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Resumen

El estudio de compuestos de coordinacion con fines terapéuticos ha ido en aumento
debido a las grandes potencialidades que estos presentan por su capacidad de
interaccion con biomoléculas y debido a los interesantes mecanismos de reaccién que
llevan a cabo para sus funciones y que en muchos casos no se han aprovechado
completamente. Por lo anterior, son necesarios mas estudios en nuevos complejos
metalicos en torno a mecanismos de accién que permitan el desarrollo de nuevos
medicamentos hacia enfermedades celulares o teniendo como objetivo moléculas
especificas de nuestro cuerpo para lograr atacar graves enfermedades como el cancer,
que afectan a la sociedad a nivel mundial. En este trabajo, se plantea el uso de complejos
metalicos anticancerigenos con menor toxicidad para el organismo que la que presenta
el ya conocido cisplatino. En este contexto, se propone sintetizar compuestos de
coordinacion con metales como el cobalto y el hierro, que buscan actuar con el ADN
(acido desoxirribonucleico) ya sea mediante un mecanismo similar al cisplatino (unién
covalente a biomoléculas), o por interacciones de apilamiento 1 a través de anillos
aromaticos presentes en los ligantes. Asi, se obtuvieron dos complejos de cobalto(lll),
uno con geometria octaédrica y otro con geometria tetraédrica, y dos complejos de
hierro(lll) con geometria octaédrica, a estos se les coordinaron los ligantes tipo bases de
Schiff con anillos aromaticos para aprovechar las interacciones de apilamiento m. Se
obtuvieron resultados alentadores de la interaccién de dos estos complejos con ADN de
origen vegetal, esta interaccion (intercalacién) fue evaluada mediante espectroscopia
UV-Vis (Ultravioleta-Visible) y simulada con software para docking como Autodock4 y

Hex 8.0.0.

Palabras clave: bases de Schiff, compuestos de coordinacidn, cisplatino, interacciones

de apilamiento i, docking.



Abstract

The study of coordination compounds with therapeutic purposes has been increasing
due to the great potentialities that they have and by the capacity of interaction with
biomolecules, and by the interesting mechanisms of reaction that carry out in their
functions, which in many cases have not been fully exploited. For the last, more studies
in new metal complexes are necessary around mechanisms of action that allow the
development of new drugs against cellular diseases or targeting specific molecules of
our body to attack serious diseases as cancer that affect society worldwide. In this work,
the use of anticancer metal complexes with less toxicity to the body than so-called
cisplatin is proposed. In this context, it is proposed to synthesize coordination
compounds with metals such as cobalt and iron, which try to act with a DNA
(deoxyribonucleic acid) either through a mechanism similar to cisplatin (covalent binding
to biomolecules) or by m stacking interactions through aromatic rings present in the
ligands. So, two cobalt (1ll) complexes were obtained, one with octahedral geometry and
the other with tetrahedral geometry, and two of iron (lll) complexes with octahedral
geometry, in these were added Schiff base-type ligands with aromatic rings to take
advantage of m stacking interactions. The obtained results were interesting to the
interaction of two these complexes with vegetal-based DNA, this interaction
(intercalation) was evaluated with UV-Vis (Ultraviolet-Visible) spectroscopy, and

simulated with docking software as AutoDock4 and Hex 8.0.0.

Keywords: Schiff-bases, coordination compounds, cisplatin, rt-stacking interaction,

docking.
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Introduction

Cancer is a disease that involves the uncontrolled growth of cells in a specific part of
body.! It is a public health problem that has increased in last years, nowadays, cancer
has become to a disease of high risk and high impact for all countries due to the increase
in deaths, increase of cancer types and the wide range of ages of people who have been
affected. The problem of cancer disease is well reflected in GLOBOCAN 2018 report that
estimate 18.1 million new cancer cases and 9.6 million cancer deaths in 2018 around 20
region in the world.? Even countries with strong economies and great power, as China3
or United States,* taken this disease like a major public health problem such. Other
important fact is the range of ages influenced by cancer, only in 2020 was estimated that
89.500 of adolescent and young adult (15-39 years) were affected in United States, from

which 9.270 deaths were estimated.®

Although cancer treatment methods have been on the rise, and more cancer survivors
have been achieved® since the first indications were made in 1600 BC.! Today, the
problems associated with these treatments mean that this public health problem
remains influential in the world, with the most common types of cancer dominating the
world: lung, female breast and colorectal cancers.? Nowadays, treatments such as
chemotherapy, surgical extractions or radiotherapy have been used but these still show

certain adverse effects in most cases.!

In 1900, the chemist Paul Ehrlich coined the term “chemotherapy” as the use of
chemicals to treat several diseases; in fact, Ehrlich was interested to treat cancer with
some drugs such as aniline dyes or the first primitive alkylating agents. One of the first
compounds that promoted the research and use of drugs in cancer treatments were the
mustard compounds in World War |, in which they obtained encouraging results but not
exactly the desired ones. Into 1960s, the surgery and radiotherapy dominated the
cancer therapies while cancer treatments with drugs were minimized. However, when
surgical extractions or radiotherapy stagnated at an effectiveness of 33%, the search for
alternative treatments to improve this value was imperative. For this reason,
chemotherapy took on greater importance, in addition to continuing to have the

support of many important institutions, medical institutes, organizations and many



scientists, such as the chemotherapist Paul Calabresi who was recognized as the father
of this field. Calabresi worked and promoted research and potential uses of
chemotherapy, in addition to having the projection that cancer would perish with drugs.
This support grew as the positive effects of certain doses of drugs on tumor cells, and
the effects on remissions in diseases such as leukemia, were verified. These advances
have made it possible to improve radiotherapy treatments, by incorporating
chemotherapy, and being able to cure diseases such as Hodgkin's disease in 90% of cases
in early stages thanks to this combination. Over time, chemotherapy has evolved and

has become "targeted therapy" due to the identifying many molecular targets.’

The problems with the mentioned treatments are numerous and diverse such as: the
difficult to targeting cancer stem cells, the drug resistance properties of cancer stem
cells, lack of cancer epigenetic profiling and specificity of existing epi-drugs, problems
associated with cancer diagnosis, unavailability of effective biomarkers for cancer
diagnosis and prognosis, limitations of conventional chemotherapeutic agents,
metastasis,® and the immediately side effects or late side effects. The “immediately”
side effects are problems that affect patients during the treatment such as: vomiting,
nausea or several pains,®1? and the late side effects are the problems that the patients

could be show after the treatment are finished and even delay some years.112

Due to the problems associated with the treatments, remarkable efforts to generate
alternatives to reduce the negative effects, and reduce the limitations in such a way that
the treatments have a greater effectiveness have been explored. Therefore, several
options have been generated such as the use of combined drug,*® the combined use of
chemotherapy-radiotherapy-immunotherapy,* development of new drugs with a more
specific target molecule,’> among many other ways in which cancer treatments can be
improved. In this sense, new drugs have been discovered with great potential and
promising previous results or that are useful as a starting point. Among those, the cis-
diamminedichloroplatinum(ll) (cisplatin; discovered in 1845 and used for the first time
as anticancer drug in 1960) has great potential against cancer, also helped to understand
the importance and effect of geometry and isomerism of metal complexes on the

interaction with DNA in cancer cells.1®



With the discovery of the anticancer potentialities of cisplatin, it was the pioneer in this
field for metallic compounds, since this field was thought as something exclusive to
organic compounds. Cisplatin has a square planar geometry, is neutral and has two labile
chloride, which facilitates diffusion through the membranes,?’ also, the characteristics
of platinum(ll) as a soft Lewis acid conferred it a high affinity to sulfur, and nitrogen
donors and lower affinity to oxygen donors, so that platinum in this complex could bind
DNA, peptides and proteins through S and N donors.*® Cisplatin has a mechanism that
acts by entering the body and it stays intact in the blood (no loss of chloride ligands is
observed). After that, the complex changes chloride ligands to water ligands by the
difference between concentration of chloride in the intracellular fluids. This activated
complex binds to DNA in N7 position of imidazole ring belong to de guanine or adenine,

producing adducts that block replication and cell division.'*2°

Due to the remarkable results of cisplatin as anticancer drug, the research on other
metallodrugs based on platinum complexes were motivated, and compounds like
carboplatin and oxaliplatin was found and investigated to search similar anticancer
properties. However, the adverse effects of cisplatin®!® and other platinum-based
compounds?! associated to the toxicity of platinum in the human body has led to the
use of other metals to reduce these effects. Thus, the research about different metals
that present interesting characteristics for this purpose become to be popular almost 50
years ago. A clear example of this, are the less exotic metals of group d, which include
elements of groups IlI-XIl. Among the most important properties that transition metals
show are: charge variation, structure and bonding, metal-ligand interaction, Lewis acid
properties, partially filled d shell, and redox activity.?? For this, metals that are essential
or present in the body and with properties to promote mechanisms of action that allow
attacking various diseases could be used due to their lower toxicity. In this context,
transition metals such as iron?® and cobalt?* that are present in living organisms with
relevant functions, could be potential candidates for this purpose. However, not all of
these metals prefer to adopt the square planar geometry like cisplatin, in part because
square plane geometry is less sterically favored than the tetrahedral geometry and is
more prohibitive with long ligands. Even complexes that can be formed as square planar

geometry are often turn to octahedral geometry easily. Square planar geometry is



typical of few metals with d® configuration such as Ni(ll) or Pt(Il), and minor frequent for
metal ions such as Cu(ll), Co(ll), or Co(lll) with different d configuration.?® In the case of
octahedral geometries, the increase of two ligands allow to explore more possible
effects associated to this variation as in the case of octahedral Ruthenium complexes??

that have been testing obtaining promising results.

The advances on the synthesis of ligands designed to develop complexes as
metallodrugs have allowed to create a category focused on ligands: “the entire inert
complex is active, the entire reactive complex is active, a fragment of the complex is
active, the metal ion or one of its biotransformation products is active, the metal is a
radiation enhancer, the metal is radioactive, and one or more of the ligands is
responsible for the biological activity”.?6 This allows focusing on the ligands and not just

the metals.

