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PREFACE

Platinum complexes, which are important with their anti-cancer properties were docked with
molecular simulation against breast, ovarian, colon, pancreatic, lung, and melanoma cancer cell lines. The
investigated complexes showed the highest inhibitory activity against the breast cancer cell line. We
concluded that, after evaluating all theoretical results, the title complexes can be considered as an anticancer
drug. Finally, the investigated complexes found to be a good candidate for ETL, HTL, and HIL material.
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ABSTRACT

Theoretical Spectroscopic Properties and Molecular Docking of Platinum
Complexes

Hunar HAMA KHALID

Master’s Thesis
FIRAT UNIVERSITY
Graduate School of Natural and Applied Sciences

Department of Physics
July 2020, Page: x + 043

Vibrational bond stretching and Nuclear Magnetic Resonance (NMR) chemical shifts of Pt(dpb)Cl,
Pt(Fdpb)Cl, Pt(F.dpb)Cl, and Pt(dpb)I complexes have been investigated with computational chemistry
methods. 'H-NMR experimental data for Pt(dpb)I complex are compared with the proton chemical shifts
values calculated by Hartree-Fock (HF) and Density Functional Theory (DFT) methods at a level of B3LYP
and M062X functions with CEP-4G, CEP-31G, CEP-12G, LANL2DZ, LANL2MB, and SDD basis sets.
Electrophilic and nucleophilic regions of the complexes were determined by molecular electrostatic potential
(MEP). Experimental spectroscopic deficiencies, like infrared (IR) and '*C-NMR, were predicted
theoretically. In addition, molecular docking studies are applied against breast, lung, ovarian, pancreatic, and
melanoma cancer cell lines. It was found that the complexes were active against investigated cancer cell lines
except for pancreatic one as compared to the cis-platinum. Finally, OLED material properties of platinum
complexes are investigated.

Keywords: Platinum complexes, FTIR and NMR, Molecular docking, Anti-Cancer
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OZET

Platin Komplekslerinin Teorik Spektroskopik Ozellikleri ve Molekiiler
Yerlestirme

Hunar HAMA KHALID
Yiiksek Lisans Tezi

FIRAT UNIVERSITESI
Fen Bilimleri Enstitiisii

Fizik Anabilim Dali
Temmuz 2020, Sayfa: x + 043

Hesaplamali kimya yontemleri ile Pt(dpb)Cl, Pt(Fdpb)Cl, Pt(F2dpb)Cl ve Pt(dpb)I komplekslerinin
titresim bag1 gerilmesi ve Niikleer Manyetik Rezonans (NMR) kimyasal kaymalar1 arastirilmistir. Pt(dpb)I
kompleksi i¢cin 1H-NMR deneysel verileri, CEP-4G, CEP ile B3ALYP ve M062X fonksiyonlar ile Hartree-
Fock (HF) ve Yogunluk Fonksiyonel Teorisi (DFT) yontemleri ile hesaplanan proton kimyasal kayma
degerleri ile karsilastirihip CEP -31G, CEP-12G, LANL2DZ, LANL2MB ve SDD temel kiimeleri kullanildi.
Komplekslerin elektrofilik ve niikleofilik bdlgeleri molekiiler elektrostatik potansiyel (MEP) ile
belirlenmistir. Kizildtesi (IR) ve C-NMR gibi deneysel spektroskopik eksiklikler teorik olarak
hesaplanmistir. Ayrica, gogiis, akciger, yumurtalik, pankreas ve melanom kanseri hiicre hatlarina karsi
molekiiler yerlestirme (docking) calismalari yapildi. Komplekslerin, cis-platin ile karsilastirildiginda
pankreatik olanlar disindaki aragtirtlmig kanser hiicrelere karsi aktif olduklari bulundu. Son olarak, platin
komplekslerinin OLED malzeme 6zellikleri aragtirildi.

Anahtar Kelimeler: Platin kompleksleri, FTIR ve NMR, Molekiiler yerlestirme, Anti-Kanser
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1. INTRODUCTION

Cancer is an abnormal or uncontrolled growth of new cells anywhere on the body. Cancer
cells invade the surrounding tissues and can metastasize to body parts. Cancer cells are formed by
mutant gene formation in cell DNA. There are many methods of treating such a condition that
causes cell DNA to mutate. Among these methods, the place of chemical therapy (chemotherapy)
is very important. It is known that many organic and inorganic chemical species are used for this
purpose. Inorganic chemical species are very popular in cancer treatment in recent years. The fact
that metal complexes have different coordination numbers (Figure 1.1) and different redox

properties facilitated the development of metal complexes medically.
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Figure 1.1. Different Coordinated Metal Complexes [1].

Negative portions of proteins and nucleic acids provide excellent ligands for binding to
positively charged metal centers. Thus, positive results are obtained in cancer treatment by repairing

the mutant parts of DNA.

1.1. Platinum Complexes on Cancer Therapy

In the last thirty years, platinum-based drugs, especially cisplatin and carboplatin are given
Figure 1.2, have dominated the treatment of various cancers. Platinum complexes with cis geometry

inhibit the growth of cancer cells according to structure-activity relationships.

0
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Figure 1.2. Molecular Structure of Cisplatin and Carboplatin [4]

These complexes have at least one N-H group responsible for the hydrogen bond, donor

properties, important for the biological target. Platinum complexes are popular chemotherapeutic



agents due to ligand exchange kinetics. The ligand exchange behavior of Platinum complexes is
rather slow, which provides high kinetic stability. In this way, platinum complexes can be classified
as the most functional agent used in chemotherapy and photodynamic therapy (PDT), one of the

notable methods of cancer treatment.

1.2. Photodynamic Therapy

Photodynamic therapy (PDT) is a treatment in which photosensitive substance is used. When
light is exposed to a certain wavelength of light, they produce an oxygen form that kills close cells
[2-4]. Each photosensitive substance is activated by light at a certain wavelength [4,5]. This
wavelength determines how far light can travel in the body [4,6]. Therefore, they use certain
photosensitizers and light wavelengths to treat different parts of the body with PDT. The first step
in the use of PDT for cancer treatment is a photosensitizing agent injected into the bloodstream [2]
and the agent leaves most normal cells, but the tumor is exposed to light and light destroys most

cancer cells [2-4,7].

1.2.1. Platinum Complexes on Photodynamic Therapy

Photodynamic therapy (PDT) is one of the new methods developed to kill cancer cells. In
this treatment, it is a treatment that uses special drugs called light-sensitive agents with light.
Phototherapy with photodynamic therapy (PDT) and photoactive chemotherapy (PACT) has

received much attention in the treatment of cancer due to its minimal invasiveness [8].

Photoactive platinum complexes have Pt (II) with d® electron configuration and Pt (IV) with
d® electron configuration. Pt (II) complexes have been studied for blocking the growth of cancerous
cells on different types of human cancer [9]. Because Pt (II) complexes have a wide emission color
spectrum. They also have several distinctive features, such as high luminescence, short life of triple
excited states. Different platinum complexes made with trans-platinum are given in Figure 1.3.

[10].
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Figure 1.3. Some Complexes That Increase Cytotoxicity When Irradiated With UV [13]



When the complexes are given in Figure 1.3. were irradiated with UVA, they showed a
double increase in toxicity compared to trans-platinum. The increase in cytotoxicity was associated

with the formation of bifunctional DNA interstream cross-links that could not occur in the dark.

Platinum-DNA interaction was first enlightened by Roberts and Pascoe. This form of
interaction applies to all metal complexes. Platinum complexes interact with DNA, and with this
interaction, a twist of 35-40 © occurs in the structure of DNA [11-13]. Thus, DNA polymerase is
prevented and cancerous cell/tissue death occurs [14,15]. Medicines containing platinum form an
active hydrolysis product. It also interacts with serum proteins or sulfur-containing amino
acids/peptides. In this way, it makes proteins and amino acids inactive. As a result, platinum

complexes form a coordination compound with DNA [16,17].

