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Abstract

The influence of structural as well as electronic properties of bidentate N,N chelates with
different substituents on the mononuclear Pd(I1) complexes were investigated. The complexes
were synthesized and characterized by various spectroscopic methods such as *H & *C NMR,
FT-IR, LC-MS, CHN and single x-ray crystallography. For the first set of complexes (Chapter
3), we studied the unexplored kinetics and mechanistic behaviour of N,N’-pyridyl Pd(Il)
complexes, viz. dichloro-(N-((pyridin-2-yl)methyl)aniline)palladium(Il) (PdL1), dichloro-(4-
fluoro-N-((pyridin-2-yl)methylaniline)-palladium(ll) (PdL2), dichloro-(4-bromo-N-
((pyridin-2-yl)methyl)aniline)-palladium(ll)  (PdL3), dichloro-(4-methoxy-N-((pyridin-2-
yl)methyl)aniline)-palladium(Il) (PdLA4) and dichloro-(4-ethyl-N-((pyridin-2-
yl)methyl)aniline)-palladium(Il) (PdL5). The substitution behaviour of coordinated chloride
atoms by three bio-relevant thiourea nucleophiles, viz. thiourea (TU), N,N’-dimethylthiourea
(DMTU) and N,N,N’,N -tetramethylthiourea (TMTU), of different steric demands was studied
in a 0.1 M solution of ultra-pure water under pseudo-first order conditions. The reactions were
studied as a function of concentration and temperature using standard Stopped-Flow and UV-
Vis spectrophotometric technique. The substitution of the chloride atoms from the Pd metal by
thiourea nucleophiles was a two-step reaction where the chloride trans to the pyridine ligand
was substituted first, since the pyridine has a stronger trans effect compared to the amine group.
The reactivity of mononuclear Pd(II) complexes containing bidentate N,N’-donor ligands with
different substituents depends on the electronic effects of the complexes. The reactivity of the
complexes increased with the presence of electron withdrawing substituents and decreased
when an electron donating group was attached on the para position of the aniline moiety. The
electron withdrawing groups influence the pull of electrons from the electron deficient amine
that is coordinated to the metal center which results in the loss of electron density from the
ligand moiety and increases the electrophilicity of the metal center and thus the substitution
reaction. The reactivity of the nucleophiles depends on steric effects, with the bulky TMTU
being the least reactive. The negative entropies and second order kinetics for all the substitution
reactions support an associative mode of substitution mechanism. DFT calculations were

performed to account for the observed reactivity of all the complexes studied.
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For the second set of novel Pd(11) complexes (Chapter 4), viz. bis[N-(4-bromophenyl)pyridine-
2-carboxamidato]  Palladium  (Pdl) and  Palladium(ll)  [N-(4-bromophenyl)-2-
pyridinecarboxamide), pyridine chloride (Pd2), crystals were obtained and the structures were
studied. Pd1 crystallizes in the monoclinic crystal system and in the P21/c space group, and

Pd2 crystallizes in the orthorhombic system, with the space group Pbca.
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CHAPTER 1
1. Introduction

1.1 The Development of Cancer

Cancer remains one of the greatest threats to increased human life expectancy in the 21%
century. It is ranked the number one cause of death in developed countries and the second
leading cause of death in developing countries.? According to a 2021 report by the World
Health Organization (WHO), cancer claimed the lives of nearly 10 million people in 2020
alone. Of these deaths, the most common were caused by cancer of the lung (1.8 million),
colorectum (935 thousand), liver (830 thousand), stomach (768 thousand), breast (684
thousand), esophagus (544 thousand), pancreas (466 thousand) and prostate (375 thousand)

cases.?