A clear example of the importance of the ligands in the development of new drugs,
independently the target disease, are the Schiff bases. Complexes containing this type
of ligands have shown several biological properties interesting to pharmacological
purposes such as: anti-bacterial activity, anti-fungal activity, anti-cancer activity,

antioxidant activity, anti-inflammatory activity, and antiviral activity.?’

Other important way that could be useful and it has not been so widely used to interact
with DNA to produce a reaction in the drugs context, are n-mt stacking and other
intermolecular interactions. They are mainly non-covalent interactions between
aromatic compounds that contain mt orbitals. Itis due to a lot of possible applications
from them and because these interactions can enhance the conformational stability.?®

Therefore, there would be greater possibilities of interaction of some aromatic ligands

with the DNA chain (Figure 1).2°



(A)

Figure 1. Molecular docked structure of ligand-L complexed with B-DNA. A) Molecular surface view interaction of
ligand with DNA. B) Hydrogen bonding interaction of ligand with DNA (PDB ID:1BNA). Taken from Khan.?

Therefore, in the problem statement section will explain that this work is interested in
the synthesis of low toxicity metal complexes with the capacity of strong interaction

with DNA and related biomolecules.



PROBLEM STATEMENT

Cancer is a public health problem that has been on the rise throughout the world, which
has promoted great research efforts to solve it. For this reason, a large number of single
and combined treatments against cancer such as chemotherapy have been created, and
for this purpose a large number of drugs have been developed. However, many of these
drugs show problems such as the so-called side effects or toxicity, so research of
mechanism of action, the active principles and the theoretical basis that allows

synthesize new friendly and efficient drugs is needed.

To achieve this, is important to synthesize and study new drugs, for example, drugs
based on metal complexes, with the potential to attack cancer cells, so they must be
able to bind biomolecules as DNA through versatile mechanism. Furthermore, for these
studies it is important to have a large amount of theoretical or computational data in

order to better understand the behavior of synthesized drugs.

Thus, this work is focused on the synthesis of several metallodrugs based on iron and
cobalt complexes containing Schiff bases as ligands, making the complexes as hybrids to
interact with DNA either covalent binding (cisplatin mechanism) or through m-imt (DNA-
ligand) stacking interactions. The general interaction of these complexes with DNA will
be evaluated by UV-Vis spectroscopy and corroborate with preliminary docking

simulations.



GENERAL AND SPECIFIC OBJECTIVES

General objective

The main objective of this thesis work is to synthesize new metal complexes of cobalt
and iron with Schiff base ligands and the evaluation of the interaction of the complexes

with DNA.

Specific objectives

In order to reach the main objective of the work, several specific objectives must be

completed:

-Extraction of aromatic aldehydes from plants to synthesize Schiff base ligands.

-Synthesize Schiff base ligands through condensation of aldehydes with

ethylenediamine.

-Synthesize the iron and cobalt metal complexes with Schiff bases.

-Characterize the complexes using FTIR, magnetic susceptibility, UV-Vis spectroscopy.

-Extraction of DNA from plants.

-Evaluation of the interaction of plant DNA with synthesized complexes.

-Perform theoretical calculations of the interaction between the ligands and obtained

complexes with DNA through docking simulations.



CHAPTER 1: Theoretical Framework

1.1. Coordination compounds

A coordination compound, coordination complex or, commonly called complex, is the
product of the formation of covalent coordination bonds. The coordinated bond is based
on the donation of a pair of electrons of an orbital in an atom that will occupy an empty
orbital in another atom, this pair of electrons of the bond originates only in one of the

two associated atoms, here an electron pair acceptor and electron pair donor.

In many cases, in coordination compounds a central atom orion is linked to several other
atoms, ions or groups through a coordinated bond and not just to one of these at once.
The central atom, which is a metal or metalloid, is an electron pair acceptor, and the
species around it must have at least one lone pair of electrons to donate to an empty
orbital in the central atom, these donor species joining forming the binding are called

ligands.

The ligands are of variable sizes, small like a monatomic ion or large like a polymer, but
they must have one or more pairs of lone electrons in an electronegative donor atom,
among the most common atoms donors are heteroatoms like N, O, S and P. However,
many of the existing organic molecules can act as ligands, or can be converted to ligands,

depending on their ability to give a pair of electrons.®°

1.2. Medicinal coordination compounds

The use of coordination compounds as drugs has been increasing in last years;
pharmaceutical preparations formulated to treat specific diseases of essential metal
management problems in vivo have been used commonly. For example, copper
complexes are used in Menkes disease in which there is a deficiency of copper due to a
defect in the intracellular transport of this metal. Since the administration of copper
salts was ineffective and with the knowledge that exchangeable copper in human blood
serum involves complexes of copper-histidine that bind to serum albumin, it was
possible to use copper histidine coordination compounds in the treatment of this
disease, obtaining results such as suppressing the neurodegeneration that arises from

Menkes disease if it is applied early. Another interesting application is the case of



chelation therapy in which selective complexing agents can be used to sequester

unwanted metals in vivo and eliminate the body by excretion.3!

Interestingly, in recent years there has been a greater impact on the use of metal
complex drugs with some anticancer effects, this is reflected in world economy since it
was estimated that one billion dollars was involved in platinum anticancer drugs market
in the 2000s. The use of coordination compounds in medicine has been greatly
promoted since the discovery of the anti-cancer activity of cis-[Pt(NHs),Cl,] in 1960 when
Rosemberg, Van Camp and Krigas demonstrated that this complex could suppress cell
division giving place to the clinical use of the drug cisplatin.3! In addition, this allowed to
understand the effect of geometry and isomerism of anticancer complexes in cancer
cells and how they interact.'® Therefore, several attempts have been made in order to
understand the mechanism of action of cisplatin and to trying to develop new drugs with
reduced side effects and increased anticancer activity. Regarding drugs based on the
medicinal properties of platinum compounds, drugs such as carboplatin, nedaplatin, or

oxaliplatin were also tested.3!

In addition to the known platinum compounds, anticancer potentialities have also been
found in other metal ions such as zinc(ll), copper(ll), gold, and copper chelating agents,

ruthenium-containing compounds,3? iron,?® or cobalt.?433:34

1.3. Schiff bases ligands

Schiff bases contain C=N bond in their structure, it can be referred to imine or
azomethine functional group, commonly the synthesis of Schiff basses is carried out by
the condensation of amines with aldehydes or ketones where the C=0 group is replaced
(Figure 2). Ligands based on Schiff bases are easily coordinate to metal, and they have
interest biological applications such as antifungal, antiviral, antibacterial, anticancer,
antioxidant and anti-inflammatory, also like a catalyst in several reactions such as

reduction reaction of ketones, Diels-Alder reaction, Henry reaction, among others.?’
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Figure 2. Scheme of Schiff base condensation mechanism from amines.

1.4. Cobalt complexes

Cobalt is an essential element for animals due to the biological roles of which it is a part.
For example, a cobalt metal center is in vitamin B12 (cobalamin), in this case, the metal
is found as cobalt(l) but it can change to cobalt(ll) or cobalt(lll). The importance of
cobalamin lies in the formation of red blood cells, maintenance of the brain and its
nervous functions in addition to synthesis and regulation of DNA, so cobalt may be less
toxic to humans than non-essential metals in the human body. Based on this fact, a large
number of cobalt drugs have been synthesized and tested for different purposes, for
example, Doxovir that is an experimental drug of Co(lll)-complex that has potential

antiviral effects for Herpes labialis.?*

Due to these biological potentialities, metal drugs that can act as anticancer agents have
also been synthesized and tested. In this sense, cobalt compounds such as some
hexacarbonyl dicobalt complexes have been tested due to their potential in breast
cancer cell line. In the same way, it was discovered that cobalt-alkyne complexes could
inhibit cyclooxygenase, which can delay tumor growth and enhance response to other
therapies. Other cobalt complexes interact with nucleoside ligands showing
antiproliferative activity with Icso around 5-50 mM in human breast cancer.3*3> Schiff
bases have also been used as coordinating ligands in cobalt complexes and promising
results of its anticancer activity (against human breast cancer cells) have been reported,
for example, a complex of cobalt(lll) with tridentate Schiff base ligands from

salicylaldehyde and ethylenediamine was reported with ICso <100 uM.3*

1.5. Iron complexes

Iron is an essential element for mammals due to the biological roles of which it is part,

such as erythropoiesis, electron transport, or DNA synthesis.?® In addition, due to the
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increase in the search for new drugs based on metals with promising potentialities in

several diseases, iron has been one of the metals in which their research has increased.

The tests carried out on several complexes of iron coordinated with salen-like (salen =
N,N’-Ethylenebis(salicylimine)) ligands studied by Ghanbari,3® show potentiality against
cancer with values of PICso (log ICso) close to that of cisplatin, although the geometry
and nature of the substituents present in the ligand could control the cytotoxicity

profile.

Other iron complexes with salen-like ligands synthesized from camphoric acid showed
ICso values between 11 and 27 uM against cell lines of breast, melanoma, and colorectal

cancer.?’

1.6. Mechanism of action from metal-based drugs

The mechanism of action allows to understand how work the metal-based drugs, these
can be classified into: covalent binding of metal-based drugs to biomolecules, inhibition
of enzymes via substrate and metabolite mimics, redox-active drugs, photoactivatable
compounds for photodynamic therapy and photoactivated chemotherapy, metal
complexes for delivery and release of pharmacologically active ligands, catalytic drugs,
radio-imaging and therapy with radio-metals and radioactive agents, MRI contrast

agents, and other miscellaneous modes of action.

1.6.1 Covalent binding of metal-based drugs to biomolecules

This mechanism of interaction is carried out by covalently bonds between metal ion
(usually with labile ligands) and essential biomolecules such as DNA, this inhibits their
functions and leading to cellular pathways of cell death. This method is used by
cisplatin®® which is a compound that has a square planar geometry, is neutral and has
two labile groups (Cl) to facilitate diffusion through membranes.!” Platinum shows a
behavior of as a soft Lewis acid having a high affinity for sulfur, and nitrogen donors and
lower affinity to oxygen donors, so platinum in this complex could bind DNA, peptides
and proteins through S and N donors.*® The anticancer activity of this compound is due
to the antitumor properties that it shows through binding to DNA and due to the

formation of specific adducts, thus inhibiting DNA replication. To initiate the mechanism
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of action, cisplatin must remain intact in the extracellular fluids, which is possible due to
the relatively high concentration of chloride, to later allow the exchange of these
chloride substituents in the intracellular ones. The reactivity of the latter and their

characteristic of better leaving groups allow the reaction with cellular nucleophiles such

DNA (Figure 3).

