrocenyl-but-1-ene) showed very weak
cytotoxicity against MDA-MB-231. However, 1,1-bis(4'-
hydroxyphenyl)-2-ferrocenyl-but-1-ene indicated strong effects
against those cells [18]. In addition, A25 indicated cytotoxicity
against MDA-MB-231, as well as MCF-7, which may be explained
by the existence of ERP in both MDA-MB-231 and MCF-7 that
could mediate the cytotoxicity [18, 44].

Results from (Fig. 2) further highlight the fact that compound
A14 was the most potent compound against both cancer cell lines.
In addition, the high activity of A14, as compared with its two ana-
logues, A13 and A1S5, indicated that the cyano group in the meta
position might increase its activity against cancer cell lines. Al-
though the activity of compounds A13, A14 and Al5 against cell
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Fig. (2). ICs, values of compounds A0-A28 and Crizotinib of cell proliferation assay against MCF-7 and MDA-MB-231.

lines was weakened by the acylation of their azote atom, the acy-
lated form of the meta cyano derivative A27 still possessed the
highest activity compared to A26 and Al. Overall, the results ob-
tained indicate that the presence of electron-withdrawing groups
and electron-donating groups in the aromatic ring attached to the
ferrocene moiety could perhaps be the key behind the different
efficacy of this studied series of N-ferrocenylmethylaniline deriva-
tives, which operates via the same mechanism as that of any anti-
proliferative drugs. In addition, the amine group of the studied se-
ries is usually activated when an electron-withdrawing group 4§ in
the meta position of the aromatic ring, which is the reason behind
the high cytotoxicity of compounds A2, A9, Al4, A17 and A27
against MCF-7.

Although most of the studied compounds showed temarkable
cytotoxicity, Crizotinib, which is used as a standard»anti-cancer
drug in this study, showed stronger cytotoxicity against both  cell
lines with IC50+SEM values equal to 3.5€15 _uM for MDA=MB-
231 and 3.5+1.5 uM for MCF-7.

3.2. Molecular Docking

Molecular docking was performed to determine the preferred
binding site and binding mode between the.five most active com-
pounds against MCF-7. Since MDA-MB-231 lacks the estrogen and
progesterone receptors, molecular doeking was performed on the
crystal structure of estrogen (ERa) and progesterone (PR) receptors.

The overall results observed from the docking study indicated
high binding affinity between the five chosen molecules (A2, A9,
Al4, A17 and A27), and both targets, ERa and PR, with binding
free energy in the range from -8.01 to -9.83 kcal.mol™, Table 3.

Among the studied compounds, A27 showed the highest bind-
ing affinity towards both receptors, with the lowest binding free
energy values of -9.05 and keal.mol™, respectively.

Molecular docking results further pointed out that hydrogen
bonding, hydrophobic forces, and n-m stacking interactions are in-
volved in the binding process between nearby residues of the recep-
tors ERa and PR and the five studied compounds. Tables 4 and 5
summarize the interacting residues with their corresponding dis-
tances. As seen in Table 4, all compounds contained two hydrogen
bonds, except A2, which interacted beside A9 via n-n stacking in-
teraction with the amino acids Phe 404 and Trp 393, respectively
(Fig. 3). The types of amino acids involved in the interactions con-
firm that all studied compounds were located at the estrogen bind-
ing cavity, and this observation is further supported by previously
published work [45].

Our results stand in good, agreement with previous studies that
confirm that progesterone binds to its receptor via hydrogen and Van
Der Waals interactions using the same amino acids, as shown in our
study (Fig. 4) [46, 47]. The molecular docking study also revealed
thatitheadentified compounds have higher binding affinity with ERa
than with PR. Finally, compound A27 showed high binding affinity
with both receptorss and figure 5 illustrates the secondary structure
view of the adducts, A27-ERo (Fig. 5a) and A27-PR (Fig.5b).

3.3. Drug-likeness Prediction

Drug-likeness studies qualitatively measured the chance of a
molecule becoming an oral drug by assessing its bioavailability.
Five different rules-based filters were used to calculate the drug-
likeness for the five chosen compounds. The results highlighted that
all the compounds show good drug-likeness scores with zero viola-
tion of understudy drug-likeness rules, except for A9, which had 1
violation (MLogP > 4.15) with Lipinski rule of five, and 2 viola-
tions (XLOGP3 > 5 and Heteroatoms <2) with Muegge filter. The
Abbot bioavailability score predicts the chance of compound to have
at least 10% oral bioavailability in rat or quantifiable Caco-2 cell line
permeability experiments and defined by a probability score of 11%,
17%, 56%, and 85% [48]. The candidate compounds showed a score
of 55%, indicating good bioavailability. Table 6 shows the obtained
results of drug-likeness rules and the bioavailability.