Cancer is a group of chronic or acute diseases characterized by an uncontrollable growth in
normal cells, leading to the formation of a tissue mass of cells known as a tumor.* The primary
tumor can be life-threatening by obstructing vessels or organs and disrupting their function. If
diagnosed early, this initial tumor can be treated through local surgery, aided by a combination
of other methods such as chemotherapy, radiotherapy, or vaccine-related treatments. This type

of tumor is usually benign as it remains confined to its location of origin.*®

The most common cause of death is usually metastasis, the spread of the primary tumor
throughout the body via the circulatory or lymphatic systems to vital body organs, establishing
secondary tumors.®> During the process of metastasis, the tumor cells can penetrate through the
walls of lymphatic vessels and distribute to draining lymph nodes or directly invade the thin
walls of the blood capillaries and spread to far-reaching sites in the body. Furthermore, tumors
can also spread across body cavities via organs. This type of tumour cell is known as malignant,

and its ability to distribute throughout the body makes local surgery infeasible.*

The cloning of cancerous cells and their proliferation is a multistep process in which cells
undergo a series of changes that gradually become malignant.®> This process, known as
tumorigenesis, commences from tumor initiation, a result of genetic alteration leading to
abnormal proliferation of a single cell and clinical derivation of tumor cells. With additional
mutations occurring in the cell, the population of tumor cells increases; this stage is typically
known as tumor progression.>® Only a slow rise in the rate of cancer cell proliferation is

required to outgrow the average cell population. It is worth noting that tumor progression
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depends on the type of tissue or organ; for example, organs such as the bone marrow account
for cell loss by a high rate of cell division.® In contrast, the adult tissue of the liver typically
maintains a steady number of cells and therefore, the gradual growth in population of cancerous

cells rapidly exceeds that of normal cells.

1.2 Causes of Cancer

Biomedical research has revealed that proliferation is a common characteristic of all cancers.
However, the etiology of these diseases can be explained by various theories attributed to
internal, external, or hereditary factors. Mutations cause majority of cancers, and changes in

DNA, i.e., addition or loss of DNA, or alternate epigenetics.> °

There are two types of genetic mutations: point mutation and translocation mutations.®> The
former is when only one base of a DNA sequence is altered, resulting in a new codon that
encodes for a specific (incorrect) amino acid at a corresponding protein position. Translation
mutation involves the movement of an entire gene from one chromosome to another. Cancer
genesis may occur if the proteins corresponding to these specific altered DNA sequences are

crucial in the control of cell growth.®

In humans, mutations often arise from external factors such as virus or bacterial infections,
exposure to chemicals (such as tobacco smoke, or asbestos), potent carcinogens (such as
exhaust fumes) and harmful radiation (including alpha, beta and gamma rays).” 8 Additionally,
several genes have been identified that, if inherited, can potentially form certain types of
cancer. An example would be BRCA1 and BRCAZ2, genes closely associated with breast

cancer, which can be inherited from one generation to the next.>

1.3 Treatment of Cancer

Treatment of cancer often involves a combination of methods and approaches, depending on
the type and stage of cancer, and most crucially, the location of the cancerous cells.® To date,
the main treatments are surgery, chemotherapy, and radiotherapy, while other less common
treatments such as biochemical therapy, photodynamic therapy (PDT), and antibody-related
treatments are being employed.®'? Primarily, localized tumors are surgically removed,
followed by chemotherapy or radiotherapy to remove the cancerous cells from the affected

tissue.
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Chemotherapy involves using drugs to destroy tumors or at least prevent proliferation of
cancerous cells.® This method affords better effects, as the drugs can access multiple sites in
the body. However, cancer is complex, and each type is distinct.>® As such, no single chemical
drug with a broad spectrum can actively cure all cancer types. Consequently, cancer treatment
remains a monumental task as the commonly used methods are often associated with
resistance.'® Such drawbacks have encouraged efforts towards the design of metal-based drugs

as potential antitumor agents.

1.4 Use of Metals in Cancer Treatment

The use of inorganic complexes in cancer chemotherapy stems from Barnett Rosenberg’s
discovery of cis-diamminedichloroplatinum(ll), commonly known as cisplatin, in 1969
(Figure 1.2a) .1* To date, cisplatin is the most prestigious anticancer drug used for the treatment

of ovarian, testicular, lung and cervical cancers, among others.>8

1.4.1 Mechanism of Action of Pt-based Drugs

Anti-cancer drugs have different mechanisms by which they interfere with cancer cell growth.
Research focused on cisplatin's molecular mechanism of action has assisted researchers in
understanding how the drug terminates cancerous cells. It has also been reported that the mode
of function of cis-Pt based anti-cancer complexes resemble that of cisplatin.'® These drugs are
known as DNA interactive agents, they interfere with DNA processing by forming DNA
adducts, inter- and intrastrand crosslinks, and DNA-protein crosslinks, which ultimately leads
to programmed cell death, apoptosis, through initiation of major signaling pathways.?°