1.3. Photochemistry and Luminescence

Photochemistry is a sub-branch of chemistry related to the chemical effects of light. This
term generally is used to describe chemical reactions that accord by absorption of ultraviolet-visible

light or infrared radiation [18].

Luminescence can be defined as the energy absorbed by material from an external source
and reemits this energy in the form of visible band light. The external energy source can come from
many sources, including chemical, biological, and physical. If this source is based on radiology,

this event is called photoluminescence. Luminescence is divided into two [19].
e Fluorescence, which is (more or less) the instantaneous emission of light

e Phosphorescence, which describes delayed light emission

1.3.1. Luminescence Properties of Platinum Complexes

Organometallic complexes, such as platinum (Pt) complexes, attracted great interest in both
basic and applied research areas. For example, it has application areas such as chemical sensors and
photocatalysts [20-23]. It is also highly effective in organic light-emitting diodes (OLEDs) thanks
to the high internal quantum efficiency of organometallic complexes. This is because it has a strong
spin-orbital pairing at room temperature (RT) [24-26]. Its emission wavelength and luminescence
efficiency are due to the fact that the complex ligand affects the molecular atomic d-orbitals.
Therefore, it is valuable to investigate the crystal structures and photophysical properties of
organometallic complexes [27-30]. Most platinum complexes have developed around luminescent

Pt (II) complexes that have been explored for their beneficial photophysical properties. Their high



efficiency and long life of the emitter state have enabled such complexes to be used in applications
such as chemosensors photocatalysis light-emitting diodes and photovoltaic devices. In particular,
the square planar Pt (II) complexes and ligands that provide m delocalization provide unmatched
shine [31-34]. The platinum complexes given in Figure 1.4. are highly efficient OLED compounds

that have been studied in recent years.

Figure 1.4. Luminescent Platinum(II) Complexes [32-34].

1.4. OLED Properties

The organic compound's ability to light-emitting after organic electroluminescence is called
OLED or Organic LED [35,36]. An OLED device occurs of an electron transport layer (ETL), an
emitter layer (EL), and a hole transport layer (HTL) between a cathode and an anode [37-39].
Besides these layers, next to the cathode is the electron injection layer (EIL) and the anode's hole

injection layer (HIL) [40,41]. These layers are shown in Figure 1.5. [42].

1
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Figure 1.5. Layers of OLED Device [42]

In order to produce highly efficient OLED devices, two important reference materials are
considered for the design of an electron transport layer (ETL) and a hole transport layer (HTL)
materials. Typical material for ETL compounds is tris(8-hydroxyquinoline) aluminum complex

(Alq3) [43-45]. Typical material for HTL compounds is N, N'-diphenyl-N, N'-bis (3-



methylphenyl)-1,1'-diphenyl-4,4'-diamine (TPD) [46-48]. The molecular structures of Alq3 and

TPD compounds are given in Figure 1.6.

Figure 1.6. Optimized Structure Alq3 and TPD Reference Materials [46]

1.5. Computational Chemistry

Computational chemistry is an important tool used as a combination of computer technology
and theoretical chemistry. Computational chemistry methods have many advantages, such as
reducing experimental costs and reducing time loss. Moreover, computational chemistry methods
can analyze three-dimensional structures, spectroscopic properties, anti-cancer activities depending

on the molecular structure and the molecular properties such as OLED properties.

1.5.1. Optimized Structure

In computational chemistry, the position on the geometry optimization potential energy
surface (PES) is a fixed point. That is, according to the molecule chemical binding model, the

atomic force on each atom is acceptably close to zero.

1.5.2. Computational Spectroscopy

Computational chemistry can calculate the spectra of the compounds for a proposed
compound to see if the original frequencies and frequency shifts in the model match the
observation. Typically, frequencies are calculated more accurately than experimental because
frequencies are a function of the square root of the force constant. However, quantum methods can
effectively determine relative IR and Raman densities that are useful for assigning structures to

vibration spectra [48]. However, frequencies are generally scaled to a predetermined factor that



takes into account the basic set, electron correlation, and a harmonic effect [49, 50]. Vibration

frequencies are calculated analytically with the following equations:

1 9%V
Vi = ( ) 1.1
Yo mimj\8qi0g; (-

where Vj; is the Hessian matrix, m; is the mass of atom i, and dg; refers to the displacement of the

atom i in the x-, y- or z-direction.

Nuclear magnetic resonance (NMR) spectroscopy is not a highly sensitive technique in
molecular structure determination. Because NMR allows identifying the elements around the
element. Two- and three-dimensional techniques enable the further development of structures that

are particularly important for determining the structure of organic and inorganic molecules [51-53].

The most typical NMR parameter calculated is the chemical shift of a particularly related
nucleus. The location of the signals in the NMR spectrum is determined by comparison with a
reference standard substance, and TMS (tetramethylsilane) is usually used for this. The gauge-
including atomic orbital (GIAO) method containing meters is the most widely used [54, 55]. It uses

basis functions that have an explicit field dependence in the GIAO method.

1.5.3. Molecular Electrostatic Potential (MEP) Maps

Electrostatic potential maps describe a three-dimensional picture of molecules. These maps
allow someone to visualize the charge distribution in a molecule. Charge distributions in a molecule
can be used for determining how any molecules interact with each other. A very specific data of
the molecule is obtained with the electrostatic potential map. The electrostatic potential energy at
a certain distance from the nucleus of the molecule is calculated by computer programs. This
electrostatic potential is a measure of the power of nuclei and electrons at a given location. A
hypothetical electrostatic potential map of a mine is provided in Figure 1.7. However, when

considered in two dimensions, this may seem rather meaningless.



Figure 1.7. The Two-Dimension Electrostatic Potential Map of a Hypothetical Molecule [51].

The hypothetical molecule can be two-dimensional, but molecules are three-dimensional.
For this reason, computer programs also take into account the three-dimensional is surface
calculations of molecules. MEP maps define the electrophilic and nucleophilic regions of
molecules. It also determines the chemical bonding regions of the molecule. Figure 1.8 shows the

MEP map for a platinum complex.

Figure 1.8. MEP Map of a Platinum Complex [54]

It is very easy to interpret and understand the differences in electrostatic potential energy
with a color-coded map. Red areas with low potential are characterized by abundant electrons. It is

characterized by high potential, blue areas, relative electron absence.

1.5.4. Theoretical OLED Properties

Understanding the charge-carrying system of light-emitting diodes (OLEDs) is very
important for their correct use and development. Marcus theory applications are quite useful for
computational chemistry methods. The theory of Marcus was proposed by Rudolph A. Marcus in

1956 [56]. With this theory, the rate of electron transfer reactions can be explained by the movement



of an electron in the transition from electron donor chemical type to electron acceptor chemical

type.

_ ﬁ 1 _ (ﬁ+AGi]‘)2
Kij == Hi 4n,1kBTexP[ 42kgT (1.2)

Here, Hj; is the electronic coupling between molecule i and j. In addition, this parameter
represents charge transfer integral (7). AG;; is the Gibbs difference free energy between the charge
transfer from molecule i to j. A is defined as reorganization energy, h, as usual, is Planck constant,

kg is Boltzmann constant, and T is defined as absolute temperature [57].

In explaining the OLED properties of molecules with computational chemistry methods, two

basic parameters are examined. These are charge transfer integral and reorganization energy.

Charge transfer is crucial in understanding the charge-bearing property of the molecule in a
chemical reaction [58]. The charge-carrying feature usually takes place between the m-systems of

the molecule [59,60].