3.4. Quantitative structure-activity relationship (QSAR)

Here, we tried to develop the best 2D-QSAR model to explain
the correlations between the physicochemical properties and the
anti-proliferative activity against MCF-7 cell lines. Table 7 shows
the values of the calculated descriptors used in order to establish the
2D-QSAR model. MLR analysis was then performed and the best
model was selected from several QSAR equations based on differ-
ent statistical parameters, such as correlation coefficient (R > 0.8),
squared correlation coefficient (R2 > 0.6), standard error of esti-
mate (SEE < 0.3) and F-statistic values at 96% significance level.

pLlC50 = —-13.85-2.179 H/OMO + 0.0003 £
+0.10747R +0.022477"+ 0.005 AZF

—0.617 Pol/—0.02977SA
~0.836¢4C11—0.8294M

)

After multiple regression analysis using SPSS statistics 22
software [49], the best statistically significant generated correlation
was given in the following model, (relation (5)).
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Table 3. Binding free energy (AG) and binding constant (K) for the 5 studied molecules with ERa and PR.
Compounds ERa PR
- -AG (Kcal/mol) KM -AG (Kcal/mol) KM
A2 8.12 724.44 x10° 8.93 278331 x10°
A9 8.01 603.42 x10° 8.97 2974.60 x10°
Al4 8.23 869.73 x10° 8.75 2063.76 x10°
Al7 7.48 250.11 x10° 9.82 12213.86 x10°
A27 9.05 3397.52 x10° 9.83 12418.51 x10°
Table 4. Distances of formed bonds between the ligands and ERa residues.
A2 A9 Al4 A17 A27
Bonds type
AA Dist AA Dist AA Dist AA Dist AA Dist
LEU346 3.36 PRO324 3.87 LEU346 3.94 LEU346 335 THR347 3.52
LEU384 3.27 ILE326 3.49 THR347 3.51 ALA350 3.58 LEU349 3.10
LEU387 3.75 GLU353 335 LEU349 3.34 LEU384 3.62 ALA350 3.13
LEU391 3.59 MET357 3.37 ALA350 3.18 LEU387 3.78 TRP383 3.12
Hydrophobic inter- ILE424 3.41 LEU387 3.89 ALA350 3.20 LEU391 3.62 LEU387 3.62
actions ILE424 373 ARG394 331 TRP383 3.17 - - PHE404 3.79
PHE425 335 PHE445 3.14 LEU387 340 - - LEUS25 3.20
HIS524 3.54 PHE445 3.59 PHE404 3.47 - - - -
LEUS25 3.85 - - LEUS25 3.78 - - - -
- - - - LEUS525 332 - - - -
- - GLU353 2.01 ARG394 1.90 ARG394 1.67 ARG394 1.98
H-bonds
- - ARG394 2.89 ARG394 2.98 ARG394 297 ARG394 3.11
n-Stacking PHE404 5.05 TRP393 4.46 - - - - - -
Table S. Distances of formed bonds between the ligands and PR residues.
A2 A9 Al4 A17 A27
Bonds type
AA Dist AA Dist AA Dist AA Dist AA Dist
LEU715 3.40 LEU718 3.76 LEU715 3.38 LEU715 337 LEU715 337
LEU715 3.93 LEU721 342 VAL760 3.85 LEU718 3.18 LEU718 3.18
LEU718 3.36 LEU721 3.97 LEU763 3.88 LEU718 3.48 LEU718 3.48
LEU718 3.51 TRP755 3.78 PHE778 3.67 PHE794 3.90 PHE794 3.90
MET759 3.47 PHE778 335 LEU797 335 TYR8&90 3.79 TYR8&90 3.79
Hydrophobic inter-
actions LEU763 3.80 TYR8&90 3.28 TYR8&90 3.60 - - - -
LEU797 3.46 THR&94 3.81 PHE905 3.87 - - - -
LEUg87 3.27 - - PHE905 3.83 - - - -
LEUg87 3.54 - - - - - - - -
THR&94 3.60 - - - - - - - -
PHE905 3.14 - - - - - - - -
- - ASN719 1.92 GLN725 2.18 LEU718 2.18 LEU718 2.18
- - - - ARG766 2.08 GLN725 1.88 GLN725 1.88
H-bonds
- - - - - - LEU763 3.70 LEU763 3.70
- - - - - - ARG766 1.75 ARG766 1.75
n-Stacking - - - - - - PHE778 5.19 PHE778 5.19
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A2-210G A9-2I0G A14-210G