Hafl.,, A

HsN™ 0

cisplatin

[CI]=100mM [ [CI7] = 4mM

cell

HaM  NHs
nucleus N

DNA
binding
protein

Figure 3. Scheme of mechanism of binding between DNA and cisplatin, taken from Alderden.*®

Studies on this mechanism have led to know that cisplatin tends to react more
commonly with the N7 position of imidazole ring belong to de guanine or adenine with
which it forms monofunctional or bifunctional adducts. Between the main adducts
belong to cisplatin are: GpG 1,2-intrastrand (the most common), that consists of binding
to adjacent deoxyguanosines in the same strand of DNA. Other important adducts but
less common are the ApG 1,2-intrastrand, finally in a lower proportion are the GpXpG
and ApXpG 1,3-intrastrand, monofunctional intrastrand, and interstrand crosslinks (G-
G) (Figure 4), these adducts are those that block replication, also, they are responsible

for prevent transcription.?°

12



NHa\Pt/ NH, NHa\Pt/ NH, NHa\Pt/ NH, NHa\Fl/NHa
VAN LN AN /s
Intrastrand —G——G— —A—G— —G-X-G— —G——T—
-C——C=— =T——(C=— =—=C=X=C— =C——A-—
(60-65%) (20-25%) (~2%) (~2%)
GpG ApG GpXpG mono
NH NH
3\F't/ ’
Vi
Interstrand —G—\C—
(~2%)
I1SC

Figure 4. Major types of cisplatin adducts produced by binding of cisplatin with DNA taken from Kelland.*°

1.7. n-iu stacking interactions

The m-m stacking interactions are non-covalent interactions between moieties of
aromatic compounds containing 1 orbitals. This type of interactions is non-destructive
and reversible. The large number of compounds of this type gives a wide range of
possible applications from controlled drug release, design of molecular receptors or DNA
sequencing among other biological applications. Furthermore, these interactions can be

considered as conformational stability enhancers.?®

Studies of the geometric factors of these interactions suggest that parallel displaced and
T-shaped conformations are the most stable (energy minima), and sandwich (face to
face) configuration is unstable because the overlap of the 1t system is maximized.?® Some
interactions like Van der Waals or electrostatic have been discussed to stabilization of
Ti-Tt interactions on closed shell molecules, like: dipole-dipole, dipole-induced dipole or
induced dipole-induced dipole that are attractive interactions. However, 1 interactions
can be affected by Pauli repulsion by very short distances between filled electron clouds,
solvophobic effects when polar solvents carry to desolvation and this stabilize the
aggregation of lipophilic molecular surfaces, or charge transfer that can be referred to a
stabilization.38 The interactions of nt-it stacking can occur in two aromatic molecules with
similar electron distribution structures, and also in molecules rich in electrons and
deficient in electrons but with dependence on the polarity of the solvent. Also, the
aromatic m clouds apparently show some facility for delocalized, which means better
intermolecular electrostatic interactions than nonaromatic molecules.?® Figure 5 shows

the main orientations of aromatic-aromatic interactions.
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Figure 5. Main orientations of aromatic-aromatic interactions taken from Janiak.3?

1.8. Electronic states in Metal Complexes

The electronic structure associated to complexes can be studied through the tools like
UV-Vis spectroscopy. Different electronic transitions could be differentiated through
their energy (wavelength) and their probability (molar absorptivity coefficient, &)
depending on the nature of such transition,3®*! the next sections describe a series of

electronic transitions and their origin.
1.8.1. Metal Centred (MC) or d-d transitions

These transitions involve electron transitions between d orbitals of transition metals,
they are Laporte forbidden, and could be Spin forbidden depending on the ground state
of the metal. These transitions are weak (¢ ~ 1-102 L/mol+cm), and could be masked by

other transitions.*°
1.8.2. Charge transference (CT) or optical electron transfer transitions

This type of transition commonly has € = 102-10° L/mol-cm and are divided in three
groups: metal-to-ligand charge transfer (MLCT), ligand-to-metal charge transfer (LMCT),
and charge transfer to solvent (CTTS). The CT excited states commonly lead to redox
reaction, and this is referred to transfer of electronic charge from a region of molecule
to other.3®> MLCT moves an electron from orbitals with metal character to orbitals with
ligand character, and it is associated with the lower energy of charge transfer transition

by the low energy of t acceptor orbitals typically found in ligands from organometallic

14



complexes.*! Bands associated to LMCT transitions are commonly visible to UV region,
in this case the electrons are transferred from orbitals with ligand character to orbitals

with metal character.
1.8.3. Ligand centered (LC) or intra-ligand transitions

These are transitions between molecular orbitals localized on the ligand system, the
bands associated are found at relative low energies in complexes with 1t systems, some
aromatic ligands belong to this transition. This transitions are clearly identified when the

fixed spectral position is independent of oxidizing character of central metal.?®

1.9. DNA concentration and purity

The use of UV-Vis spectrophotometry has been widely used to detect characteristic
signals from biomolecules, it is useful to determine the purity and quality of nucleic acids

like DNA. In order to measure the DNA concentration (N), the equation 1 is used.

N = 220 (1)

€260

Where Az is the absorbance at 260 nm and &40 is the corresponding DNA molar
absorptivity coefficient at this wavelength. The use of A is due to the presence of
maximum absorbance at 260 nm and minimum at 234 nm of DNA, however, these
values can be affected by many factors like pH of medium, DNA degradation, or

hydrodynamic shearing, among others.

The most used parameter to measure the purity of DNA extracted is through Azso:A2s0
ratio, because the concentration of proteins shows maximal absorption at 280 nm, due
to the presence of tryptophan, tyrosine and phenylalanine. Values in the range of 1.8-
2.0 are characteristics of pure DNA, 1.6-2.0 range is taken as sufficiently pure, values
above 2.0 show the presence of RNA, and values below 1.8 show the presence of

protein.*?

1.9.1. DNA-drug interactions measurements

The interactions produced by the binding of ligand molecules (drugs) and nucleic acids

produce optical changes that can be detected by optical absorbance technique, and it
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can be used for the calculation of binding constant to obtain information about the

nature or strength of the DNA-ligand interactions.

The expected behavior to successful interaction are: bathochromic effect (increase of
wavelength) and hypochromic effect (decrease of molar extinction coefficient),
however, these effects does not show the specific binding mode (groove binding, DNA

intercalation or effect of another drug).*3

If the ligands have aromaticity, the interaction with DNA is through intercalation, which
increases the axial length of these as it separates the base pairs. The intercalation allows
the m-m stacking interaction a produce a hypochromic effect in the absorbance of DNA
if aromatic ligands can interact with the base pairs of this, the measure of shift is
associate to binding strength. This can measure with the equation 2,

[DNA] _ [DNA]
(ea—gf)  (ep—e&f)

- Kib (&p — &) (2)

Where, Kj is the binding constant, g, is extinction coefficient of the metal complex, & is
the extinction coefficient of the free complex, and ¢, is the apparent absorption

coefficient of the complex.**

1.10. Docking Simulations

The use of computational methods related to medicinal chemistry have been increasing
in the last years and is reflected by the increase in papers associated to this, due the
enhancement of software associated and the importance of information that can give
us to understand and explain the activity of compounds or even to filter good candidates
from hundreds of ligands for future research. In this sense, the molecular docking is
computational method used to predict the interaction between two molecules,
examples of these binding are small molecule-macromolecule (protein-ligand), or

binding between two macromolecules (protein-protein).

The molecular mechanics, base of most docking programs, describes the polyatomic
systems with classical physics. Here, parameters like charges, torsional and geometrical

angles are taken account to approximate the computational method to experimental
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data. In this sense, the forcefield are used to describe the systems too, examples of these

forcefield are AMBER, GROMOS, MMFF94, CHARMM, and UFF.*>

1.10.1 Autodock software

Autodock 4 is a tool of automated docking that combines an empirical free energy force
field with a Lamarckian Genetic Algorithm that allow the prediction of bound
conformations and binding energies of proposed ligands with macromolecules.
Autodock uses a grid-based method, this to measure the binding energy of
conformations, here, the probe atoms are tested in each grid point where the target
protein is located, and these values are saved in the grid. In the docking the values of

grid are used to the search minimums with ligand interactions.*®

1.10.2 Hex 8.0.0 software

Hex 8.0.0 is a tool originally used for protein-protein docking, however in recent years it
was tried to perform docking between metal complexes and DNA. This software uses
spherical polar Fourier correlations instead of search based on the Fast Fourier
Transform. It is due the rotational and translational degree of freedom used that
produces a reduction on execution time. Hex uses dense sampling of the search space,
after this it groups the solution with a similar orientation.*’ In the last years, the use of
Hex software has focused to predict interactions that provide information for the design

of several drugs.*®
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CHAPTER 2: Methodology

2.1. Reagents

Ethylenediamine (C;HgN;) 299.5%, Sigma-Aldrich.

p-anisaldehyde (CH30CsH4CHO) 98%, Sigma-Aldrich.

Chloroform (CHCl3) 299.0%, ISOLAB chemicals.

Magnesium sulfate (MgS0a).

Potassium chloride (KClI).

Sodium chloride (NaCl).

Di-Sodium hydrogen phosphate (Na;HPO4) 99%, lobachemie.
Potassium dihydrogen phosphate (KH,PO4) 99.6%, Fisher Scientific.

Hydrochloric acid (HCI) 36.5-38%, fisher chemical.

Iron (Ill) nitrate nonahydrate (Fe(NOs)3-9H,0) 298%, Acros, ThermoFisher Scientific.

Cobalt (ll) chloride hexahydrate (CoCl,:6H,0) 98%, Sigma-Aldrich

Methanol (CH3;OH) 99.8%, fisher chemical.

Dimethyl sulfoxide (DMSQ) 299.9%, Sigma-Aldrich.