The reorganization energy is used to investigate the evolution of molecular geometry [61].
The area of action of the geometric deformation inside the molecule and the activity of the action
force can provide important results. That is why the energy of the molecules undergoing

restructuring is calculated.

1.5.5. Drug Modeling

In recent years, drug modeling studies have attracted great interest. The most important
reasons for this interest in modeling studies are that they are not quite costly and time-consuming.
Molecular modeling is based on the investigation of the relationship between the studied molecules
with effect mechanism. This process is carried out in a 3D dimensional computer environment. All
processes taking this basic principle into account are called molecular docking. In the molecular
docking study, the chemical species is the ligand, and the effect factor is called the target protein.
Ligands are organic and inorganic chemical species. The design of the synthesized or possibly to
be synthesized ligands depends entirely on the user. The functional groups in ligands can be
improved by the exchange of electron acceptor or electron donor groups. The activity of synthesized
or designed ligands may vary depending on the interaction potency with target proteins. With the
ligand examined, the target protein should form a key-lock model and have low binding energy.

This is very important in determining the effectiveness of the ligand in theory. Therefore, the target



proteins to which the ligands will act are the utmost importance. Proteins are dynamic molecules
whose functions vary according to their interaction. A protein may have active sites for more than

one ligand as shown in Figure 1.9. [62].

Catalytic sites

Figure 1.9. Binding Sites and Catalytic Site of a Protein [62].

A protein has more than one active site. The ligand interacts with one of these active regions.
It is possible to determine the position of the ligands on the protein due to their binding poses. The
forces that keep tens of thousands of atoms in the protein together are secondary chemical
interactions such as van der Walls, hydrogen bond, hydrophobic interactions, polar interactions.
Interactions between proteins and ligands are secondary chemical interactions. Interestingly,
through these specific interactions, proteins can separate the ligand from thousands of molecules.
Creating a protein crystal structure and visualizing it in 3 dimensions is a branch of separate science
and is a very important science. There are quite different protein structures for each cancer cell,
bacterial, and fungal cell. The appropriate target protein is determined and this target protein is

supplied from the protein data bank. There are many programs in molecular docking.



2. MATERIALS AND METHODS

After the quantum theory was developed, quantum mechanical laws began to be applied to
atoms and molecules. In this way, all the chemical properties of a molecule can be calculated by
quantum theory. Thanks to the calculated chemical properties, experimental studies can be
supported or they can predict the results obtained without performing experimental studies. The
DFT method (B3LYP and M062X) and CEP-4G, CEP-31G, CEP-12G, LANL2DZ, LANL2MB,

and SDD basis sets were used for the calculations made in this study.

2.1. Density Function Theory (DFT)

Density function theory is a theory developed by Thomas and Fermi in 1927. The DFT
approach is based on modeling electron correlation through electron density functions. Such

methods are based on the Hohenberg-Kohn theorem.

Hohenberg and Kohn developed the DFT in 1964 to find the status of an inhomogeneous
electron gas system at minimum energy [64]. According to the Hohenberg-Kohn theorem, the
ground state properties of a multi-electron system depend only on the electronic density of n(x, y,
7). A system's total energy is expressed by E[n(x, y, z)]. Approximate functionalities used by DFT

methods divide electronic energy into various parts [65].

E=Er+ Ev + E; + Exc (21)

Here, the term kinetic energy resulting from the movement of Er electrons is the term that
defines the probe potential energy between the Ev core-electron attraction and nucleus pairs. Ej is
the term electron-electron repulsion and Exc is the exchange-correlation term that includes other
electron-electron interactions. All terms, except nuclei-nucleus repulsions, are a function of the

electron density p. Therefore, it is expressed functionally.

Hohenberg and Kohn showed that Exc will be determined entirely by electron density. In
general, in practice, the term Exc was given only with an integral containing spin densities and

possible components.

EX = [ (p, (1.9, (1), Vp,, (1), Vp;, (1) ) d’r 22



Here p, shows a spin density, pg B spin density, and p total electron density (p« + pp). Exc is
usually divided into two parts, the exchange and correlation sections corresponding to the same-

spin and mixed-spin interactions.

Exc (p) = Ex (p) + Ec (p) 2.3)

All three terms in this equation depend on electron density and are called functional
exchanges and correlation functions that define the two terms to the right of the equation. Each
component can have two different types. Local functionalities depend only on electron density p

[66].

2.1.1. DFT Exchange-Correlation Functionals
* Local density approach (LDA): It depends only on the density at a given point.
* Gradient corrected approach (GGA): Depends on local density and gradient.
» Meta-GGA: The functional density depends on its gradient and its second derivative.
» Hybrid DFT: Contains a trade term as part of the Hartree-Fock theory formulation [67].

In practice, self-compliant Kohn-Sam DFT calculations are made with an iterative procedure
similar to SCF calculation. Kohn and Sam reported that such a similarity between the Hartree-Fock

theory and DFT.

It contains a trade term as part of the Hartree-Fock theory formulation. Recently, Becke

formulated functions that include a mixture of DFT exchange and HF as follows [68].

Ejfose = CurBii + CoprEnpr (2.4)

Here, c's are constants. For example, a Becke-style three-parameter function can be defined

by the following expression.

EigLYP = Ei(DA +Cy (EXHF - Ei(DA) + CXAEl)S(SS + ES/WNS +Cc (ESYP - ES/WN3) (2.5
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Here the parameter cO is a constant that allows any mix of HF and LDA interchange. In
addition, the cX parameter with Becke gradient correction is included in the LDA exchange.
Similarly, the VWN3 local correlation function is used and this functional is optionally corrected
by the parameter CC, which is the LYP correlation correction. In the B3LYP function, these
parameter values are customized by Becke. Becke determined these parameter values as co = 0.20,
cX = 0.72 and cc = 0.81 by optimizing first-order atomic energies in the atomization energy,
ionization energy, proton affinity and G1 molecule set. Note that Becke's work uses Perdew-Wang's

correlation function more than VWN3 and LYP.

Different functionalities can be created for LYP by replacing Perdew and Wang's 1991
gradient corrected correlation function in the same style by changing component functions and

adjusting the values of the three parameters [66].

2.2. Basis Sets

The basis set used in computational chemistry is a set of functions which are called basis
functions used to represent the electronic wave function in the Hartree-Fock method or density
functional theory. The basis set can consist of atomic orbitals (which gives a linear combination of
the atomic orbitals approach) or plane waves typically used in the solid-state community. That is,
the mathematical representation of atomic orbitals in a molecular system is called basic sets.
Molecular orbitals are derived from the linear composition of atomic orbitals. The wave functions
of atomic orbitals are the product of radial and angular wave functions. Hydrogen-like orbitals,
Slater type orbitals (STO), and Gaussian type orbitals (GTO) are the main functions for atomic
orbitals. Ab initio calculations are made using STO or GTO, which is called the basis function [66].
Generally, basis sets for Ab initio or electronic structure calculations are created mostly from the
GTO linear combination. In these functions, the angular part of the atomic orbitals is the same for

GTO and STO. There is a difference only in the radial part.

The smallest basic sets are called minimal basic sets, which are used in each atom in the
molecule uses a single base function for each orbit in the Hartree-Fock or DFT calculation on the
free atom. For atoms such as Li, the basic functions of the p atom are added to the basic functions

corresponding to the 1s and 2s orbitals of the free atom.

The minimal basis set is close to the exact value of the gas phase atom. In the next step,
additional functions are added to describe the polarization of the electron density of the molecule
in the atom. These are called polarization functions. This is very important for modeling chemical

bonds because bonds are often polarized.

Another common addition to the basis sets is the addition of scattered functions. These are

12



the extended functions of Gauss with a small base that gives flexibility away from the nucleus to
the "tail" part of the atomic orbitals. The diffuse basis functions are important for defining anions
or dipole moments, but can also be important for the correct modeling of intermolecular and

intermolecular bonds.