LEU346A
>394,

verEN3

VLVENH

Al17-210G A27-210G

Fig. (3). 3D interaction between studied ligands and the target ERa (PDB ID: 21@ where th
i

lmes show hydrophobic bonds and the blue lines show H-
bonds. (4 higher resolution / colour version of this figure is available in tﬁ

c copy g‘ ticle).

THREG4A

EUT97A

ARG766A

A2-1A28 A9-1A28 Al4-1A28

GLN725A

ARG766A

Al17-1A28 A27-1A28

Fig. (4). 3D interaction between studied ligands and the target PR (PDB ID: 1A28), where the grey lines show hydrophobic bonds and the blue lines show H-
bonds. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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(@ (b)

Fig. (5). Docking poses of A27 with 210G (a) and 1A28 (b), illustrating the secondary structural view of the interactions between the proteins and the exam-
ined ligand. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 6. Details of different drug-likeness rules and the bioavailability.

Compounds Lipinski Ghose Veber Egan Muegge Bioavailability Score

A2 Yes; 0 violation Yes Yes Yes Yes 0.55

A9 ﬁf()l (;/lioia‘t‘i.(;r;: Yes Yes Yes No; 2 violationst:o)r(nLS(i(‘;PS > 5, Heteroa- 055

Al4 Yes; 0 violation Yes Yes Yes Yes 0.55

Al7 Yes; 0 violation Yes Yes Yes Yes 0.55

A27 Yes; 0 violation Yes Yes Yes Yes 0.55

Table 7. Values of molecular descriptors used in the multiple regression analysis.