Glacial acetic acid (CH3COOH) 100%, Merck.

Sodium tetraphenylborate ((CeHs)aBNa) >99.5%, Sigma-Aldrich.

Sodium bicarbonate (NaHCO:s)

Acetonitrile (C2H3N) >99.9%, fisher chemical.
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Hexane (Ce¢H14) 298.5%, fisher chemical.

Ethyl acetate (C4Hg03) 299.5%, fisher chemical.

2.2. Laboratory Equipment

Cary 630 FTIR Spectrometer, Agilent Technologies.
MK1 Magnetic Susceptibility Balance, Sherwood Scientific Ltd.
LAMBDA 1050+ UV/Vis/NIR Spectrophotometer, PerkinElmer.

Rotary evaporator R-210, BUCHI.

2.3. Cinnamaldehyde extraction

The procedure used to extract this aldehyde was a simple distillation system according
to literature.*® The cinnamon barks were broken in small pieces, a quantity of these (60
g) were placed in round bottom flask with 200 mL of distilled water, and this flask was
placed to simple distillation system. After 2 hours, with temperature control that
allowed the emergence of a distilled, the cloudy white liquid obtained is collected. This
liquid was washed with 30 mL of chloroform, and the obtained phases were separated
and collected from separatory funnel. MgSOs was added to the phase with
cinnamaldehyde, then, was filtered to separate the liquid, and finally the product was

placed in rotary evaporator to quit chloroform.

2.4. Synthesis of Ligands

The applied procedure for the synthesis of Schiff base ligands was the commonly used
in the condensation of aldehydes with amines.>%>! The two ligands were prepared using
a reflux system for about 8 hours, the condensation of p-anisaldehyde or
cinnamaldehyde with ethylenediamine was carried out in 30 mL of methanol in a 2:1
molar ratio. Here, were used 1 mL of p-anisaldehyde with 0.275 mL of ethylenediamine
for ligand 1, and 1 mL of cinnamaldehyde with 0.2655 mL of ethylenediamine for ligand
2. A few drops of glacial acetic acid were necessary to achieve a pH of 5 to 6 to make

condensation possible.
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2.5. Synthesis of [Fe(DMSO)s](NOs)3

This complex was prepared following the procedure reported in literature,”? in the
synthesis was used 3 g of Fe(NO3)3-9H,0 with 50 mL of DMSO using a reflux system under
constant stirring and heating conditions by 2 hours. After that, a green-yellow

precipitate was obtained, which was filtered at vacuum and stored in a desiccator.

2.6. Synthesis of Complexes

To obtain the novel complexes was necessary the addition of a salt with the desired
metal to coordinate with the ligands. Four complexes were prepared, from which two

complexes were obtained cobalt and two complexes with iron.

2.6.1. Synthesis of the Cobalt (Ill) complex with the ligand derivate from p-
anisaldehyde.

This complex was prepared with a 30 mL solution of ligand 1 and 0.9787 g of CoCl,-6H,0
in a molar ratio 1:1 in methanol, this process was carried out under reflux conditions for

12 hours under constant stirring and heating around 60 °C.

2.6.2. Synthesis of the Cobalt (Ill) complex with the ligand derivate from

cinnamaldehyde.

This complex was prepared with a 30 mL solution of ligand 2 and 0.9449 g of CoCl,-6H,0
with molar ratio 1:1 in methanol, this process was carried out under reflux conditions
for 12 hours under constant stirring and heating around 60 °C. Additionally, in this
complex some drops of a cold saturated solution of sodium tetraphenylborate in

methanol was necessary to precipitate the product.

2.6.3. Synthesis of the lron (lll) complex with the ligand derivate from p-

anisaldehyde.

This complex was prepared with a 30 mL solution of ligand 1 and 2.9232 g of
[Fe(DMSO)6](NO3)s with molar ratio 1:1 in methanol, this process was carried out under

reflux conditions for 12 hours under constant stirring and heating around 60 °C.

20



2.6.4. Synthesis of the Iron (lll) complex with the ligand derivate from

cinnamaldehyde.

This complex was prepared with a 30 mL solution of ligand 2 and 2.8222 g of
[Fe(DMSO)6](NO3)s with molar ratio 1:1 in methanol, this process was carried out under

reflux conditions for 12 hours under constant stirring and heating around 60 °C.

2.7. Phosphate-buffered saline (PBS) preparation

This preparation was carried out with a common procedure, 80 mL of distilled water are
placed in beaker and the next components was successively added: 800 mg NaCl, 20 mg
KCl, 144 mg NayHPO4, 25 mg KH,PO4. After that, the pH was adjusted with HCl and top

up with 20 mL of distilled water.

2.8. Vegetable DNA extraction

The applied procedure was similar to the used in literature about vegetable DNA
extraction.>® First, the lysis solution was prepared with 125 mL of cold distilled water,
one spoon of salt, three spoons of sodium bicarbonate, and two spoons of dish soap,
this solution should keep on ice. A banana was crushed with the 25mL of cold distilled
water, then, 10 mL of last preparation was mixed with a 20 mL of lysis solution. Then,
the mixture was shaken by two minutes and set in ice bath until disappear the half of
foam, this mixture was filtered to separate tissue strains of molecular broth. Finally, in
10 mL of the last solution in test tube was added 10 mL of cold ethanol, the white

filaments at the water-alcohol interface were collected in PBS.

2.9. DNA interaction with complexes

In order to evaluate the interaction of the complexes with DNA, PBS (with a pH of 7) was
added to a DNA collected and it was sonicated for 25 cycles, 30 seconds with intervals
of 1 minute between the cycles.”® The solution of PBS with DNA was mixed in different
guantities with the four complexes in independent experiments, then the mixture were
placed in a solution of DMSO (around 0.5%) with water/acetonitrile and measured with

UV/Vis Spectrophotometer.
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2.10. Characterization techniques

2.10.1. Infrared Spectroscopy (IR)

Infrared spectra were determined in a Cary 630 FTIR Spectrometer in the range of 400-
4000 cm™. IR was used to characterize the cinnamaldehyde and the four synthesized

complexes. Both liquid and solid samples were measured.
2.10.2. UV-Vis Spectroscopy

Electronic absorption spectra were determined in a LAMBDA 1050+ UV/Vis/NIR
Spectrophotometer in the range of 200-800 nm for both solutions of the free complexes

and solutions of DNA in PBS. Measurements were performed in 3 cm? quartz cuvettes.
2.10.3. Magnetic Susceptibility

Magnetic Susceptibility was determined in a MK1 Magnetic Susceptibility Balance. The
first step was to put on zero the balance, such step looks obvious but this type of balance
has an analogic system of buttons and due to se sensitivity of the platinum wire inside
the box, stabilization of the balance in zero value is a little difficult. In the next step a
tube was measured with a standard sample to determine the constant (C) of the balance

using the equation 3:

C = Stheoretical~Sreal (3)
Stheoretical
Then, it proceeds to weigh the tubes to be used (m,) and measure the empty tube in the
magnetic balance (Ro). After that, the samples were packed carefully, the filled tube was
weighed (m) and the height (L) of the compound in the tube was measured to finally
measure the tube with the sample (R) on the balance. With the experimental data
obtained, the mass susceptibility (x5) was obtained through the equation 4:

_ CL(R-Ry)
9 7 10%9(m-my) (4)
2.11. Docking studies of ligands-DNA with Autodock4

In order to perform the docking studies, as a preliminary approach to determine the

interaction of our complexes with DNA, it is proved only the free Schiff-base ligands
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against the DNA sequence with PDB:1BNA. These preliminary studies allow us to have a
good idea about -1 stacking interactions of our complex in the next simulations. For
this purpose, Auto grid must be run to generate pre-grid maps for 1BNA which is the
receptor. The pre-grid is prepared removing waters, merge non-polar hydrogen, and

adding Gasteiger charges to macromolecule and ligands.

The next steps are to prepare the grid parameters on the macromolecule (PDB:1BNA)
and choose each synthesized ligand, then define the Grid box, and save the GPF output

file. Finally, the Autogrid tool runs.

Finally, the parameters to docking are chosen like set rigid file (macromolecule), choose
each synthesized ligand, select the search parameter, and save the DPF output file. In

order to have graphical results to the interaction, the Autodock tool run was used.

2.12. Docking studies of complexes-DNA interactions with Hex 8.0.0 software

In the docking of the complexes with DNA (PDB ID:1BNA), all water molecules were
removed from 1BNA. In this procedure were used the optimized complexes in PDB
format and 1BNA. To run the docking, these molecules were load as Ligand and Receptor
respectively. After, the parameters of correlation type must be adjusted as "shape only"

in the software.
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CHAPTER 3: Results and discussion

3.1. Cinnamaldehyde extraction

The extraction of cinnamaldehyde from cinnamon barks was carried out through simple
distillation system (Figure 6), this procedure was detailed in the previous section. The
obtained product was a yellow liquid with strong odor (Figure 7), and the extraction
process had a 4.03% yield. The presence of this aldehyde is supported by many studies,>
also the information obtained from infrared spectroscopy in the next section confirm

the characteristics bands of this aldehyde.

Figure 7. Cinnamaldehyde obtained.
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3.1.1. Infrared spectroscopy of Cinnamaldehyde

The product obtained is a yellow oil that show the characteristics bands of aldehydes.>>

The Figure 8 shows a band between 1680-1675 cm™ that corresponds to C=0 of

aldehyde affected by longer conjugated system. A band around 2815 cm™ and 2740

cm is assighed to C-H band, 1626-1622 cm™ band and around 1450 cm™ that

correspond to C=C in aromatic rings, 3020 cm™ sp? C-H stretch, and the out of plane

bending around 747 cm™ and 687 cm™ bands to correspond monosubstituted ring.

These bands confirm the presence of aldehyde, the aromaticity ring, even the mono

substitution of this organic molecule, this experimental data collected suggest to

presence of the required aldehyde.
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Figure 8. IR spectrum of the extracted cinnamaldehyde.

3.2. Synthesis of Ligands

The procedure used to synthesize the ligands was through a reductive amination both

for cinnamaldehyde or p-anisaldehyde with ethylenediamine. The mechanism of ligand

formation is showed in Figure 9.