2.2.1. Minimal Basis Sets

They are basic sets that use a minimum number of basic functions for each atom in the
molecule. The number of basic functions to be used for a molecule in minimal basic sets depends
on the number of atoms in the molecule and the atomic orbital number. For example, the STO-3G
foundation set is a minimal foundation set. The STO in this basic set indicates that Slater type
orbitals are used as the basic function, and the term 3G uses three primitive Gaussian functions per

basic function.
Commonly used minimal basis sets of this type are:

¢ STO-3G
¢ STO-4G
* STO-6G
o STO-3G* - Polarized version of STO-3G

2.2.2. Split-Valence Basis Sets

These are the basic sets that accept that the orbitals of the atoms in the molecule are not split,
but that each valence orbital is split into two orbitals with different sizes. According to these basis

sets, the shape of the orbital does not change, but its size changes.

Thus, the results obtained from the calculations are more accurate since the number of basic
functions to be used increases. Basis sets such as 3-21G and 6-31G are split-valence foundation
sets. Most are valence electrons that are mainly located in the bond during molecular bonding.
Being aware of this fact, it is common to represent valence orbitals with more than one basic
function (each may consist of a fixed linear combination of primitive Gauss functions in turn).
Basic clusters with a large number of basic functions corresponding to each valence atom orbital

are called basic clusters such as valence double, triple, quad-zeta, etc. [69].
A list of commonly used split-valence basis sets are:

321G

¢ 3-21G* - Polarization functions on heavy atoms

13



¢ 3-21G** - Polarization functions on heavy atoms and hydrogen

¢ 3-21+G - Diffuse functions on heavy-atom

¢ 3-21++G - Diffuse functions on heavy atoms and hydrogen

¢ 3-21+G* - Polarization and diffuse functions on heavy atoms

© 3-21+G** - Polarization functions on heavy atoms and hydrogen, as well as diffuse
functions on heavy atoms

421G

431G

*6-21G

¢ 6-31G

® 6-31G*

® 6-31+G*

® 6-31G(3df, 3pd)

¢ 6-311G

® 6-311G*

® 6-311+G*

2.2.3. Correlation-Consistent Basis Sets

These basis sets are developed by Dunning and coworkers designed for converging Post-

Hartree—Fock calculations. They used empirical extrapolation techniques.

For first- and second-row atoms, the basis sets are cc-pVNZ where N=D, T, Q,5, 6...
(D=double, T=triples, etc.). They include successively larger shells of polarization functions More
recently these 'correlation-consistent polarized' basis sets have become widely used and are the

current state of the art for correlated or post-Hartree—Fock calculations

2.3. Molecular Docking

Docking is a method used to estimate the preferred positions of atoms in space as a molecule
forms a stable complex with another molecule. One of the key areas in which the docking method
is used is to examine the nature of the possible drugs' binding to target molecules. Docking, which
is a molecular mechanics method that has two types of applications: small molecule-protein and
protein-protein docking; It is used to find the relationships between very large and biologically
important molecules such as proteins, nucleic acids, and fats. ligand-protein docking (complex);

considering that the ligand is free, the protein (receptor) is rigid and both the ligand and the protein
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are flexible, it can be examined [70]. Docking steps are shown in Figure 2.1.
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Figure 2.1. Key-Lock Analogy Used in Docking Process [70].

There are many docking programs available today. Hex 8.0.0 docking program is one of

them.
2.3.1. Hex Docking Program

Hex is a program developed to calculate and display docking modes between the studied
drug molecule (ligand) and the biological molecule (target protein). The Hex program uses
spherical polar Fourier (SPF) collections in calculations. It binds ligand to protein in different poses
to display and graph the minimum energy binding poses. It also provides fast results by using

modern graphics processor units (GPUs).

In Hex's docking calculations, electrostatic charge and potential distribution are taken into
account for the surface shape of each molecule. Considering these parameters, spherical pole basic
functions are used in three-dimensional coordinates. The Hex program presents the coefficients
vector of these parameters in their results, which are the combination of basic functions. It takes
into account the steric density of van der Waals in the surface shapes of the proteins. After all, in
this program, the basic principles of the classical electrostatic model are applied. Each time the
complex interacts with the ligand, a docking score is obtained, which is a function of six degrees

of freedom. This docking score gives the minimum interaction energy.

The calculations are applied to translation and rotation processes for the ligand and protein.
The original expansion coefficients between this translation and rotation are calculated. Cartesian
grid presentations are used with this approach. Using the fast Fourier transform (FFT) docking
method, it performs docking correlations. The cartesian grid approach determines a docking station
with only three translational degrees. The SPF approach speeds up the docking process. In addition,

this approach allows calculating the original expansion coefficients of rotations and translations.

Hex is a pretty fast docking program. Because it uses FFT correlations as much as possible.
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In addition, in the calculations, the FFT section ensures correct results with the help of GPU
hardware. Thanks to its global polar approach, it uses six degrees of freedom and five Euler rotation
angles. Thus, it presents the interaction energies that are formed as a result of the interaction of the
ligand from different regions of the protein. In Figure 2.2, the drug is given by the interaction of a

candidate platinum complex with a target protein representing lung cancer using the Hex program.

Figure 2.2. Docking Result Obtained with Hex Program.

2.4. Aim

Pt (II) complexes have been evaluated for cell growth inhibition against different human
cancer cell lines [72]. It has been investigated that these complexes have a number of distinctive
features, such as a wide emission color spectrum, high luminescence, short life of triple excited
states [73]. Shinozaki et al. reported the effects of PlatinumCl (dpbH=1,3-di(2-pyridyl)benzene),
Pt(Fdpb)Cl (FdpbH =4-fluoro-1,3-di(2-pyridyl)benzene), Pt(F.dpb)Cl (F.dpbH =4,6-difluoro-1,3-
di(2-pyridyl)benzene) and Platinuml on the excimer emission of the solvent and the substituent.
From here on for simplicity and clarity Platinum will simply set as Platinum. In their study, they
reported that the Pt (II) complex can exist not only as a blue-green donor as a monomer, but also
as an excimer and trimer as a red and NIR donor. They also concluded that Pt (N A C A N) Cl could
potentially be a perceived luminophore to report the lipid layer, micelle, live cell, and similar
microenvironments [74]. In this study, spectroscopic and anticancer properties of Pt (II) complexes

bearing a dpb ligand shown in Figure 2.3 are investigated depending on the molecular structure.
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Figure 2.3. Structures of PlatinumCl, Pt(Fdpb)ClI, Pt(Fdeb)Cl, and PlatinumI.

PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and Platinuml complexes have been investigated with
computational chemistry methods. 'H-NMR experimental data for the Platinuml complex are
compared with the proton chemical shifts values calculated by Hartree-Fock (HF) and Density
Functional Theory (DFT) methods at a level of B3LYP and M062X functions with CEP-4G, CEP-
31G, CEP-12G, LANL2DZ, LANL2MB, and SDD basis sets. Experimental spectroscopic
deficiencies, like infrared (IR) and "*C-NMR, were predicted theoretically. Electrophilic and
nucleophilic regions of the complexes were determined by molecular electrostatic potential (MEP).
In addition, molecular docking studies are applied against breast, lung, ovarian, pancreatic, and
melanoma cancer cell lines. Molecular docking studies with HEX 8.0.0 simulation program against
breast (PDB ID:1JNX), lung (PDB ID:1X2J), ovarian (PDB ID:2VFJ), pancreatic (PDB 1D:4J80)
and melanoma cancer (PDB ID:4ZQK) cell lines were performed for PlatinumCl, Pt(Fdpb)Cl,
Pt(F.dpb)Cl, and Platinuml. Finally, it was found that the complexes were active against

investigated cancer cell lines except for pancreatic one as compared to the cis-platinum.
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3. RESULTS AND DISCUSSION

Before start to calculate any quantities with a computational chemistry method someone
needs to optimize molecular structure with respect to energy minimizing. During that minimizing
it is also important to obtain and interpret regression coefficients giving us some idea between

theoretical deviation with respect to an experimental one.