Comp | pIC50 HOMO LUMO AE Total E DM MR logP [ MogS | MV (AY) HF TPSA MW Posl
(eV) (eV) (eV) (a.u) (Debay) | (A% (kcal/mol) (A% (amu) | (A
A0 4.298 -5.442 -0.49 4.952 -1976.69 1.796 78779 3.03 -4.76 798.72 -148.52 12.03 291.18 | 30.25
Al 4.504 -5.608 -1.983 3.624 -2221.68 4966 93.42 2.63 -4.49 949.61 -152.842 44.1 358.22 | 35.86
A2 4.747 -5.687 -0.626 5.061 -2168.71 3.810 93.51 3.15 -4.77 941.97 -191.884 20.31 347.24 | 3584
A3 4514 -5.442 -1.252 4.191 -2321.17 3.456 108:6 39 -6.01 1047.36 -152.411 20.31 395.28 | 41.83
A4 4.555 -5.448 -2.765 2.683 -2525.73 6.184 11743 3.19 -6.79 1100.54 -156.861 66.13 4402 | 43.55
A5 4.328 -5.496 -0.462 5.034 -2016.02 1.229 83.76 33 -5.14 841.92 -155.7 12.03 305.2 | 32.09
A6 4.478 -5.388 -0.489 4.898 -2016.02 1:606 83.76 33 -5.14 848.88 -157.865 12.03 305.2 | 32.09
A7 4418 -5.496 -0.462 5.034 -2055.34 1.222 88.57 3.56 -5.58 890.31 -158.701 12.03 319.23 | 33.92
A8 4201 -5.586 -0.582 5.004 -2436:32 2.138 83.8 35 -5.41 837.18 -155.037 12.03 325.62 | 32.18
A9 4.850 -5.632 -0.634 4.998 -2436.32 3418 83.8 35 -5.41 842.77 -155.491 12.03 325.62 | 32.18
Al0 4.465 -5.551 -0.653 4.898 -2436.32 3.874 83.8 35 -5.41 842.09 -155.44 12.03 325.62 | 32.18
All 4.327 -5.633 -0.653 4979, -4550.24 3.48 86.49 3.57 -5.48 860.72 -141.27 12.03 370.07 | 32.88
Al2 4.144 -5.551 -0.68 4871 -4550.24 3.96 86.49 3.57 -5.48 861.34 -141.25 12.03 370.07 | 32.88
Al3 4431 -5.769 -1.415 4354 -2068.97 4.486 83.51 2.89 -5.54 857.83 -111.68 35.82 316.19 | 32.1
Al4 4.852 -5.714 -1.524 4.191 -2068.97 6.092 83.51 2.78 -4.97 855.64 -113.73 35.82 316.19 | 32.1
Al5 4.569 -5.905 -1.143 4.762 -2068.97 8.250 83.51 2.78 -4.97 851.21 -118.746 35.82 316.19 | 32.1
Al6 3.696 -5.606 -2.64 2.966 -2181.27 5.147 87.62 2.56 -6.12 837.99 -159.441 57.85 336.17 | 31.97
Al7 4714 -5.823 -2.612 3211 -2181.27 6.752 87.62 2.45 -5.55 866.96 -156.37 57.85 336.17 | 31.97
Al8 4253 -5.987 -2.259 3.728 -2181.27 9.448 87.62 2.45 -5.55 865.39 -158.208 57.85 336.17 | 31.97
A20 4.327 -5.741 -1.279 4.462 -2129.38 6.326 88.99 2.96 -4.79 910.78 -189.498 29.1 333.21 | 34.01
Al19 4.389 -5.632 -1.768 3.864 -2129.38 5.052 88.99 3 -5 900.48 -187.028 29.1 333.21 | 34.01
A21 4.069 -5.742 -0.653 5.089 -2184.74 3.953 91.5 2.64 -4.82 926.6 -164.587 32.34 348.23 | 35.36
A22 4.365 -5.66 -1.252 4.408 -2376.52 3.424 96.31 2.93 -5.32 1072.71 -128.642 32.34 4103 | 43.18
A23 3.644 -5.578 -2912 2.667 -2333.96 6.31 97.52 2.15 -5.07 944.33 -194.722 66.13 378.21 | 35.72
A24 4.292 -5.959 -2.721 3.238 -2333.96 8.893 97.52 2.15 -5.07 930.05 -201.07 66.13 378.21 | 35.72
A25 4.386 -5.687 -3.075 2.612 -2333.96 2.193 97.52 2.15 -5.07 953.21 -196.525 66.13 378.21 | 35.72
A26 4351 -5.551 -2.095 3.456 -2221.67 6.395 93.42 2.63 -4.49 943.26 -151.403 44.1 358.22 | 35.86
A27 4.799 -5.606 -2.095 3.51 -2221.67 4.035 93.42 2.63 -4.49 94931 -152.688 44.1 358.22 | 35.86
A28 4.603 -5.469 -0.925 4.544 -2129.40 3.87 88.7 2.85 -4.28 894.27 -188.402 20.31 333.21 | 34.01