Cisplatin is typically administered through the veins instead of ingestion through the acidic
gastrointestinal tract to prevent premature hydrolysis. The blood plasma contains high
concentrations of chloride ions, approximately 100 mM, and these conditions aid the neutral
cisplatin complex to reach its target unaltered.?’ Upon absorption into the cancer cell through
passive and active diffusion, cisplatin undergoes hydrolysis to form a positively charged aqua
species. This is due to low concentration of the chloride ions, ~4 mM, which results in the loss
of one or both chloride ligands.?! 2 Inside the cell, the platinum complex encounters numerous
biomolecules with a strong affinity for the platinum center, including sulfur donors such as
thiols and thioethers. Some of the Pt(Il1) complex may interact with these molecules to form

kinetically stable platinum-sulfur bonded adducts.?®> However, at neutral pH, the positively
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charged platinum complex preferably binds with nucleophilic nitrogenous sites of DNA which
have less hindrance. The binding of the complex to nitrogen is expected since platinum is a
soft metal and therefore have a strong affinity for hard bases such as nitrogen. Cisplatin
preferably binds to the N7 atoms of guanine and adenine, although the N1 of adenine and the
N3 atom of cytosine are also suitable binding sites.?* The N7 atom of guanine has shown to be
the most preferred coordinate site due to accessibility, strong basicity, and the intermolecular
hydrogen bond interactions between the N-H proton of cisplatin with O6 atom of guanine. This
interaction stabilize the binding of Pt(I1) complex to the N7 site and consequently, this N7-Pt
binding is proposed to be responsible for the antitumor activity of cisplatin.?>?® The N1 of
adenine and the N3 of cytosine are primarily involved in DNA base pairing and therefore, these

sites are less likely available for metal binding.?’

The interaction of cisplatin with DNA leads to the formation of DNA-Pt adducts, including
interstrand, intrastrand and intramolecular crosslinks (Figure 1.1).2* The most prominent
platination is the intrastrand crosslinks between two neighboring deoxyguanosines (GG) which
accounts for 65% of all DNA adducts. Intrastrand crosslinks at the AG sequence form about
20% DNA adducts. However, no adducts are observed at the GA sequence. Additionally, a
cross-link between two deoxyguanosines separated by a third nucleoside, the GNG sequence,
forms about 9% of DNA adducts.?* Furthermore, DNA interstrand crosslinks have been found
to exist between two deoxyguanosines,.However, this rarely occurs as it leads to the twisting
of the DNA structure and may only occur when an alternate purine is not in proximity on the
same strand and thus only accounts for 1% of the DNA adducts.?* One other adduct has been
observed to form a crosslink between deoxyguanosine and glutathione.?* Although the
mechanism of toxicity of these DNA adducts is still vaguely understood, it is generally
accepted that the adducts inhibit DNA replication or suppress DNA transcription by distortion
through unwinding, bending, and flattening the minor grooves of the superhelix, and shortening

of the double helix, which ultimately induces cell death by apoptosis.? 28
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Figure 1.1: Different DNA-Pt adducts formed from the interaction of cisplatin with DNA.%®

1.4.2. Drawbacks of Cisplatin

Despite the use of cisplatin as the leading anti-cancer drug for over five decades, its efficacy is
primarily compromised by inherent and acquired resistance, and severe side effects including
neurotoxicity, nephrotoxicity, gastrointestinal toxicity, nausea, and vomiting.®® 3! Many factors
contribute to these side effects, including the aquation of the cisplatin complex in the blood
plasma before diffusion into the cytoplasm, which could lead to an aqua species that is likely
to react with non-target cells. This nonspecific attack may lead to toxicity of the drug.?°

However, this can be controlled by high concentrations of chloride ions.