For this purpose, HF, B3LYP, M062X methods and CEP-4G, CEP-31G, CEP-12G,
LANL2DZ, LANL2MB, SDD basis sets, and proton chemical shift values were calculated for the
Platinuml complex. Firstly, the atomic labeling of the Platinuml complex is given in Figure 3.1.
Then, the calculated and the experimental 'H-NMR chemical shift values for the PlatinumI complex

are given in Table 3.1-3.3.

Pt(dpb)I

Figure 3.1. Optimized Structures and Atomic Labeling for Platinuml.

Table 3.1. IH-NMR chemical shift values ( GIAO/HF) method in the gas phase for PlatinumlI

Assign. CEP-4G CEP-31G CEP-121G  LANL2DZ LANL2MB SDD  Exp.

21H 11.13 10.29 10.35 10.92 9.95 9.91 9.83
22H 9.77 8.17 7.86 8.19 7.77 7.20 8.18
23H 10.49 8.91 8.86 9.07 8.39 8.08 7.48
24H 10.15 8.60 8.32 8.46 8.01 7.47 8.05
25H 10.17 8.87 8.58 8.70 7.97 7.67 7.71
26 H 9.32 8.69 7.91 8.05 7.61 6.99 7.38
27TH 8.37 8.87 8.58 8.70 7.97 7.67 7.71
28H 10.15 8.60 8.32 8.46 8.01 7.47 8.05
29H 10.49 8.91 8.86 9.07 8.39 8.08 7.48

30H 9.77 8.17 7.86 8.18 7.77 7.20 8.18



Table 3.1. (Continue)

31H 11.13 10.29 10.35 10.92 9.95 9.91 9.83
Ref. 31.08 33.40 33.45 33.66 33.11 33.66 -

6ZZH(references)‘Z, Y H(reference) (gaz), Reference TMS

Table 3.2. IH-NMR chemical shift values (GIAO/B3LYP) method in the gas phase for PlatinumI

Assign.  CEP-4G CEP-31G CEP-121G LANL2DZ LANL2MB SDD Exp.

21H 10.41 10.26 10.15 -1.36 9.27 10.64 9.83
22H 8.99 7.83 7.44 3.70 7.18 7.70 8.18
23H 9.18 8.11 7.97 4.00 7.37 8.11 7.48
24H 9.42 8.31 7.93 -0.74 7.35 7.99 8.05
25H 9.22 8.25 7.88 3.03 7.09 7.94 7.71
26 H 8.56 7.67 7.39 1.69 6.83 7.46 7.38
27H 9.22 8.25 7.88 3.03 7.09 7.94 7.71
28 H 9.42 8.31 7.93 -0.75 7.35 7.99 8.05
29H 9.18 8.11 7.97 4.00 7.37 8.11 7.48
30H 8.99 7.83 7.44 3.70 7.18 7.70 8.18
31H 10.41 10.26 10.15 -1.36 9.27 10.64 9.83
Ref. 30.26 32.66 32.71 32.82 32.22 32.76 -

8=ZH(references)'Z, Y H(reference) (gaz), Reference TMS

Table 3.3. 1H-NMR chemical shift values (GIAO/M062X) method in the gas phase for Platinuml

Assign.  CEP-4G CEP-31G CEP-121G LANL2DZ LANL2MB SDD Exp.

21H 11.16 10.92 10.90 11.58 10.02 1142 983
22H 10.08 9.12 8.90 8.83 7.92 8.80 8.18
23H 10.24 8.88 8.84 8.92 8.12 8.85 7.48
24 H 10.50 9.04 8.78 8.80 8.13 8.75 8.05
25H 10.15 8.95 8.53 8.79 7.86 8.68 7.71
26 H 9.55 8.86 8.51 8.62 7.59 8.50 7.38
27H 10.15 8.95 8.53 8.79 7.86 8.68 7.71
28H 10.50 9.04 8.78 8.80 8.13 8.75 8.05
29H 10.24 8.88 8.84 8.92 8.12 8.85 7.48
30H 10.08 9.12 8.90 8.83 7.92 8.80 8.18
31H 11.16 10.92 10.90 11.58 10.02 1142 983
Ref. 30.53 32.78 32.91 32.96 32.58 32.88 -

6=EH(rcfcrcnccs)'E, z:H(rcfcrcncc) (gaz)» Reference TMS

The regression coefficients results obtained with HF, B3LYP, M062X methods at CEP-4G,
CEP-31G, CEP-12G, LANL2DZ, LANL2MB, SDD Ilevel of basis sets in comparison with the

experimental data are listed in Table 3.4.
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Table 3.4. Regression coefficients (R2) and experimental values for chemical shifts of IH-NMR

Basis set HF B3LYP M062X
CEP-4G 0.3821 0.8197 0.7701
CEP-31G 0.6038 0.8538 0.9520
CEP-121G 0.6224 0.8125 0.9206
LANL2DZ 0.7032 0.4877 0.8928
LANL2MB 0.7569 0.8918 0.8923
SDD 0.7080 0.8525 0.9028

These coefficients provide the ratio of the variance between one variable and the other. When
R? values taken into account, it is closer to 1 for the MO62X/CEP-31G level as can be seen in the
last column of Table 4.4. This is one of the reasons chosen M062X/CEP-31G basis set for all rest
of quantum calculations in this study. To interpret the proton chemical shift, tetramethylsilane
(TMS) was taken as a reference. "H-NMR values of TMS was calculated for all methods and basis
sets. The chemical shift for TMS proton was found to be 32.78 ppm at the M0O62X/CEP-31G level.
Calculated chemical shift values for PlatinumlI are 10.92, 9.12, 9.04, 8.95, 8.88, and 8.86 ppm and
experimental values corresponding to the calculated chemical shifts are 9.83, 8.18, 8.05, 7.71, 7.48
and 7.38 ppm for Platinuml complex [74].

3.1. Optimized Structures

The optimized structure of PlatinumCl, Pt(Fdpb)Cl, Pt(F.dpb)Cl, and Platinuml were
depicted in Figure 3.2. The optimized structures were obtained at the most appropriate
MO062X/CEP31G level in the gas phase. Considering the geometry structure of all complexes, the
tridentate 1,3-di(2-pyridyl) phenyl and halogen ligands formed a square planar geometry around

the platinum as can be seen in Figure 3.2.
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Pt(dpb)Cl Pt(Fdphb)Cl

Figure 3.2. Optimized Structures for PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and Platinuml.