25



N//—R
/S
N
- /
§ \©\o/ o ©\/\ 7
Ho  CHiCOOH

Figure 9. Mechanism of formation of proposed ligands.

In order to synthesize ligands with high content of m-orbitals, it was used a 2:1 molar
ratio to aldehyde and amine respectively. An important step to carry out the reaction is
the addition of acid because it allows the formation of acidic medium that is necessary
to imine formation, thus, pH is a key parameter in this reaction. When decreasing pH
from 10 to 6~5, it is clearly the advance of the reaction by the changes in color from to

light yellow to intense yellow until brown (Figure 10), typical of imines.
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Figure 10. Change of color after addition of acid.

These reactions were followed by TLC (Thin Layer Chromatography), taking advantage
of the presence of aldehydes in reactions. Both reactions were followed comparing the
spot of the aldehyde reactant with the reaction mixture containing aldehyde and amine.
TLC plates were used with a mobile phase of hexane:ethyl acetate in ratio 7:3, and
revealed with iodine chamber. In Figure 11 shows the reaction corresponding to the
synthesis of the ligand based on p-anisaldehyde (ligand 1). Only p-anisaldehyde spot is
observed throughout the reaction in TLC plate with Rs = 0.44, and the spot of ligand

disappear after the time mentioned (Figure 12).

/0
o + |
e CH;COOH
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o/ \/\ NH, methanol
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: : \O/

H,0

Figure 11. Scheme of reaction between p-anisaldehyde with ethylenediamine.
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Figure 12. TLC plate of only p-anisaldehyde (C), and the ligand based on p-anisaldehyde (L1).

On the other hand, in Figure 13 shows the reaction corresponding to the synthesis of
the ligand based on Cinnamaldehyde (ligand 2). As in the case of ligand 1, only
cinnamaldehyde spot is observed clearly (Rt = 0.48), and at difference to ligand 1, the
spot of ligand does not disappear completely at all after the time mentioned (Figure 14).

The spots showed in the last TLC plate could be by the presence of impurities in the

aldehyde.
l//\/©
2 o + HN CH,COOH N
FNF NN T ethanol ///
2 methanol N
reflux I
-H,0

Figure 13. Scheme of reaction between cinnamaldehyde with ethylenediamine.
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Figure 14. TLC plate of only cinnamaldehyde (C), and the ligand based on cinnamaldehyde (L1).

3.3. Cobalt complex with ligand based on p-anisaldehyde (complex 1).

This synthesized cobalt complex was obtained through of procedure detailed in previous
section. The precipitation of this complex took around 12 hours under reflux conditions,
and the complex was obtained after a vacuum filtration with methanol. The obtained

product was a powder very light pink nearly white color (Figure 15).

Figure 15. Synthesized complex of cobalt(lll) with p-anisaldehyde.

The possibilities of coordination between the metal and ligands are showed in the Figure
16. Both possibilities have octahedral geometry, and it is argued by the experimental

results that will be presented in next sections.
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Figure 16. a) and b) are proposed structures of Complex 1.

3.3.1 Characterization of complex 1 by magnetic susceptibility.

An important parameter to characterize the complex is the magnetic moment, and to
obtain this value, magnetic susceptibility was determined. The experimental values to
calculate the value of magnetic susceptibility per gram were measured at room

temperature, and the obtained values are showed in Table 1.

Table 1. Experimental values of complex 1 obtained from magnetic susceptibility balance.

Mempty (8) myuil () Ro R L (cm) C

Complex 1 0.8335 0.9299 -35 -66 2 0.97

The value of C is calculated with the equation 3, previously mentioned, it is useful to
calculate the magnetic susceptibility per gram. The experimental value of x4, obtained
with the equation 4 was: —6.2386x1077g, this negative value is unambiguously
assigned to a diamagnetic compound, hence an analysis or calculation of pes are

unnecessary, so, the only one option for the complex, is the presence of a cobalt(l1l) with

[Ar]3d® Low Spin configuration.
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3.3.2. Crystal Field Theory of complex 1.

With the supporting of Crystal Field Theory (Figure 17), the theoretical values of ues can

be calculated using the equation 5,

Herr = 24/S(S+ 1) (5)

Where S is the number of unpaired electrons divided by two, however the value of e
to cobalt(lll) is not calculated because it has not unpaired electrons and means that is

diamagnetic substance.>®

Co3*:[Ar]3d®

Figure 17. Octahedral Crystal Field of complex 1.

According to the equation 5, is not possible to calculate values of s to metals without
unpaired electrons, all these facts support that the metal species was oxidized from
cobalt(ll) to cobalt (Ill). Therefore, the question of what reaction is responsible of the

oxidation of cobalt emerges.

A rationalized explanation to such cobalt oxidation is: The initial reactant hexaaqua-
cobalt(ll) complex has a high redox potential (E = 1.83 V/NHE), so, oxygen (E = 1.44
V/NHE) from air is unable to oxidize this cobalt, however, when the coordination sphere
of cobalt changes (specially with nitrogen donor ligands as Schiff bases), the redox

potential can be tuned to lower values (E = 0.11 V/NHE) thus allowing the oxidation of
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cobalt-amine complex (Figure 18). This fact discards an intramolecular redox reaction

between the metal and the ligand and justify the final oxidation of cobalt.

E =1.44 V/NHE

C03+ 02
] | >
I I
[Co?*(L,)(H,0)] [Co**(H,0)]
-
E~0.11 V/NHE E=1.83 V/NHE

Figure 18. Tuning of cobalt redox potential by substitution of water for amine (L) ligands.

3.3.3. Infrared studies of complex 1

The Figure 19 show the IR spectrum of complex 1 which presents a band on 1605-1595
cm ! that corresponds to imine signal (C=N),>%°’->° band on 1505- 1495 cm* corresponds
to phenyl rings group (C=C), 3000-2990 cm™ band corresponds to stretch for sp? (=C-
H),>° 2900-2845 cm™ band corresponds to stretch for sp® (C-H). The absence of bands
on 3600-3200 cm™ shows that there are not -OH and HO like ligands.>” The absence
bands of C=0 stretching show that there's not acetate group, however, bands at 1030-
1025 cm™ and represent the C-O bending,>> and the absence of N-H; band show that
there are not “free” ethylenediamine. Finally, 815-820 cm™ band could correspond to
signals of -Cl ligand (Co-Cl), however, this value is highly sensitive to metal, number of
chlorides and geometry, therefore there is not a definitive evidence of the presence of

Cl as ligands in the final compound.®0.61
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Figure 19. IR spectrum of complex 1.

The range in which the imine group is found (C=N) suggest that the ligand is bidentate,>’
this is different to the signal of aldehyde (C=0), the signal of the functional group Cl"is
not clear since some experimental evidence®! suggests the presence of this ligand with
a higher signal. Thus, through IR analysis demonstrates the presence of ligand 1

coordinated to cobalt in complex 1.
3.3.4. UV-Vis Spectroscopy of complex 1.

In the complex 1, many peaks can be observed (Figure 20), there are peaks around 254

nm, 271 nm, 296 nm, also other peak with lowest absorbance around 490 nm.
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Figure 20. UV-Vis spectrum of complex 1. Insert: Spectrum of complex 1 in range 350-700nm.
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The number of peaks is characteristic of d® metal configuration in Low Spin state
according to Tanabe-Sugano diagram. The band around 254 nm could belong to n-n*
transition from the aromatic rings, it is worth to note that these signals could be suffered
a shift. The band around 490 nm is clearly a d-d transition that could correspond to
1A14>1T14 transition, however the other two signals 296 and 271 nm could correspond
to A;g>To, however the A1g>Eg, 'Ag>'As(1) could be masked by the charge
transfer transitions that stronger in the spectrum. This behavior is on UV-Vis spectra is
found in other complexes of Low Spin cobalt(l11)6? with similar geometry, which show
clearly the first transition but the next transitions are difficult to distinguish by the

charge transfer bands.
3.3.5. Remarks of proposed structures

The oxidation of cobalt(ll) to cobalt(lll) was clearly observed in the experimental
measurements, in addition, it fulfilled what was expected when the ligands of the initial
salt of CoCl,-6H,0 were replaced by ligands that reduce the redox potential of this
molecule with respect to the oxygen in the reaction. The preference of geometries that
have certain metals such as cobalt(lll) towards octahedral geometries as mentioned in
the literature?® could be seen in this complex and the measurements of effective

magnetic moment and the UV-Vis spectrum confirmed this analysis.

The infrared spectroscopy gives us significant signals that evidences the presence of
ligand 1, between these, the range value of signal of C=N corresponds to bidentate
ligand. Some ligands coordinated to metal were discarded in a previous section,
however, is not clear if the final compound have the presence of the chloride ligands,
however the Low Spin behavior of the complex evidenced by the magnetic susceptibility
and UV-Vis spectroscopy suggest the absence of such chlorides in the coordination

sphere.
3.3.6 DNA extraction

This procedure was carried out through the method mentioned in previous section 2.8,
the DNA obtained from this method is clearly showed in top of the test tube (Figure 21),

with a white color.
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Figure 21. Vegetable DNA extracted.

The electronic absorption spectrum of the isolated DNA show bands around 260-280 nm
(Figure 22), which is typical of DNA with a certain degree of free protein. Axso:Azs0 ratio
is equal to 1.6, this indicate sufficiently purity of DNA for the use in binding with
complexes,*? however, slightly contamination is evidenced by the absence of a minimum
at 234 nm characteristic of DNA, this can be associated to the presence of protein or

polysaccharide contamination typically observed in DNA from plants.%3
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Figure 22. UV-Vis Spectrum of vegetable DNA

3.3.7 DNA binding with the complex 1.

In the UV-Vis spectrum of the mixture of complex 1 with DNA (Figure 23), the
hypochromic effect expected®® in the range of 260-280 nm does not appear in the

spectrum, the increasing amounts of DNA, produce an increase of absorbance of the
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mixture with the complex (hyperchromic effect). This could be by the excess of quantity
added of DNA,*® the lack of the m-stacking interactions or denaturization of DNA that
show a typical hyperchromic effect, however, it is clear that binding is not favored under

these conditions.
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Figure 23. UV-Vis spectrum of cobalt(lll) complex 1, blue line represents the only metal complex signal and red line
shows the increases in amount of DNA.