Another factor is the binding of the Pt(1l) complex to sulfur containing thiols, forming stable
Pt-S bonds, which are inert and considered one of the causes of the development of resistance.
In instances where these inert Pt-S compounds are bound to an amino residue of proteins, they
are responsible for the acute side effects.®>3* As a consequence, Pt(I1) drugs are usually
administered with chemo protecting agents which are S-containing compounds such as thiourea
(Tu), cysteine, biotin, glutathione and amifostine. Most of the severe side effects are linked

with administration and the lack of selectivity of the drug.3*

The discovery of cisplatin and the side effects associated with the drug has since led to the
design of numerous platinum analogues of this drug such as carboplatin (cis-

diammine(cyclobutane-1,1-dicarboxylate-O,0")platinum(ll)) (b), oxaliplatin (trans-R,R-
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cyclohexane-1,2-diamine](ethanedioato-O,0O")platinum(ll)) (c) and satraplatin (bis-acetato-
ammine-dichloro-cyclohexylamine-platinum(1V)) (d) (Figure 1.2).%? Carboplatin is a second-
generation Pt(11) based anticancer drug effectively used in the treatment of ovarian cancer and
has shown fewer side effects than cisplatin.®® Oxaliplatin is used to treat colon and rectum
cancer and has been observed to be applicable at a broader spectrum than cisplatin. The drug
satraplatin is still in development stages with potential to improve oral administration of
anticancer drugs and to treat patients with prostate cancer.®? % Despite these efforts, researchers
have a challenge in the design and synthesis of metal-based drugs with better efficacy,

improved application spectrum, and limited solubility with reduced toxicity.
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Figure 1.2: Cisplatin and follow-up platinum-based anticancer drugs.*
Amongst others, complexes of transition metals such as gallium, copper, ruthenium, gold, and
palladium have shown the most promising anti-cancer activity.***° Considering the structural
similarities between Pt(I1) and Pd(Il), there has been enormous interest in the study of Pd(1l)
complexes as potential anticancer drugs.** Therefore, the subsequent subsection reviews some

of the synthesized palladium complexes and their activity against cancerous cells in
comparison to cisplatin and other Pt-based drugs commercially used worldwide.

1.5 Use of Pd(I1) Complexes in Cancer Treatment

The structural and coordination behavior of Pd(I1) complexes closely resemble that of their

Pt(11) analogues, on these basis, researchers have pursued the design of Pd(Il) compounds as
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alternative drugs in cancer treatment.*? It has been reported that some Pd(I1) complexes have
significant anticancer activity, with reduced side effects and better solubility when compared
to clinically used therapeutic drugs. The challenge, however, has been the rapid aquation and
ligand exchange rates in Pd(ll) complexes, which is about 10° faster than their Pt(ll)
analogues.** This drawback has been observed particularly when comparing the activity of
cisplatin and that of cispalladium, cis-[Pd(NHz)2Cl2], which does not show any antitumor
activity.** The Pd(Il) analogue undergoes rapid hydrolysis in vivo, through interaction with
other biomolecules in the cell which prevents it from reaching its target DNA. An effort has
been made to develop Pd(Il) complexes with slower rates of hydrolysis through the
coordination of the metal to different types of ligands and suitable leaving groups.*® In general,
the design of palladium based antitumor drugs follows the same strategies used in the synthesis
of platinum drugs, which aids in understanding the mechanism and activity of palladium

analogs.*®

1.5.1 Mononuclear Palladium Complexes

Palladium(ll) complexes in which a single Pd(11) central atom is coordinated with monodentate
or multidentate ligands are generally known as mononuclear palladium(ll) complexes.
Multidentate (bi- and tridentate) ligands have attracted considerable attention due to their
ability to easily influence the stability of the Pd atom through their steric and electronic
properties.*” Furthermore, the structural diversity of these ligands allows them to possess
biological properties that influence reaction pathways. A wide variety of neutral multidentate
ligands have been employed to stabilize Pd(11) complexes and maintain their structural integrity
long enough to reach their targets in vivo.*®