3.2. FT-IR Spectra and Vibrational Assignments

FT-IR spectra is a very important technique in recognition of the skeletal structure of the
investigated chemical species. For all complexes, harmonic frequencies were calculated at
MO062X/CEP-31G level. Theoretically simulated FTIR spectrum of the studied complexes is given
in Figure 4.3. Bond stretching modes corresponding to the peaks in the IR spectrum of investigated
platinum complexes are also given in Table 4.5. and C-H, C-C, C=C, C-N, and C=N bond stretching

modes were evaluated in detail in the following subsection.
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Figure 3.3. FT-IR Spectra of PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and PlatinumlI

Table 3.5. Vibrational frequencies of PlatinumCl, Pt(Fdpb)CI, Pt(F2dpb)Cl, and Platinuml

Modes PlatinumCl Pt(Fdpb)Cl Pt(F.dpb)Cl PlatinumlI
I'C-H 799 (vw) 833 (vs) 833 (vs) 798 (vw)
I'C-H 846 (vs) 866 (m) 905 (vw) 847 (vs)
I'C-H 958 (vw) 920 (vw) 926 (w) 958 (vw)
BC-H 1080 (vw) 1155 (vw) 1087 (w) 1086 (vw)
BC-H 1190 (vw) 1264 (m) 1168 (m) 1191 (vw)
BC-H 1314 (vw) 1344 (vw) 1293 (m) 1341 (w)
BC-H 1337 (vw) 1400 (s) 1407 (s) 1396 (s)
BC-H 1394 (s) 1506 (s) 1427 (m) 1445 (m)
BC-H 1498 (m) 1570 (w) 1505 (vs) 1499 (s)
BC-H 1555 (m) 1688 (m) 1677 (m) 1558 (m)
BC-H 1644 (vw) 1696 (vs) 1696 (vs) 1645 (vw)
BC-H 1696 (vs) 1701 (m) 1705 (vs) 1698 (vs)
vC-H 3214 (vw) 3222 (vw) 3242 (vw) 3209 (vw)
vC-H 3238 (vw) 3241 (vw) 3276 (VW) 3239 (vw)
vC-H 3247 (vw) 3275 (vw) 3281 (vw) 3248 (w)
vC-H 3278 (vw) 3283 (vw) 3282 (vw) 3279 (w)
vC=C 1314 (vw) 1316 (vw) 1315 (w) 1315 (vw)
vC=C 1394 (s) 1400 (s) 1407 (s) 1396 (s)
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Table 3.5. (Continue)

vC=C 1442 (m) 1427 (m) 1427 (m) 1445 (m)
vC=C 1498 (m) 1570 (w) 1505 (vs) 1499 (s)
vC=C 1528 (m) 1639 (vw) 1641 (vw) 1531 (w)
vC=C 1555 (m) 1667 (m) 1677 (m) 1558 (m)
vC=C 1644 (vw) 1688 (m) 1691 (m) 1645 (vw)
vC=C 1678 (m) 1696 (vs) 1696 (vs) 1679 (w)
vC=C 1696 (vs) 1701 (m) 1705 (vs) 1698 (vs)
C-N 1314 (w) 1316 (vw) 1314 (w) 1315 (vw)
C=N 1639 (w) 1639 (vw) 1641 (vw) 1640 (vw)
C=N 1644 (w) 1645 (vw) 1646 (vw) 1645 (vw)

v: Stretching, B: in-plane-bending, I': out-of-plane bending, vw: very week, w: week, m: medium, s:
strong, vs: very strong.

3.2.1. C-H Bond Stretching

In aromatic compounds, stretching, in-plane bending and out of plane bending CH vibration
modes can appear in 3100-3000 cm!, 1400-1000 cm', and 1000-750 cm! ranges respectively [75,
76]. The stretching CH modes are generally appearing in a range of 3100- 3000 cm™ with multiple
soft bands and these bands may not be affected a whole nature of the substituent’s [77-80]. The BC-
H vibration modes show moderately sharp but not strong bands in the range 1100-1500 cm™ and
these bands are not so sensitive to the nature of substituents. The out of plane bending C-H
deformation modes, in general, are in a range of 800-1000 cm-1 [78]. The C-H asymmetric
stretching found in a position of 3080 cm™ and the C-H symmetric stretching assigned to 3008,
2982 cm’!. The tighter absorptions for aromatic compounds as can be in the (figure 4.3) occurs in
the range of 900650 cm™! because of the C—H vibrations modes out of the plane to the aromatic
ring [81-83]. In present work, the C-H stretching vibration mode is observed at about 3207-3278
cm’! for PlatinumCl, 3222-3283 cm! for Pt(Fdpb)Cl, 3242-3282 cm™! Pt(F.dpb)Cl and 3209-3279
cm! Platinuml which are reasonable a range of wavenumber with the literature. The C-H bending
vibrations (in-plane and out-of-plane) are assigned at 1081-1696 cm™, 1155-1701 cm™!, 1087-1705
cm’!, and 1086-1698 cm! for PlatinumCl, Pt(Fdpb)CIl, Pt(F.dpb)Cl, and Platinuml, respectively
and are listed in Table 3.5.

3.2.2. C=C, C-C Bond Stretching Vibrations

In general, C-C stretching vibrations modes in aromatic compounds can form a band in the
estimation region of 1430-1650 cm™' [84]. The ring of C-C stretching vibrations in Pyridine is
reported in the literature as 1329-1431, 1420-1501, and 1419-1519 cm’!, respectively [85, 86]. The
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computed wavenumber for v(C-C) modes falls between 1314-1696 cm™, 1316-1701 cm™, 1314-
1705 cm™!, 1315-1698 cm™! for PlatinumCl, Pt(Fdpb)Cl, Pt(F.dpb)Cl, and Platinuml, respectively.

3.2.3. C=N, C-N Bond Stretching

One of the difficult tasks is to obtaining of C=N and C-N vibrations modes, for some mixing
of vibrations can be possible in this region. C=N and C-N stretching vibrations appear in a range
of 1670-1600 cm™ and 1382-1266 cm! respectively [87]. The C=N and stretching vibrations of the
title compounds lies at 1639, 1644 cm™, 1639, 1645 cm!, 1641, 1646 cm™, 1640, 1645 cm™, for
PlatinumCl, Pt(Fdpb)ClI, Pt(F.dpb)CI, and Platinuml, respectively.

3.3. I3C-NMR Spectra

Nuclear magnetic resonance (NMR) is a popular technique to characterize any complex
macromolecules [88]. DFT methods for calculations of magnetic shielding highly extends the size
of molecules [89, 90]. Electronegative groups close to the system reduce the surrounding electron
density, shielding of peak position from the external magnetic field, and moving the signal to higher
ppm. Intermolecular effects can be examined by chemical shifts and this examination shows how
electron density of neighboring groups influences the chemical shift observed for the complex
molecule. A plotting comparative of calculated 'C-NMR chemical shifts calculated at
MO062X/CEP-31G level of studied complexes is given in Figure 3.4. In addition, the calculated

chemical shift values (6¢) of carbons in the complexes are given in Table 3.6.
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Figure 3.4. 13C-NMR Spectra of Mentioned Complexes

Table 3.6. Chemical shift values of carbon atoms in mentioned complexes

Pt(dpb)Cl Pt(Fdpb)Cl Pt(F2dpb)Cl Pt(dpb)I
Atom Ocalc Atom Ocalc Atom Ocalc Atom Ocalc
14-C 376 14-C 378 14-C 380 15-C 372
15-C 346 10-C 345 12-C 344 9-C 346
8-C 346 15-C 345 10-C 344 16-C 346
16-C 339 8-C 343 8-C 342 17-C 341
4-C 339 16-C 339 15-C 342 5-C 341
13-C 325 4-C 338 16-C 339 10-C 324
9-C 325 6-C 324 4-C 339 14-C 324
6-C 323 18-C 323 18-C 324 7-C 323
18-C 323 13-C 321 6-C 324 19-C 323
10-C 312 12-C 312 5-C 309 13-C 312
12-C 312 9-C 311 19-C 309 11-C 312
5-C 308 5-C 310 13-C 308 12-C 308
19-C 308 19-C 309 9-C 308 20-C 308
11-C 307 7-C 309 7-C 308 6-C 308
7-C 303 17-C 302 17-C 308 18-C 303
17-C 303 11-C 294 11-C 284 8-C 303

The *C NMR spectrum of considered molecules as can be seen from Figure 4.4 shows some
sharp peaks corresponding to various carbon atoms because of the non-equivalence of the various

carbon atoms. From Figure 3.4 one can notice that in PlatinumCl, Pt(F.dpb)Cl, Platinuml cases
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there are almost intense peaks by overlapping peak positions, but in a case Pt(Fdpb)Cl it can be
seen just one intense peak occurs because of losing symmetry of the system. The efficiency of the
electronegative, however, is dependent upon far-near and direct-indirect interactions between the
electronegative atoms and its neighboring carbons. The location of the peaks linked to the

electronegative atom that attached to carbon atoms as can be seen in Table 3.6.