Table 7 Contd....
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Comp aFe acd qC10 (C) qC11 (C) qC12 (C) qC13 (C) qC14 (C) qC15 (C) a1
©) ©) ©)
A0 0.561 -0.095 0.662 -1.14 -0.324 -0.124 -0.272 -0.373 0.206
Al 0.651 -0.419 1.003 -1.355 -0.821 0.134 -0.277 1.749 0.665
A2 0.548 -0.4 -0.316 -0.539 -0.745 -0.465 -0.129 -0.29 0.574
A3 0.454 -0.167 0.749 -0.8 -0.281 -0.381 -0.397 0.018 0.546
A4 0.457 -0.392 0.842 -0.895 -0.171 0.073 -0.402 -0.274 0.521
AS 0.639 -0.18 0.345 -0.929 -0.313 0.355 -0.081 -0.409 0.184
A6 0.59 -0.099 0.736 -1.189 -0.46 0.396 0.603 -0.749 0.219
A7 0.629 -0.264 0.563 -0.975 -0.062 0.572 -0.216 -0.509 0.185
A8 0.555 -0.199 0.692 -1.085 -1.39 1.111 -0.198 -0.524 0.303
A9 0.544 -0.137 0.668 -1.087 -0.661 -0.339 0.527 -0.717 0.205
Al0 0.551 -0.155 0.682 -1.121 -0.646 -0.24 -0.649 0.554 0.218
All 0.559 -0.122 0.682 -1.126 -0.248 -0.339 0.091 -0.218 0.199
Al2 0.556 -0.115 0.645 -1.115 -0.464 -0.224 -0.253 0.081 0.211
Al3 0.868 -0.324 -0.22 -0.451 -0.579 1.479 0.151 -0.367 0.108
Al4 0.593 -0.368 -0.832 -1.267 -0.407 0.849 1.339 -0.703 0.192
Als 0.527 -0.2 -0.026 -0.304 -0.058 -0.069 -0.259 1.84 0.078
Al6 0.429 -0.176 0.731 -0.998 -0.257 -0.032 0.066 -0.395 0.093
Al7 0.71 -0.355 -0.185 -0.707 -0:455 0.338 0.203 0.286 0.121
Al8 0.821 -0.373 -0.152 -0.468 -0.066 0.466 -0.002 -0.451 0.066
Al9 0.778 -0.405 -0.029 -0.535 -0.405 -0:766 -1.217 1.596 0.102
A20 0.842 -0.417 -0.116 -0.553 -0.404 0.703 -0.005 -0.498 0.235
A21 0.802 -0.385 0.361 -0.905 -0:584 0.007 -0.086 -0.301 0.901
A22 0.539 -0.423 0.768 -0.936 -0.112 -0.433 -0.226 0.074 -0.573
A23 0.696 -0.31 -0.772 =0.986 -0.199 -0.199 0.071 -0.429 0.855
A24 0.784 -0.302 0.893 -0.85 -0.035 -0.543 -0.217 0.104 0.536
A25 -0.146 -0.36 0.468 -0.541 0.465 -0.305 -0.347 0.367 -0.244
A26 0.704 -0.198 1.048 -1.302 -0.954 1.198 -0.078 -0.374 0.703
A27 0.79 -0.47 =0.913 -1.26 -0.788 -0.383 1.445 -0.316 0.591
A28 0.736 -0.455 0913 -1.132 -0.66 0.152 -0.278 -0.382 0.55

The model shows R = 0.92 and R?*= 0.84,awhich allowed us to
firmly confirm the correlation between the.deseriptors (HOMO, E,
MR, MV, HF, POL, TPSA, qCll~and qN1) and the anti-
proliferative activity against the MCF=7"cell line. The calculated F
value of the obtained model was equal to 9.33, which was greater
than the one tabulated by a wide margin, required for a meaningful
regression. The positive value of Q equal to 6.75 for QSAR’s model
suggests its high predictive power. Moreover, the accuracy in the
analysis was indicated by the low standard error of estimate, which
was equal to 0.14. All the t-statistic values were found to be signifi-
cant, confirming the significance of each descriptor.

The equation showed that the negative coefficients of HOMO,
Pol, TPSA, qC11 and gN1 explain that any increase in HOMO
energy, polarizability, topological polar surface area and the
charges of C11 and N1 of the compounds causes a decrease in the
biological activity. Conversely, the positive coefficients of E, MR,
MYV and HF indicated that any increase in these parameters causes
an increase in biological activity.

The correlation matrix between the descriptors obtained by the
MLR analysis and the biological activity is reported in Table 8,
where the descriptors obtained afterwards are correlated with each
other and the biological activity. Table 8 further shows that the heat
of formation and TPSA are important parameters in the correlation

between the selected descriptor and the anti-proliferative activity
against MCF-7 cell lines.

The generated model was validated for predictive ability inside
the model using the “’Leave One Out’’ method (LOO). From the
results depicted in Table 9, the obtained model was statistically
significant. The PRESS value was lower than SSY, which indicates
that the model predicts better than chance and can be considered
statically significant. Furthermore, the PRESS/SSY ratio was equal
to 0.151, which should be lower than 0.4 [50]. The high R%, and
low Spress (equal to 0.848 and 0.148, respectively) reflect its good
predictive potential. Also, the high value of R%; is an important
criterion for our QSAR model to have the best qualification.

The predictive error of the coefficient correlation PE is another
parameter used to evaluate the predictive power of the obtained
model. For the developed model, the condition of R > 6 PE was
satisfied, hence, the model has good predictive power.

Fig. (6) shows the plot of linear regression of predicted versus
experimental values of the biological activity. The plot for the
model shows a good correlation with experimentally reported data
having R? = 0.848. The plot of residuals pICs, against the experi-
mental values of the biological activity does not show any system-
atic error (Fig. 7 and Table 10). The propagation of the residuals on
both sides of zero indicates that no systematic error exists, as sug-
gested by Jalali-Heravi and Kyani [51].
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Table 8. Correlation Matrix for the obtained model.