1.5.2 Mononuclear Nitrogen Containing Pd(Il) Complexes

The rapid hydrolysis of cis-palladium complexes, such as cis-[Pd(NHz3)2Cl2] and the related
cis-[Pd(dach)Cl.], and hence their inactivity against cancerous cells have advocated for the
design of Pd(Il) complexes with aromatic chelating ligands to impose the cis-coordination of
the leaving groups.*® The introduction of aromatic N-containing ligands such as pyridine,
imidazole, and 1,10-phenanthroline, and their derivatives to antitumor agents has drawn
attention.!® Nitrogen-containing donor ligands exhibit distinct advantages over other
coordinate systems, due to their accessibility and strong chelating properties. As such, a class

of mononuclear complexes with the general formula [Pd(en)CI(L)]NOs (Figure 1.3), where en
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is ethylenediamine; L is the N-chelate ligand (pyridine) which has varying substituents on the
para position. This class of Pd(ll) complexes were reported by Zhao et. al. and indicated
significant cytotoxicity activity against the human leukemia cell line HL-60.%° A trend was also
observed with the change in the substituent, from H, CHs, OH, to NH>. The increase in electron
donor strength consequently increases the affinity of the nitrogen atom of the pyridine ligands

to the palladium center, thereby resulting in a pronounced decrease of the cytotoxic activities

R
© H
N
N_
:Pg j NO
N
H

of the palladium complexes.*

R=H, CH,, OH, NH,

Figure 1.3: Mononuclear ethylenediamine-palladium(11) complexes with different substituents
on the pyridine.*

In attempts to further slowdown the rate of hydrolysis of Pd(11) complexes, bulky monodentate
spectator ligands have been utilized to exploit their electronic and steric effects. It has been
observed that complexes of this type of ligands tend to adopt a trans-geometry, which is
different from the cisplatin analogue. One of the early examples was put forward by Tusek-
Bozic et. al. through the synthesis of the Pd complexes, trans-[PdCl.(2-dgmp)] (Figure 1.4
e).>% Monoethylphosphonate and diethylphosphonate moieties on the quinolmethyl
substructure were introduced on these complexes, vyielding better solubility of the
corresponding complexes. A comparative study revealed that the diethylphosphonate moiety
outperformed its monoethylphosphonate analog, the better activity was attributed to the easy
dissociation of the chloride ligands from the metal center.*” This work laid the foundation for

designing trans-palladium complexes as potential anticancer drugs.

As an extension to the above study, the same group synthesized trans-Pd(Il) complexes of
diethyl and dibutyl esters of (a-anilino-N-benzyl) phosphonic acid and [o-(4-
benzeneazoanilino)-N-benzyl]phosphonic acid (Figure 1.4 f, g). These complexes were
studied against KB cell line29 and L1210 cell line and exhibited comparable cytostatic activity

to cisplatin and the quinolmethylphosphonate ester was found to have better cytotoxicity. The
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improvements were due to the presence of N-bonded hydrogen suitable for hydrogen bonding,

resulting in potent binding to the nucleic acid fragments.®!
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Figure 1.4: trans-Palladium bis(quinonyl-phosphonate) and the quinolmethylphosphonate
ester complexes as early examples of Pd(11) anticancer complexes.>® 5!

Notable anticancer activity by trans-palladium complexes has been observed. However, the
structure - activity relationship of Pt(Il) anticancer agents stipulates that the cis-geometry is a
necessary requirement for anticancer activity. As such, attempts have been made to either
obtain Pd(Il) complexes with a cis-geometry or coordinate the metal ion to bidentate ligands

to decrease the cis-trans isomerism effects.

1.5.3 N’N Bidentate Pd(IT) Complexes

The coordination of N’N chelate ligands to the Pd(I1) metal centre has been shown to decrease
the cis-trans isomerism. N,N-coordinate bidentate systems typically involves a 2,2'-bipyridyl
substructure, substituted ethylene diamine or other nitrogen-containing mixed heterocyclic
compounds.®? Ligands such as 2,2'-bipyridyls have attracted considerable attention due to their
natural occurrence in molecules such as caerulomycins or collismycin.>® Similarly, 1,10-
phenanthroline exhibits the same characteristics but also has distinct properties such as rigidity

and entropically-favored chelation with different metal ions.>

The bidentate properties of substituted-bipyridines and phenanthroline were first exploited by
Newkome and co-workers (Figure 1.5).5* The ligands were later modified to change their
coordination mode from bidentate to tri- and tetradentate. Studies were performed by binding

the complexes to Phage PM2 DNA with aims to understand their interactions based on the
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difference in the ligand backbone. A significant difference in the level of DNA binding was
observed for tetradentate ligands, even at lower concentration, as compared to other ligands.
Although cytotoxicity studies were not conducted on these complexes, these DNA binding

results paved a way for developments in this area.*" >

J R2 = CH(CO,Me),, R® = CO,Et

Figure 1.5: Bipyridine and phenanthroline based palladium complexes for binding with phage
PMA2 DNA.>