3.4. Cobalt complex with ligand based on cinnamaldehyde (complex 2).

This synthesized cobalt complex was obtained after 12 hours under reflux conditions.
The complex did not precipitate; hence, the use of bulky precipitant agent was
necessary. The product was obtained with a sodium tetraphenylborate precipitant agent
dissolved in the same solvent used in the reaction (methanol). By adding a few drops of

this solution, the dark orange precipitated appeared immediately (Figure 24).

<

Figure 24. Synthesized complex of cobalt(lll) with cinnamaldehyde.
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The possibilities of coordination between the metal and ligands are showed in the Figure
25. The most probable geometry is tetrahedral, and it will be discussed in the next

sections.

Figure 25. a) and b) are proposed structures of complex 2.

3.4.1. Characterization of complex 2 by magnetic susceptibility.

The experimental values to calculate the value of mass susceptibility of complex 2 were

measured at room temperature, and the obtained values are showed in Table 2.

Table 2. Experimental values of complex 2 obtained from magnetic susceptibility balance.

Mempty (8) myui (8) Ro R L (cm) C

Complex 2 0.8360 0.8852 -35 40 1.9 0.97

The value of Cis calculated with the equation 3 previously mentioned. The experimental
values of magnetic susceptibility per gram was obtained with the equation 4 is:

2.8095x106g1.

With the purpose of calculate the experimental value of pefis necessary the equation 6,

Herr = 2.828y xcorr- T (6)

where xcorris the value of molar susceptibility (yv) minus diamagnetic corrections, and T
is the temperature at which the experiment was performed. The calculated values of yu,

Xcorr and egs from the experimental measurements are showed in Table 3.
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Table 3. Calculated values of xw, Xcorr Heff from complex 2.

Molecular XM Diamagnetic Xcorr Uesf (BM)
Weight corrections®*
(emu mol™?) (emu mol?)
(g/mol)
(emu mol?)
Complex 2 1274.19 3.58x1073 | —8.28x107* | 4.41x1073 3.26

*emu=electromagnetic unit

The experimental values obtained of pefr and the theoretical values of pes are compared
to define some characteristics of metal complex. In this complex the experimental value

obtained is pesr = 3.26 BM.

3.4.2. Crystal Field Theory

With the supporting of Crystal Field Theory (Figure 26), the theoretical values of pes can

be calculated using the equation 5.

Co3*:[Ar]3d®

I A

Figure 26. Tetrahedral Crystal Field of complex 2.
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Using the spin orbital coupling to cobalt(Il) and cobalt(lll), the equation 5 is modified to

equation 7:

Hepr =2/S(S+ 1)+ L(L + 1) (7)

where S is the number of unpaired electrons divided by two, and L is the nuclear
magnetic moment and it is equal to 1. The p,r; value obtained from equation 7 is

showed in Table 4.

Table 4. Possible values to ues from complex 2.

Uefs theoretical values (BM)

Metal CASE 1 CASE 2
Co** 3.87
Co3* 3.3166

From the analysis of the theoretical values (Table 4), the cobalt(ll) with 3 unpaired
electrons that has 3.87 BM value in d’ species is close to our experimental value,
however, using the equation of Spin-Orbit Coupling to cobalt(lll) case (equation 7), the
theoretical value of e increase from 1.78 BM (only spin) to 3.3166 BM (spin orbit) and
it could be associated to 1 unpaired electron, and the last value is nearest to the

experimental value.

In this complex, there are two possibilities very close to the experimental value.
However, the case 2 is close to the experimental value that corresponds to cobalt (ll1).
This fact is supported by the tendency of hexaaqua-cobalt(ll) to oxidize, by oxygen from
air, to cobalt (Ill) when aqua ligands are changed to nitrogen donor ligands (Schiff base)

as was explained previously (Figure 18).
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3.4.3. Infrared spectroscopy of complex 2

The IR spectrum of complex 2 (Figure 27) shows bands corresponding to ligand with
some shift in signals. A band around 1590-1580 cm™ mean the presence of imine
(C=N),>9°7->°3056-3050 cm™! stretch for sp2 =C-H band in aromatics,>® around 1560 cm"
Lto phenyl rings group(C=C),>® bands of the tetraphenyl borate are present but with light
shifts,®>%¢ the absence of bands on 3600-3200 cm™! shows that there are not -OH and
H,O0 like ligands,®’ the absence bands of C=0 and C-O show that there is not methoxy
group of the initial aldehyde nor the presence of acetate group coordinated to metal,
and the absence of N-H; band show that there are not ethylenediamine. Finally, 780-
674 cm™ band could correspond to signals of -Cl ligand, however this value is highly
sensitive to metal, quantity of this ligand and geometry, therefore the presence of this
is not clear.t%6! The low intensity of the signals could be by the purity of the complex,®’
hence the relative concentration of the complex could be decreasing the intensity of

peaks.
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Figure 27. IR spectrum of complex 2.

The IR signals obtained in this complex belonging to the C=N imine signal clearly differ
from the C=0 signal shown in the initial aldehyde spectrum (Figure 8), this is the main

evidence of the formation of imine group by the mechanism of reductive amination as
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shown in the Figure 7, in addition, the range in which this signal occurs suggest a
bidentate coordination.”” Another important signal that the spectrum shows is the
signal belonging to the C=C of the aromatic rings, this shows the presence of this as part
of the ligand as mentioned in several articles.>® Finally, the band that is shown between
780-674 cm™ that could be attributed to CI-,%° in some books shows us that metals
coordinated to metal CI- show bands 300-200 cm™,>” however in some experimental
studies with cobalt®! they show it as the functional group of ClI- directly coordinated to

the metal.
Sodium tetraphenylborate

The use of Sodium tetraphenylborate as counter ion in the complex 2 is necessary to
precipitate the complex, this suggest that the complex is cationic and the coordination

of ligands differ of previous reports in literature.>!

3.4.4. UV-Vis Spectroscopy of complex 2.

The electronic spectrum of complex 2 (Figure 28) show many peaks at different
wavelengths, however the second group only can be shown in a very low absorbance
window (Figure 28 insert). The first group show peaks at 266nm, 275nm, 293nm while

the second group in low absorbance show peaks on 555 nm, 682 nm.

41



z
| \,\. 0,02 v
1 N, 1
I 266 nm 0z ] 555 nim
15 - W Z75nm 293 rirm . ‘m\-é/ T
- \ / : - ',
0,01 — N
™ . N, ¥
v A —_— . —
g . . .
n - T
'.21_ \\-\ s L I B
2 \ £ £00 700 £00
1 - ke iy
.
J -
. RM""'\-».,___\__
0,5 — [
: Col LI complex | T —

250
Wavelength [nm]

Figure 28. UV-Vis spectrum of complex 2. Insert: Spectrum of complex 2 in range 460-800 nm.

In order to assign the transitions through the Tanabe-Sugano Diagrams is necessary to
apply the rule that change octahedral to tetrahedral diagrams (d"tetrahedral=
d%"octahedral), the quantity of peaks is similar to d* metal configuration in Low Spin
according to Tanabe-Sugano Diagrams, it is a paramagnetic species, without take
account the first peak whose intensity of absorbance and the range show that the
electronic transition belongs to a charge transfer and so intense band, the band around
266 nm due to m-mt* transition belong to aromatic rings. The band around 682 nm is
clearly a d-d transition that corresponds to 3T1g —3Eg transition, the signal around 555
nm corresponds to 3T13—>3Tx (d-d transition), however the next signal around to 293 nm
could correspond to next transition 3T1g—>3A1, but the next signal could be masked by

high signals corresponds to charge transfer.

3.4.5. Remarks of proposed structures

In the case of complex 2, an oxidative behavior similar to complex 1 is expected, in which
the metal passes from cobalt(ll) to cobalt(lll) due to its redox potential. The IR
spectroscopy shows the signal of C=N very close to the range of bidentate imine ligand,

for which the double coordination of the metal with the synthesized ligand is proposed.
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The geometry suggested by the magnetic moment is tetrahedral, which is verified by
UV-Vis spectroscopy. Although the information through the infrared spectrum is not
clear about the coordination with chlorine, the peaks in UV-Vis spectroscopy suggest
that it is a compound in Low Spin state, however, the presence of chlorine would lead
to a High Spin behavior. In addition, by the fact that this complex was obtained through
precipitation with a bulk anion (as precipitating agent), it gives us the idea that the

chloride did not manage to stabilize the charge of the complex.

3.4.6. DNA binding with the complex 2.

In the UV-Vis spectrum of the mixture of complex 2 with DNA (Figure 29), the
hypochromic effect expected®® in the range of 260-280 nm is clear, the increasing
amounts of DNA achieve to the decrease of the absorbance of the mixture with the
complex. The increases of DNA show a percentage of hypochromism (%H) around
39.3%, also, a slightly bathochromic effect is showed in the bands of spectrum. To the
calculations must be taken into account that although the values of binding constant
(Kp) are obtained from equation 2, however, K is calculated comparing the equation of
a line with equation 2, and K, comes from the trend line shown by these values.
Therefore, while more measurements are obtained, the approximation will be better,
and from only two measurements the points form a line and a reliable value is not

obtained. But, the %H show that there is an interaction with DNA biomolecules.
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Figure 29. UV-Vis spectrum of cobalt(Ill) complex 2, black line represents only metal complex signal, and red and green
lines show the successive increases in amounts of DNA.
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3.5. Iron complex with ligand based on p-anisaldehyde (complex 3).

This synthesized iron complex 3 was obtained after 12 hours under reflux conditions,

and this was vacuum filtered. The obtained product was shiny brown color (Figure 30).

Figure 30. Synthesized complex of iron(lll) with p-anisaldehyde.
The possibilities of coordination between the metal and ligands are showed in the Figure

31. The most probable is octahedral geometry, and it will be discussed in the next

sections.
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Figure 31. a) and b) are proposed structures of complex 3.

3.5.1. Characterization of complex 3 by magnetic susceptibility.

The experimental values to determine the value of mass susceptibility of complex 3 were

measured at room temperature, and the obtained values are showed in Table 5.
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Table 5. Experimental values of complex 3 obtained from magnetic susceptibility balance.