- pIC50 HOMO E MR MV HF pol TPSA qC11 qN1
pIC50 1.000 - - - - - - - - -
HOMO -0.125- 1.000 - - - - - - - -
E 0.168 -.086- 1.000
MR -0.018 0.135 0.01 1.000
MV 0.076 0.102 0.053 0.926 1.000
HF 0.283 0.008 -0.117 -0.351 -0.191 1.000
pol 0.051 0.155 0.019 0.906 0.988 -0.14 1.000
TPSA -0.204 -0.393 0.264 0.55 0.442 -0.344 0.35 1.000
qCl11 0.053 -0.502 0214 0.113 0.095 -0.146 0.066 0.206 1.000
gN1 -0.134 0.108 0.068 0.303 0.145 -0.325 0.098 0.151 -0.285 1.000
Table 9. Cross-validation parameters.
R R, PE 6PE SSY PRESS SerESS PRESS/SSY
0.758 0.848 0.021 0.129 2.191 0.332 0.148 0.151
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Fig. (6). Scatter plot between the Observed and Predicted Ac-  Fig. (7). Plots of the residual values against the experimentally observed
tivities of Model. values.

Table 10.  Observed and calculated activity of N-ferrocenylmethylaniline derivatives.

Compounds PICS500ps PIC50p;q Residual
A0 4.298 4.154 0.144
Al 4.504 4.655 -0.151
A2 4.747 4.586 0.161
A3 4514 4.671 -0.157
A4 4.555 4.386 0.169
AS 4.328 4.400 -0.072
A6 4.478 4.492 -0.014
A8 4.201 4.343 -0.142
A9 4.850 4.645 0.205
AlO0 4.465 4.471 -0.006
All 4.327 4332 -0.005
Al2 4.144 4.148 -0.004
Al3 4.431 4.487 -0.056

Table 10 Contd...
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Compounds PICS500ps PIC50p;q Residual
Al4 4.852 4921 -0.069
Als 4.569 4.504 0.065
Al6 3.696 3.752 -0.056
Al7 4714 4.604 0.110
Al9 4.389 4376 0.013
A21 4.069 4273 -0.204
A22 4.365 4.340 0.026
A23 3.644 3.626 0.018
A24 4292 4.264 0.028
A25 4.386 4.587 -0.201
A26 4351 4325 0.026
A27 4.799 4.627 0.172
Thus, the current QSAR research shows that in the generation ACKNOWLEDGEMENTS

of these molecules, this model can be successfully applied to pre-
dict anti-proliferative activity against the MCF-7 cell line.

CONCLUSION

In the present work, the anti-proliferative effect of 29 N-
ferrocenylmethylaniline derivatives against MCF-7 cell lines was
investigated and the results indicated that among the derivatives stud-
ied, five were very active; the binding affinity of these five active
derivatives towards estrogen and progesterone receptors was further
studied by molecular docking. The results of anti-proliferative assays
and molecular docking were in good agreement. Furthermorey the
application of drug-likeness rules shows that most of these com-
pounds, theoretically, can be orally bioavailable. Finally, MER was
used to develop a linear QSAR model for the prediction of the anti-
proliferative activity of N-ferrocenylmethylaniline derivatives. The
built model displayed a good correlation between ithe structure and
anti-proliferative activity of the studied derivativesyThe validation of
the model by “’Leave One Out’’ method (LOO) method suggests that
the model can be used to design new N-ferrocenylmethylaniline de-
rivatives with improved anti-proliferative activity. The,knowledge
gained by this work can be used to designgsmore jpotent N-
ferrocenylmethylaniline derivatives as anti-proliferative agents.
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Abstract

Breast cancer is the most common cancer in women in front of colorectal cancer and lung cancer. Ferrocene derivatives
have proved their efficiency against breast cancer cells. In this thesis we aimed to find new ferrocene derivatives having
pharmacochemistry properties as potential drugs against human breast cancer cells. A series of 29 N-
ferrocenylmethylaniline derivatives (FMA) were optimized to determine the structural, crystal properties and molecular
spectroscopy using DFT/ B3LYP method with 6-311 ++ G (d,p) and LanL2DZ basis sets. The Pharmacokinetics and ADME
properties were also studied. The anti-proliferative activity of the studied derivatives against both hormone-dependent
(MCF-7) and independent (MDA-MB 231) human breast cancer cell lines were performed using MTT test. Moreover, the
binding affinity between FMA derivatives and MCF-7 was further studied by molecular docking using AutoDock 4.2
software, using both estrogen and progesterone receptors as targets. Next, another docking study was performed with
aromatase and 17p-HSD1, the enzymes that catalyse the estrogen synthesis. Finally, the anti-proliferative activity of FMA
derivatives against MCF-7 cell lines was investigated to predict a Quantitative Structure—Activity Relationship (QSAR)
model using molecular descriptors and MLR analysis.