Many Pd(I1) complexes have shown similar or even better anticancer activities than cisplatin
and other Pt(Il) analogues. However, the application of these complexes as pharmaceuticals is
still limited. Thus, this area of research is still developing, and further studies are still required,
particularly on the mode of action of these complexes against cancer cell lines. A mechanistic
understanding of these complexes’ targets would aid in the design of more efficient Pd-based
drugs. In-depth kinetics and mechanistic studies of palladium complexes would assist in
understanding the influence of the spectator ligands on the activity of these complexes. These
studies would also aid in understanding the interactions between Pd(Il) complexes and sulfur

containing biomolecules and DNA, however, the area remains barely explored.
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CHAPTER 2

2.1 Substitution Reactions of Pd(11) Complexes

The lability of Pd(I) complexes is 10°-fold more than their Pt(ll) analogues. Such high
reactivities suggests that these complexes are ideal models for kinetic and mechanistic studies
in the presence of sulfur and nitrogen donor biomolecules. Pd(Il) complexes, like Pt(ll)
complexes, have a remarkably high affinity for sulfur and nitrogen donor ligands. Substitution
reactions of these complexes are of fundamental importance for understanding their toxicity
and anti-tumor activity, and predicting their possible interaction with the DNA.! Palladium
complexes have shown that their reactivities depends on the ligand environment surrounding
the metal center. The challenge to date is finding ligands that would stabilize specific oxidation
states of the central Pd atom. These ligands crucially play an important role in modifying

lability and lipophilicity, and imparting ligand exchange behavior.?

The study of mechanistic behavior of complexes involves their reaction with relevant S-/N-
donor biological nucleophiles and monitoring of the substitution reaction. The rate of ligand
substitution by nucleophiles can be influenced by many factors including the electronic
properties of spectator, and labile ligands, the nucleophilicity and/or bulkiness of the incoming
biomolecules, and the solvent system. The ligands’ structural orientation influences the steric
and chemical properties of the complex, hence its interaction with the labile ligands in
substitution reactions. Studying substitution mechanism of complexes against model
biomolecules assists in predicting their mechanistic behavior against DNA and other

biomolecules in the human body.

2.1.1 The Influence of Spectator Ligands on the Rate of Substitution in Pd(I1) Complexes

The effect of spectator ligands on the rate of substitution was explored by Onunga et al.>® by
designing a series of Pd(Il) complexes with varying electronic and steric properties. The
substitution reactions of the Pd(11) complexes were studied with neutral thiourea nucleophiles.
The results have shown that the substitution of the chloride ligand is controlled by the
electrophilicity of the Pd(Il) central atom, which is in turn influenced by the electronic and
steric properties of the non-labile bulky ligands. For instance, the reactivity of palladium(Il)
complexes of pyrazolyl-based terpyridyl type of ligands was investigated.® The results showed
that pyridine-based complexes had higher rates of substitution due to their compelling =-
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acceptor character than the pyrazole-based (Figure 2.1). The pyrazole complexes with poor z-
acceptor ability and the strong c-donor effect caused by the pyrazolic N-atom were observed
to have lower rates of substitution due to decreased ability of n-back bonding (Figure 2.1 m,
n). The electron-donating or electron-withdrawing strength of the substituents on the ligand
was also investigated.® A decrease in reactivity was observed for the Pd(Il) complex with
methyl groups, which donate electrons to the pyrazolic N-atom. This effect causes the electron
rich -N, to accumulate excess electron density around the palladium(ll) metal center and thus

makes the metal less electrophilic (Figure 2.1 0).