Mempty (8) myui (8) Ro R L (cm) C

Complex 3 0.8338 0.9072 -35 168 1.9 0.97

The value of Cis calculated with the equation 3 previously mentioned. The experimental
values obtained to magnetic susceptibility per gram with the equation 4 is:

5.0971x107°g?, this value of complex 3 suggest a paramagnetic compound.

The values of xm, Xcorr, and pesrare showed in Table 6, and will be discussed in the next

section.

Table 6. Calculated values of X, Xcorr, UHeff from complex 3.

Molecular XM Diamagnetic Xcorr Uesr (BM)
Weight corrections®
(emu mol™?) (emu mol?)
(g/mol)
(emu mol?)
Complex3 | 990.8597 | 5.05x107% | —5.45x107*| 5.601073 2.58

The experimental values obtained of pes and the theoretical values of pes are compared
to define the electronic state of the metal complex. In this complex the experimental
value obtained is uesr = 2.58 BM. This experimental value is compared with the

theoretical values obtained from Crystal Field Theory.
3.5.2. Crystal Field Theory

With the supporting of Crystal Field Theory (Figure 32), the theoretical values of pes can
be calculated using the equation 5. The theoretical values of pes=5.91 BM to High Spin
of iron(lll), when comparing these values there is a difference in magnetic moment,
however this change could be related to a possible antiferromagnetic behavior shown
by the synthesized complex, causing the value of magnetic moment to drop due to the

disposition that they can adopt with the magnetic field.
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Figure 32. Octahedral Crystal Field of complex 3.

Comparing with the theoretical value It can be associated to Fe(lll) with the case having
5 unpaired electrons it has a magnetic moment of 5.8 BM expected for a d° species,
however, the value is lower than theoretical value as it usually occurs in this type of

complex.
3.5.3. Infrared spectroscopy of complex 3

The IR spectrum of complex 3 (Figure 33) show a weak band on 1516 cm™ could be the
imine signal with shift, the 1380 cm™ and 1291 cm-1 could correspond to phenyl group,
2970 cm™ signal C-H sp3, 3115 cm™ band corresponds to =C-H sp?, and around 1015
cmband corresponds to DMSO (S-0)% with a light shift of the typical value. The band

around 820 cm™* associated to -para substitution.
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Figure 33. IR spectrum of complex 3.

The S-O signals shown indicate a clear presence of the DMSO substituent in the complex,
in addition, although the signal that should correspond to the imines shows shift, the
presence of the aldehyde is ruled out by the absence of the characteristic C=0 signal

around 1700 cm™.

3.5.4. UV-Vis Spectroscopy of complex 3.

In the spectrum of complex 3 (Figure 34) two peaks are observed at 228 nm and 275 nm.

The red line shows the only absorbance of the complex.
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Figure 34. UV-Vis spectrum of complex 3.

The peak around 228 nm is assigned to a charge transfer due to the range in which it is
presented and its high absorbance, the peak around 275 nm is referred to n-it transition
of aromatic compounds. The absence of other peaks in Visible region is characteristic of

a d® High Spin species.
3.5.5. Remarks of proposed structures

This complex is evidenced as an octahedral complex of iron(l11) High Spin (d® HS), where
the experimental value of magnetic susceptibility differs from the theoretical value due
probably to an antiferromagnetic influence. This is supported by the UV-Vis spectrum
that shows an absence of d-d transitions as would be expected for a High Spin d° species,
however it shows a band that could be attributed to the ligand. Although it is not clear
how many ligands are present in the complex, the chelate effect could influence a

greater stability of the molecule by the coordination of two bidentate ligand.

3.5.6. DNA binding with the complex

In the UV-Vis spectrum of the mixture of complex 3 with DNA (Figure 35), the
hypochromic effect expected®C in the range of 260-280 nm is clear in the spectrum, the
increasing amounts of DNA achieve to the decrease of the absorbance of the mixture
with the complex. The first increase of DNA shows a percentage of hypochromism (%H)

around 32.28%, also, a bathochromic effect is showed in bands of spectrum. To the
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calculations must be taken into account that although the values of binding constant
(Kp) are obtained from equation 2, however, Kj is calculated comparing the equation of
a line with equation 2, and K, comes from the trend line shown by these values.
Therefore, while more measurements are obtained, the approximation will be better,
and from only two measurements the points form a line and a reliable value is not

obtained. But, the %H show that there is an interaction with DNA biomolecules.

- ‘ FeiIII} comple:x
i FeiIII) comple:-+0MNa
| —— Fe(IIl) complex+Dha

Absorbance
r-a
|

200 300 400 500 &0
Wavelenght [nm]

Figure 35. UV-Vis spectrum of iron(lll) complex 3, red line represents only metal complex signal, and green and blue
lines show the successive increases in amounts of DNA.
3.6. Iron complex with ligand based on cinnamaldehyde (complex 4).

This synthesized iron complex 4 was obtained after 12 hours under reflux conditions,
and this was vacuum filtered. The obtained product was reddish brown color (Figure

36).

49



Figure 36. Synthesized complex of iron(lll) with cinnamaldehyde.

The possibilities of coordination between the metal and ligands are showed in the Figure
37. The most probable is octahedral geometry, and it will be discussed in the next

sections.
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Figure 37. a) and b) are proposed structures of complex 4.

3.6.1. Characterization of complex 4 by magnetic susceptibility.

The experimental values to calculate the value of mass susceptibility of complex 4 were

measured at room temperature, and the obtained values are showed in Table 7.

Table 7. Experimental values of complex 4 obtained from magnetic susceptibility balance.

Mempty (8) My (8) Ro R L (cm) C

Complex4 | 0.1401 0.2486 -35 70 1.9 0.97
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The experimental value obtained to magnetic susceptibility per gram with the equation

4is: 1.7835x10~°g, this value of complex 4 suggest a paramagnetic compound.

The calculated values of xm, Xcorr and peg are showed in Table 8, and they will be

compared with the theoretical values in the next section.

Table 8. Calculated values of xwm, Xcorr Heff from complex 4.

Molecular XM Diamagnetic Xcorr Uesr (BM)
Weight corrections®*
(emu mol?) (emu mol?)
(g/mol)
(emu mol?)
Complex 4 974.8997 1.74x107% | —5.5x107* | 2.29x1073 1.65

3.6.2. Crystal Field Theory

With the supporting of Crystal Field Theory (Figure 38), the theoretical values of uegcan

be calculated using the equation 5.

Fe3*:[Ar]3d°®

Sar a2 "y
1 1 1 1 1 :'/ ________________________ A
dy  de  dy 42 422 N
NI
d,  d, d,

Figure 38. Octahedral Crystal Field of complex 4.

The uef theoretical value obtained are showed in Table 9, and it is compared to define

the geometry.
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Table 9. Theoretical value of complex 4.

Uesr (BM)
Metal CASE 1
Fe3* 5.91

The theoretical values of pesto iron(lll) are compared with experimental value of peg,
and it is nearest to case with only one unpaired electron. However, UV-Vis spectra show
the absence of characteristics peaks to Low Spin species, and the peaks of this spectrum
are the expected for d> High Spin metal species. Therefore, the difference between the
values could be due to an antiferromagnetic behavior of the complex that can decrease

this magnetic moment.
3.6.3. Infrared spectroscopy of complex 4

The IR spectrum of complex 4 (Figure 39) show a broad band around 1580-1530 cm™,
this band can be explained by the overlapping that corresponds to imine signal (C=N)
and phenyl signal combined with other band around 1433-1401 c¢cm™® (C=C), a
characteristic band around 1030 cm™ identify the DMSO (S-O) stretch.®®

100
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Figure 39. IR spectrum of complex 4.
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In this compound, the C=N signal shows a slight shift in the imine group, the signals of
the phenyl groups are strong and wide, remembering that here the C=C signal belonging

to the double bond outside the ring could be modified or overlapped aromatic.
3.6.4. UV-Vis Spectroscopy of complex 4.

In the spectrum of complex 4 (Figure 40), two peaks are showed, peak around 214 nm
with high absorbance and so broad peak between 250-330 nm. The red line shows the

absorbance of complex.

| FelIIl) complex

[
I T N T T T T N O A A B B

Absorbance
a

)
=
(=)

400 &00 ao0
Wavelenght [nm]

Figure 40. UV-Vis spectrum of complex 4.

The electronic transitions on d° High Spin species are not allowed, this fact is evidenced
in Tanabe Sugano Diagram where °A;; does not has excited state with the same
multiplicity. This fact is clear in this complex since in the experimental spectrum, the
peak around 214 nm belongs to charge transfer, the broad band between 250-330 nm
is difficult to distinguish the electronic transition, however, due to the nature of ligand

is possible the presence of band belongs to m-n* of aromatic rings.
3.6.5. Remarks of proposed structures

The synthesized complex 4 shows an octahedral geometry, also show that metal is
iron(Ill) of High Spin (d> HS), where although the experimental value of magnetic
susceptibility differs from the theoretical value expected for this compound, and
although it could thinking it has antiferromagnetic influence, the value is still small
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compared to the theoretical. However, the measurement through the UV-Vis
spectrophotometer shows an absence of transitions as would be expected for a High
Spin d°> species thus confirming the High Spin state of iron(lll). Furthermore, this
spectrum shows a very broad band in the UV region that could be attributed to the
ligand since it is at the point of interaction with DNA. Although in this case it is also
difficult to determine the entire structure of the complex, the chelate effect could
influence a greater stability of the molecule in which it has more imine binders attached

to it, in addition to being more symmetrical.
3.6.6. DNA binding with the complex

In the UV-Vis spectrum of the mixture of complex 4 with DNA (Figure 41), the
hypochromic effect expected in the range of 260-280 nm is not clear because the first
increase of DNA (green) almost keeps the position, but with the next increase of DNA
the absorbance increases too. In this case, calculate the values of binding constant (Kp),
and the hypochromic effect (%H) are not possible because the addition of DNA seems

that produce an hyperchromic effect.
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Figure 41. UV-Vis spectrum of iron(lll) complex 4, red line represents only metal complex signal, and green and blue
lines show the successive increases in amounts of DNA.