3.4. Molecular Electrostatic Potential (MEP) Surface

To have a deep interpretation of reactivity of any molecule, electrostatic potential
calculations may give some advantage to evaluate the reactivity of molecules against positively or
negatively charged reactants. Molecular electrostatic potential surface calculated and is depicted in
Figure 3.5. In this figure, the high-density parts of the electrostatic potential energy values are
colored with red and the lowest part is blue [91].

-6.886x10% +6 886x10°* 6542x10° +6 342x10°2
S T

|
Pt(dpb)Cl Pt(Fdpb)Cl

-6.186x1072 +6.180x1072 -3.084x107 +3.084x10°2

Pt(Fdph)Cl Pt{dph)I

Figure 3.5. MEP Surface Maps For PlatinumCL, Pt(Fdpb)Cl, Pt(F2dpb)Cl and Platinuml Complexes.

As can be seen from Figure 3.5., the active zones of the MEP, which is colored with red, of
the complexes PlatinumCl, Pt(Fdpb)Cl, Pt(F.dpb) Cl are the regions where the chlorine atom is
located. When the ESP charge densities are examined, the ESP charge for PlatinumCl, Pt(Fdpb)Cl,
Pt(F.dpb)Cl are +6.886x1072, £6.542x10 and +6.189x107, respectively. The ESP charge density
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for Platinuml is £3.084x102. This may show that the Platinuml complex has an electropositive
region. Considering these values and MEP figures one concludes that Chlorine complexes may
interact with cancer cells more than iodine complexes. Also, MEP maps can be predicted from

which region the complexes interact actively with cancer cells.

3.5. Molecular Docking Study

Platinum-based complexes are widely used in the treatment of almost all types of cancer such
as breast, ovarian, colon, pancreatic, lung, melanoma. Molecular docking study for Pt(F.dpb)Cl,
Pt(Fdpb)Cl, PlatinumCl, and Platinuml were performed with PDB ID:1JNX [92] (crystal structure
of breast cancer-associated protein BRCT), PDB ID:1X2J [93] (the structural basis of defects in
point mutations on the lung cancer), PDB ID:2VFJ [94] (structure of the A20 ovarian tumor
domain), PDB ID:4J80 [95] (crystal structures of the multidomain cochaperone DnalJ on pancreatic
cancer), PDB ID:4ZQK [96] (Structure of the complex of human programmed on the non-small
cell lung cancer). Optimized structures of Pt(F.dpb)Cl, Pt(Fdpb)Cl, PlatinumCl, and PlatinumlI
were transformed into pdb files with GaussView 6.0 program. 1JNX, 1X2J, 2VF]J, 480, and 4ZQK
target proteins were procurement in the protein data bank. HEX 8.0.0 program was used to obtain
the binding energies of related complexes with the target proteins. The binding energies between
Pt(F»dpb)Cl, Pt(Fdpb)Cl, PlatinumCl, and Platinuml with 1JNX, 1X2J, 2VFJ, 4J80, and 4ZQK

were given table 3.7.

Table 3.7. The interaction energies (kcal/mol) between studied proteins and the selected target proteins

Target protein PlatinumCl Pt(Fdpb)Cl Pt(F2dpb)Cl  Platinuml Cis-Pt

1INX -6.82 -7.14 -7.31 -6.84 -4.37
1X2] -4.83 -4.717 -5.01 -4.89 -2.53
2VF] -0.48 -0.18 -0.89 -0.20 -1.78
4J80 -4.89 -4.83 -5.01 -5.04 -1.12
4ZQK -4.54 -4.68 -4.81 -4.38 -3.14

Cis-platinum is a complex and widely used in cancer treatment. This complex, generally, is
taken as a reference, and the efficacy of newly discovered platinum complexes is investigated for
interaction energies of PlatinumCl, Pt(Fdpb)Cl, Pt(F.dpb)Cl, Platinuml and cis-Pt with 1JNX,
1X2J, 2VFJ, 4J80, and 4ZQK target proteins. As can be seen from the obtained data in Table 4.7,
the binding affinity of Pt(F.dpb)Cl, Pt(Fdpb)CI, PlatinumCl, and Platinuml to 1JNX, 1X2J and

47ZQK are higher than cis-Pt. Therefore, these complexes can be preferred to the cis-Pt complex in
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breast and lung cancer treatment. The interaction energies of Pt(F.dpb)CI, Pt(Fdpb)Cl, PlatinumCl,
and Platinuml with 2VF]J target protein is smaller than the interaction energies of cis-Pt with 2VFJ.
This indicates that these complexes' efficiency on the ovarian tumor may not as effective as cis-
platinum. They investigated all complexes exhibit the highest activity with the 1X2J target protein.
Beside, The interaction modes between studied ligand and the Target Proteinsfigure ,as shown in
tables 3.8-3.13, the binding poses of Pt(F.dpb)Cl, Pt(Fdpb)Cl, PlatinumCl, and Platinuml

complexes with 1XNJ target protein are given in Figure 3.6.

PH(F,dpb)Cl-1INX Pi(dpb)l-1INX

Figure 3.6. The Binding Modes of PlatinumClI, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and Platinuml with 1JNX
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Pt(F2dpb)Cl-1x2) Pt(dpb)I-1x2)

Figure 3.7. The binding modes of PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and Platinuml with 1X2J

Pt(F,dpb)CI-2VFJ Pt{dpb)I- 2VF]

Figure 3.8. The binding modes of PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and Platinuml with 2VFJ
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Pt(Fdpb)C1-4J80 Pt(dpb)I-4J80

Figure 3.9. The binding modes of PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and PlatinumlI with 4J80

Pt(F,dpb)Cl-<ZCK Prdpbil-4ZQK
Figure 3.10. The binding modes of PlatinumCl, Pt(Fdpb)Cl, Pt(F2dpb)Cl, and PlatinumI with 4ZQK.
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Table 3.8. The interaction modes between studied ligand and the selected 1JNX

Complex H-bond Polar Hydrophobic pi-pi Halogen-bond
LEU1701
PlatinumCl MET1775 - PHE1704 -
LEU1839
LEU1701
Pt(Fdpb)Cl MET1775 PHE1704 ARG1699
LEU1839
VAL1740
Pt(F2dpb)Cl - ARG1699 MET1775 PHE1704 ASN1774
ILE1680
PlatinumlI LEU1701 - -
LEU1705

Table 3.9. The interaction modes between studied ligand and the selected 2VF]

Complex H-bond Polar Hydrophobic pi-pi Halogen-bond
VALS89
LEU92
ILE208
LYS82
PlatinumCl ALA272 - ILE2T0 TRP8S -
ASN277 273
PRO274
LEU286
LEU330
LYS82 LEU92
Pt(Fdpb)Cl LEUS3 TRP85 ILE210 - PRO274
CYS103 GLY101
LEU104 TYR252
GLY101 ARG123 MET105 TYR252 HIS255
Pt(F2dpb)Cl IEEE% g? TYR252 LEU19] PHE257
ILE196
VAL229
LEU92
ILE208
Platinuml LYS82 ILE210
1 ASN277 ) VAL273 ) -
PRO274
LEU286
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Table 3.10. The interaction modes between studied ligand and the selected 1X2J