=
R I
N
7N N | Ng
—N—Pd—N\ \E<N—PdN
- | —
|
R=H(m)
CH, (n)

Figure 2.1: Pyridine- and pyrrole-based complexes designed to study the influence of
electronic and steric effects on the reactivity of Pd(11) complexes.

To further demonstrate the influence of electron density around the palladium(ll) metal center,
the m-acceptor and o-donor abilities of ligands were investigated. This was achieved by
replacing bis(2-pyridylmethyl)amine ligands with bis(8-quinolinyl)amine ligands (Figure 2.2),
in an attempt to tune the reactivity of palladium(ll) complexes.® * It was observed that o-
donation of the 8-quinolinyl moiety weakens the -back donation effect of the ligand, resulting
in a less electrophilic metal center and hence less reactivity. When a strong m-acceptor ligand
(bis(2-pyridylmethyl)amine) is replaced by a good o-donor ligand (bis(8-quinolinyl)amine),
the reactivity of the Pd complex with thiourea nucleophiles is reduced by factors of between
25 to 30 fold.
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Figure 2.2: Pd(Il) complexes with ligands containing bis(2-pyridylmethyl)amine and bis(8-
quinolinyl)amine moieties.*

Omondi and co-workers’ extended the study by Onunga et. al., by investigating the role of -
conjugation on the substitution reactions of carboxamide palladium(Il) complexes (Figure 2.3)
with thiourea (Tu), L-methionine (L-Met) and guanosine 5’-diphosphate disodium salt.
Through substitution reactions they observed that the reactivity of the complexes towards the
biological molecules was controlled by the electronic properties of the spectator ligands. For
instance, when the strong n-acceptor pyridinyl group was replaced by a good o-donor quinoline
group, the reactivity of the Pd(I1) complex was reduced by a factor of 2.81. The decrease in
reactivity was due to the reduction of the w-acceptor ability of the ligands through c-inductive
effects, which caused electron build up around the Pd(I1) ion of the complex. The presence of
a pyrazine unit caused an increase in reactivity when compared to a pyridine unit, due to the
higher acidity of the pyrazine group. The replacement of the pyridine moiety with the
isoquinolinyl moiety also caused a decrease in reactivities of the complexes. This observation
was due to the increased cis-c-inductive effects, which reduced the w-acceptor abilities of the

spectator ligand and thus caused the metal centre to be less electrophilic.
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Figure 2.3: Palladium(II) complexes with m-conjugated carboxamide ligands.’

Another study of the influence of ligands on the reaction rates was conducted by Omondi et.al®
who investigated substitution kinetics, DNA interactions and cytotoxicity of tridentate 2,6-
bis(benzazole)pyridine Pd(1l) complexes (Figure 2.4). They studied the substitution reactions
of four complexes with thiourea, L-methionine and guanosine-5'-diphosphate disodium salt.
From the results, they concluded that the electronic properties of both the inert ligand and
incoming nucleophile controlled the rate of substitution. The —NH substituted Pd(I11) complexes
demonstrated the highest kinetic reactivity due to the acidic amine proton, which is more
electron deficient compared to the sulfur and oxygen atoms. The -NH assists with electron
withdrawal from the metal center and thus makes the Pd(l11) metal center more electrophilic.
This complex also displayed cytotoxicity and selectivity comparable to that of cisplatin. A
comparison of the reactivity between the Pd complex with -O- and -S-, showed that the
complex with the more electronegative oxygen as a spectator ligand was more reactive. The
complex without the additional pyridine moiety on the bis-benzazole ligand demonstrated the

least Kinetic reactivity.
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Figure 2.4: Tridentate 2,6-bis(benzazole)pyridine Pd(Il) complexes designed to study the
effects of heteroatoms on the cytotoxicity of palladium(ll) complexes.®