54



The observed effect with the increases of DNA looks like a hyperchromic effect that
could be caused by the excess of quantity added of DNA,*? the lack of the m-stacking
interactions or denaturization of DNA that show a typical hyperchromic effect. Here, it
appears that the excess of the increased amount of DNA produced the increase in
absorbance. The spectrum show that binding is not favored under these conditions, but

it can be tested with lower increases of DNA to the complex.

3.7. Docking studies of synthesized ligands using Autodock software

3.7.1. Interaction with ligand based on p-anisaldehyde

The docking simulations were carried out on this ligand allow to analyze the affinity that
it could have with DNA biomolecules, which would lead to potential uses as anticancer
agents associated with reaction mechanisms based on intermolecular interactions as =-

7 stacking.

This docking results shows 10 possible conformations and the positions in which it could
interact with the ligand. The conformation with lower binding energy is showed Figure

42.

Figure 42. Interaction of ligand based on p-anisaldehyde with 1BNA DNA.

In the conformation with lower binding energy at room temperature, the results

obtained are showed in Table 10.
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Table 10. Results of docking with autodock of ligand 1.

Estimated Final Van der Waals + | Inhibition

Free Energy | Intermolecular | Hydrogen bond + | Constant

(kcal/mol) Energy Desolvation Energy | (nM)
(kcal/mol) (kcal/mol)
Ligand 1 -8.61 -10.70 -10.60 489.36

Figure 43 shows the hydrogen bond between ligand based on p-anisaldehyde with 1BNA
sequence, also, an important fact shown by the docking is that in the analysis of
intercalation with ligand, the interaction seems to mediated by intermolecular forces

(probably t-mt interaction) instead of covalent bonding.

Figure 43. Hydrogen bond from docking with ligand 1.

3.7.2. Interaction with ligand based on cinnamaldehyde

This docking shows 10 possible conformations and the positions in which it could
interact with the ligand. The conformation with lower binding energy is showed Figure

44,
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Figure 44. Interaction of ligand based on cinnamaldehyde with 1BNA sequence.

In the conformation with lower binding energy at room temperature, the results

obtained are showed in Table 11.

Table 11. Results of docking with autodock of ligand 2.

Estimated Final Van der Waals + | Inhibition

Free Energy | Intermolecular | Hydrogen bond + | Constant

(kcal/mol) Energy Desolvation Energy | (nM)
(kcal/mol) (kcal/mol)
Ligand 2 -9.95 -12.04 -12.03 50.65

Figure 45 shows the hydrogen bond between ligand based on cinnamaldehyde with
1BNA sequence, also, an important fact shown by the docking is that in the analysis of
intercalation with ligand, the interaction seems to mediated by intermolecular forces

(probably mt-mt interaction) instead of covalent bonding.

Figure 45. Hydrogen bond from docking with ligand 2.
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3.8. Docking studies of synthesized complexes using Hex 8.0.0 software.

3.8.1. Cobalt complex with ligand based on p-anisaldehyde (complex 1).

This docking was carried out between complex 1 (figure 16a) with 1BNA. The figure 46a
shows the most stable position among the probable orientations due to its total energy
of -374 kl/mol, this without the possibility of a cisplatin-type interaction with 1BNA
because the complex has not labile ligands, and H-bonds are not shown. This fact could
mean the probable presence of 1 stacking interactions between the complex and the
biomolecule, also figure 46b shows the atoms belong to the chains that are closest to

the complex.

:0]A-12:DG-03'

1]A-11=DPC-C3'

.0]B-14:DG-03'
:0]B-15:DC-C5'

. 16:DG-C4'
{0]B-16:DG-OP1

0]B-17:DA-OP1

Figure 46. Docking of complex 1 with 1BNA. a) Solid Surface of 1BNA with complex, b) Closest atoms of the 1BNA chain
with the complex.

3.8.2. Cobalt complex with ligand based on cinnamaldehyde (complex 2).

This docking was carried out between complex 2 (figure 25b) with 1BNA. The figure 47a
shows the most stable position among the probable orientations due to its total energy
of -350 kJ/mol, the same fact that in last complex support the possible presence of nt
stacking interactions, also figure 47b shows the atoms belong to the chains closest to
the complex. One important fact is that the total energy is different between the two

cobalt complexes.
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(0]B16:DG-C5*
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10]B-14:DG-N2 o

10]A-121.. 5-C5'

Figure 47. Docking of complex 2 with 1BNA. a) Solid Surface of 1BNA with complex, b) Closest atoms of the 1BNA chain
with the complex.

3.8.3. Iron complex with ligand based on p-anisaldehyde (complex 3).

This docking was carried out between complex 3 (figure 31a) with 1BNA. The figure 48a
shows the most stable position among the probable orientations due to its total energy
of -386 kJ/mol, the same fact that in last complexes support the possible presence of nt
stacking interactions, also figure 48b shows the atoms belong to the chains closest to
the complex. One important fact is that the total energy is higher than complex 3 that
has the same ligand synthesized, it means more stability for the iron complex. Also, it
has higher total energy than complex 2 that can be associated to geometry and the Schiff

base ligand of the complex 2.

10]A-12:DG-P#
0 1 HRGOH G op1
{01A-10:DG-C4"
{01a-10:DG-C5'
-

-*

n1R.17:DAYO4

—

[0]A-7:DT-C2'
1U]1%18:DA-C4

Figure 48. Docking of complex 3 with 1BNA. a) Solid Surface of 1BNA with complex, b) Closest atoms of the 1BNA
chain with the complex.
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3.8.4. Iron complex with ligand based on cinnamaldehyde (complex 4).

This docking was carried out between complex 4 (figure 37a) with 1BNA. The figure 49a
shows the most stable position among the probable orientations due to its total energy
of -350 kJ/mol, the same fact that in last complexes support the possible presence of t
stacking interactions, also figure 49b shows the atoms belong to the chains closest to
the complex. One important fact is that the total energy is the same that complex 2, it
shows the directly dependance of the ligand without take account the difference in

geometry, and the energy is different between two iron complexes.

[U]B4:DG-OP1

[0]B-23:DC-P

[0J8:21:DC-C4'

1 [0]A-4:DG-C4'

[0)A-6:DA;OP1

[0JA<24DT-OP1

Figure 49. Docking of complex 4 with 1BNA. a) Solid Surface of 1BNA with complex, b) Closest atoms of the 1BNA
chain with the complex.
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Conclusions

The synthesis of metal complexes based on Schiff bases shows encouraging results when
they interact with DNA. These complexes were characterized by techniques such as

Infrared Spectroscopy, UV -Vis spectroscopy, and magnetic susceptibility.

Infrared Spectroscopy supports the presence of several functional groups in the complex
such as signals of imines or aromatic rings and rules out the presence of signals from
ethylenediamine or aldehydes. UV-Vis spectroscopy and magnetic susceptibility support

the presence of the metal and its oxidation states in the metal complex.

Extraction of aldehydes from plants was successful and it allows to perform cheap
synthesis of Schiff base ligands as in the case of cinnamaldehyde that was obtained from
cinnamon bark. Structure of cinnamaldehyde was demonstrated through Infrared
Spectroscopy analysis. The signals obtained from cinnamaldehyde agreed with the
expected signals reported in literature, although the yield was not very high and the TLC
plate showed the possible presence of impurities. In the next step of the design of the
ligands, cinnamaldehyde and p-anisaldehyde were successfully condensed with

ethylenediamine and formed the characteristic double bond of the imines (Schiff bases).

In the last step of the synthesis, four complexes derivate from the reactions of cobalt(ll)
with ligands 1 and 2 and from the reactions of iron(lll) with ligands 1 and 2 were
obtained. Spectroscopic analysis demonstrates the successfully coordination of the

ligands giving place to the next complexes:

Complex 1: Option 1: Cobalt(lll) Low Spin, two Ligands 1, two Cl-, Octahedral
Option 2: Cobalt(lll) Low Spin, three Ligands 1, Octahedral

Complex 2: Cobalt(lll) Low spin, two Ligands 2, Pseudotetrahedral

Complex 3: Iron(lll) High Spin, two ligands 1, two DMSO, Octahedral

Complex 4: Iron(lll) High Spin, two ligands 2, two DMSO, Octahedral
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Vegetal DNA was extracted with success and used to interact with the synthesized
complexes. The purity of DNA was analyzed with UV-Vis spectroscopy, where the ratio
Az60:A280 Was equal to 1.6 which means that the DNA was not totally pure but it

sufficiently to perform analysis.

The complexes were tested to interact with the extracted DNA, where complex 2 and
complex 3 showed a clear interaction with DNA (hypochromic effect). Complex 1 and
complex 4 showed no affinity to interact with DNA under the conditions of the
experiment. The positive interactions shown by the complex 2 and 3 with DNA could be

associated with pi stacking interaction.

The docking studies shows that free ligands have a degree of affinity to bind with DNA,
in both cases this effect is produced by intermolecular forces. The studies with the metal
complexes 1 to 4 show a degree of affinity to DNA, but the complexes cannot bind
directly like cisplatin and the docking were not showed H-bond. So that, the interactions
could be produced by it stacking interactions. The experimental interactions and those
obtained by simulation are encouraging since they show us a certain affinity to which
complexes and ligands of this type could interact, which means high potentialities for
uses in medicinal chemistry such as anti-cancer drugs, through mechanism similar to

cisplatin and by the mt stacking interactions.
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Recommendations

e Perform more spectroscopic characterization in order to determine

unambiguously the structure of the ligands and the complexes.

e Improve the method of obtaining DNA to increase its purity or carry out tests

with commercially DNA.

e Further studies with cancer cell lines will be useful in order to evaluate the real

anticancer properties of our complexes.

e Increase the number of tests performed with the UV-Vis spectrophotometer in
which a greater number of successive increases of DNA are made to interact with
the synthesized complex, and thus be able to obtain the binding constant with

precision and also the percentage of hypochromism.

Perspectives

The previous results of binding with DNA are encouraging with two of the complexes,
however tests under better conditions of interaction or directly with cancer lines could

give us a more certain result about their potential as anticancer drugs.
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ANNEXES
TANABE-SUGANO DIAGRAMS
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