Complex H-bond

Polar

Hydrophobic

pi-pi

Halogen-bond

PlatinumCl

Pt(Fdpb)Cl VALS512

GLY367
Pt(F2dpb)Cl ILE416
VAL418

PlatinumlI VALS512

VALS9

LEU83

ILE210
VAL273
PRO274
CYS513
VAL561

ALA366

ALA466
CYS513
VALS514
ILE559
VALS561

ASN84
TRPS85

VAL418

LEU365
GLY3
VAL604 VAL606

Table 3.11.The interaction modes between studied ligand and the selected 4J80

Complex H-bond Polar Hydrophobic pi-pi Halogen-bond
PlatinumCl - ARG63 PRO60 - -
Pt(Fdpb)Cl ARG63 - - - -
TYRS54 TYRS54

Pt(F2dpb)Cl SERS5S8 TYRS54 - PHESS SERS6

SERS58
PlatinumlI SERS58 ASP59 - ggggg -

LYS62

Table 3.12. The interaction modes between studied ligand and the selected 4ZQK

Complex H-bond Polar Hydrophobic pi-pi Halogen-bond

ILE65

PlatinumCl ALASS ARG86 LEUS87 PHEG67 -
LEU92

Pt(Fdpb)Cl - - LEUS87 PHE67 LEU87
ILE65

Pt(F2dpb)Cl LEU87 - LEUS87 PHEG67 LEU87
LEU92
ILE65

PlatinumlI LEUS87 - LEUS87 PHE67 -

LEU92

3.6. OLED Properties

Many materials such as organic light-emitting diodes (OLEDs) can be designed with

computational chemistry methods. In theory, compounds used in OLED structure can be classified

as electron-transporting layers (ETL), hole-transporting layers (HTL), and emissive layers (EL)

[97,98]. Also, there have been an electron injection layer (EIL), electron blocking layer (EBL), hole

injection layer (HIL), and hole blocking layer (HBL) between cathode and anode.
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Charge transfer is a very important parameter to explain the charge bearing property of the
molecule in various biological and chemical reactions [99]. Interactions between conjugated pi-
systems play an important role in different events like the stabilization of double-stranded DNA
structure, protein folding, molecular recognition, and drug design [100]. These interactions may be
of interest in the technological importance of (bio) molecular devices [101-104]. It is especially
important for radiotherapy and chemotherapy tools. One of the main parameters considered in this
context is named as transfer integral parameter and defined with "t" notation and is a simple semi-
classical formulation of charge carrier mobility. "t" is directly related to frontier molecular orbitals
due to intermolecular interactions [105]. The transfer integral parameter contains two different
combinations. The parameters t. is electron transfer integral and t, is defined as hole transfer
integral. t. is electron transfer integral and t, is defined ad hole transfer integral parameters. All

these parameters are calculated by the Koopmans theorem (KT) method according to the following

equations.
1
th =73 (Enomo — Enomo-1) (3.D
1
te =7 (Erumo+1 — ELumo) (3.2)

To obtain the transfer integrals "t" parameters, the crystal data of the examined complexes
are required. Therefore, t parameters of the complexes will not be examined in this study [106-

108].

The charge transfer properties of a molecule can be studied with reorganization energies and
Marcus charge transfer theory. The total reorganization energy of the molecule is equal to the sum
of internal (i) and external (A.x) reorganization energy. Reorganization energies [109], A. and Ay,

transfer can be calculated by the following equations:

e = (Ey —EZ) + (E2 — EJ) (3.3)

Ah = (E§ — E¥) + (EQ — Ep) (3.4)

where E{ is the energy of the cation calculated with the optimized structure of the neutral molecule.
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Ej is the energy of the anion calculated with the optimized structure of the neutral molecule. E}
and E~ are the energy of the cation and anion, respectively. EJ is the energy of the neutral molecule
calculated at the cationic state. (E?) is the energy of the neutral molecule calculated at the anionic
state. EQ is the energy of the neutral molecule at the ground state. With these parameters, the charge

transfer rates can be calculated with the Marcus theory.

_p2m 1 _ (/1+AG°)2]
k=t h JamikgT exp[ 44kgT (-5

where T is the temperature, kg is the Boltzmann constant. AG” is the free energy of the hole transfer

reaction (which is zero in the case of a transfer of holes between identical molecules).

In addition, two basic parameters are examined in EIL and HIL materials that determine the
ease of charge transfer. These parameters are ionization potentials (IPs) and electron affinities
(EAs). Fundamentally, lower IP and higher EA mean better hole and electron transport. In other
words, smaller IP (larger EA) indicate easier injection of holes from the transport layer of the holes
(electrons) to the emitter layers [110]. Ionization potential (IP,), vertical ionization potential (IPy),

adiabatic electron affinity (EA,), and vertical electron affinity (EA,) are calculated as follows.

IP, =E, — EJ (3.6)
IP, = E§ — E§ (3.7)
EA, =EQ —E_ (3.8)
EA, =E) —Ey (3.9)

Here, Ey (E) is the energy of the anion calculated with the optimized structure of the neutral
molecule. E_(E,) is the energy of the anion calculated with the optimized anion structure [111].
The calculated values of the reorganization energy, the adiabatic and vertical ionization potentials
(IPy/IPy), and electron affinities (EAJ/EA,) (in eV) for the complexes examined are listed in Table
4.13.
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Table 3.13. The adiabatic and (IPa/IPv) and (EAa/EAv) (in eV) for the platinum complexes

Complex IP. 1P, EA. EAv ke An

PlatinumCl 0.2739 0.2799 0.0319 0.0267 0.18 0.15
Pt(Fdpb)Cl 0.2815 0.3088 0.0372 0.0312 0.18 0.18
Pt(F.dpb)Cl 0.2889 0.2958 0.0401 0.0327 0.16 0.13
PlatinumI 0.2633 0.2909 0.0354 0.0301 0.17 0.10

In literature, the Alq3 and TPD compounds as the typical ETL and HTL materials have been
used as a comparison substance and its electron reorganization energy of Alq3 at 0.276 eV [112]

and the hole reorganization energy of TPD at 0.290 eV were reported in detail [113].

The electron and hole reorganization energies of the PlatinumCl, Pt(Fdpb)Cl, Pt(F.dpb)Cl
and Platinuml complexes are calculated at 0.18, 0.18, 0.16, 0.17 and 0.15, 0.18, 0.13, 0.10 eV,
respectively. In that case, the platinum complexes may be a suitable ETL molecule because its Ae
values are smaller than that of Alq3. Furthermore, it is seen that the Ay values of the platinum

complexes are considerably smaller than that of TPD. Because of that, it can also be a perfect HTL

material.

Besides, according to the data in Table 4.13, PlatinumCl, Pt(Fdpb)Cl, Pt(F.dpb)Cl and

Platinuml complexes examined have the lowest IP and EA values in the gas phase. EA values are

not high. Therefore, platinum complexes are considered to be an excellent material for HIL.
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4. CONCLUSIONS

Pt(F.dpb)Cl, Pt(Fdpb)Cl, PlatinumCl, and PlatinumI complexes were optimized with HF and
DFT (B3LYP and M062X) methods in combining with CEP-4G, CEP-31G, CEP-12G, LANL2DZ,
LANL2MB, and SDD basis sets. According to the determined coefficient of R?, it was found that
MO062X/CEP-31G is the best level. FTIR and *C-NMR spectroscopic values of studied complexes
obtained and interpreted in detail. Platinum complexes, which are important with their anti-cancer
properties were docked with molecular simulation against breast, ovarian, colon, pancreatic, lung,
and melanoma cancer cell lines. The investigated complexes showed the highest inhibitory activity
against the breast cancer cell line. We concluded that, after evaluating all theoretical results, the
title complexes can be considered as an anticancer drug. Finally, the investigated complexes found

to be a good candidate for ETL, HTL, and HIL material.
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