The FMA derivatives have shown an important cytotoxicity effect against MCF-7 cell lines, which was explained
using molecular docking by the interaction of the compounds with the ERa and PR. Furthermore, the molecular docking
study against aromatase shows that A4 and A25 were the best with the lowest binding free energies comparing to other
compounds and ASD. However, moderate affinity was predicted against 17B-HSD1 for all compounds comparing to E2B.
This indicate that these derivatives might be strong drug inhibitors of Aromatase. The best equation of regression contains
HOMO, E, MR, MV, HF, POL, TPSA, qC11 and gN1 descriptors. The QSAR model indicates that these descriptors have
significant relationships with the observed bioactivity. The model was validated for predictive ability inside the model using
Leave One Out method (LOO), which proves that the model can be successfully applied to predict anti-proliferative activity
against MCF-7 cell line.

Résumé

Le cancer du sein est le cancer le plus fréquent chez les femmes, devant le cancer colorectal et le cancer du poumon. Les
dérivés du ferrocéne ont prouveé leur efficacité contre les cellules cancéreuses du sein. Dans cette thése, nous avons cherché
a trouver de nouveaux dérivés du ferrocéne ayant des propriétés pharmacochimiques comme médicaments potentiels contre
les cellules humaines du cancer du sein. Une série de 29 dérivés de N-ferrocénylméthylaniline (FMA) ont été optimisés
pour déterminer la structure, les propriétés cristallines et la spectroscopie moléculaire en utilisant la méthode DFT/ B3LYP
avec les bases 6-311 ++ G (d,p) et LanL2DZ. Les propriétés de pharmacocinétique et ADME ont également été étudiées.
L'activité antiproliférative des dérivés étudiés contre les lignées cellulaires de cancer du sein humain hormono-dépendant
(MCF-7) et indépendant (MDA-MB 231) a été réalisée a l'aide du test MTT. En outre, I'affinité de liaison entre les dérivés
de la FMA et le MCF-7 a été étudiée plus avant par amarrage moléculaire a l'aide du logiciel AutoDock 4.2, en utilisant les
récepteurs d'cestrogeéne et de progestérone comme cibles. Ensuite, une autre étude d’amarrage moléculaire a été réalisée
avec l'aromatase et 173-HSD1, les enzymes qui catalysent la synthése des cestrogénes. Enfin, I'activité antiproliférative des
29 dérivés de la FMA contre les lignées cellulaires MCF-7 a été étudiée pour prédire un modéle de relation quantitative
structure-activité (QSAR) en utilisant des descripteurs moléculaires et I'analyse MLR.

Les dérivés du FMA ont montré un important effet de cytotoxicité contre les lignées cellulaires MCF-7, qui a été
expliqué a l'aide d'un amarrage moléculaire par l'interaction des composés avec le ERa et le PR. En outre, 1'étude de
I'amarrage moléculaire contre I'aromatase montre que A4 et A25 étaient les meilleurs avec des énergies libres de liaison les
plus faibles par rapport aux autres composés et a I'ASD. Cependant, une affinité modérée a été prédite contre 178-HSD1
pour tous les composés en comparaison avec E2B. Cela indique que ces dérivés pourraient étre de puissants inhibiteurs de
I'aromatase. La meilleure équation de régression contient les descripteurs HOMO, E, MR, MV, HF, POL, TPSA, qC11 et
gN1. Le modéle QSAR indique que ces descripteurs ont des relations significatives avec la bioactivité observée. La capacité
prédictive du modele a été validée a I'intérieur du modéle a I'aide de la méthode "Leave One Out" (LOO), ce qui prouve
que le modeéle peut étre appliqué avec succeés pour prédire l'activité antiproliférative contre la lignée cellulaire MCF-7.
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