To further expand the above study, Fadaka et.al.® studied the competing roles of trans-
heteroatoms on carrier ligands on Kinetic and biological activities of pyrazolyl Pd(Il)
complexes. The rates of substitution were studied using biological nucleophiles: thiourea (Tu),
L-methionine (L-Met) and guanosine-5-monophosphate (5-GMP). The electron abilities of the
auxiliary ligands influenced the kinetic reactivity of the complexes. The complex with sulphur
in the trans position to the leaving group was found to be the most reactive due to preference
of Pd atom (soft acid) to coordinate with the soft donor S atom as opposed to NH and O atom
(hard bases), which leads to the electron accumulation in the bonding. This phenomenon leads
to a weak and elongated bond trans to the CI atom, which in turn causes a higher reactivity.
The presence of a strong w-acceptor pyridine group in the trans position increased the reactivity
of the complex in comparison to the complexes with NH and O atoms. The pyridine moiety

reduces electron cloud on the Pd(Il) ion while NH donates electrons to the metal centre.
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Figure 2.5: Palladium (1) complexes with different pyrazolyl ligands.®

The above results, amongst others, indicate that the kinetic reactivity of Pd(Il) complexes can

be controlled by meticulous manipulation of electronic and steric properties of inert ligands.

2.1.2 Influence of lonic Strength on The Rate of Substitution in Pd(I1) Complexes.

Supported by our discussion of the mechanism of action of cisplatin, it is known that upon
injection Pt(11) complexes exist as chlorido species in the blood plasma as it contains high
concentrations of chloride ions, approximately 100 mM, conditions that aid in preventing
hydrolysis of the neutral complexes. However, due to relatively low concentrations of the
chloride ions inside the cell, ~4 mM, the complexes are hydrolyzed and converted into aqua
species. 12 Therefore, it is crucial to study and understand the kinetic behavior of chlorido and

aqua species of Pd(11) complexes in comparison with Pt(I1) complexes.

One example of such a study was conducted by Burgarcic et. al who investigated the reactivity
of both the chlorido and aqua complexes and studied the effects of different chloride
concentrations on the rate of substitution with aims to find the optimum chloride concentration
that would prevent the rapid hydrolysis of the chlorido Pd(Il) complexes. The reaction of
[Pd(tripyridinedimethane)CI] with Thiourea nucleophile showed a shift in the equilibrium from
the labile aqua complex to the more inert chlorido complex when the chloride concentration
was increased to at least 5 mM NaCl. Therefore, an optimum chloride concentration of 10 mM

NaCl was maintained to prevent the aquation of the species completely.
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2.1.3 Influence of Incoming Biomolecules on The Rate of Substitution in Pd(Il)
Complexes.

Although DNA is the main target of anticancer agents, it is crucial to take into consideration
other molecules in the human cells such as enzymes, proteins, amino acids, and other
biomolecules that interact with the drug before it reaches its target and understand the influence
of such interactions on the reactivity of the drug. These biomolecules include sulfur donors
such as thiols and thioethers, hard molecules with a strong affinity for the soft platinum center
and hence, the related palladium center. Since the concentration of these biomolecules is
remarkably high in the human body, it is essential to study their substitution reactions with
Pd(I1) complexes.®

Burgarcic et. al. studied the interaction of sulfur-donor biomolecules with Pd(I1) complexes.
The group studied reaction of nucleophiles such as -Methionine (L.-Met), L-Cysteine (L-Cys),
Glutathione (GSH), and thiourea nucleophiles namely, Thiourea (TU), Dimethylthiourea
(DMTU) and Tetramethylthiourea (TMTU).1* The use of these biomolecules was for different
purposes. For instance, .-Met and _-Cys are examples of sulfur-containing amino acids in the
human body. GSH is used as a model of peptides, while the thiourea nucleophiles, which
resemble urea, are used to study the biological role played by sulfur-containing molecules in
the human blood.?® The results showed that the rate of substitution is influenced by the
electrophilicity of the metal center, the nucleophilicity of the biomolecule and the steric effects
of both the inert and the incoming biomolecule.! The leaving group and the incoming
nucleophile have relative effect on the rate of substitution. Thus, the effect of the leaving group

is not discussed in this chapter.

2.2 Instrumental Techniques Used in Chemical Kinetics

The rate of substitution of complexes can be practically measured by physical methods such as
spectroscopic techniques. Two spectroscopic techniques viz. UV-Visible spectrophotometry

and stopped-flow spectrophotometry used in this project are discussed in detail below.

2.2.1 UV-Visible Spectrophotometry

UV/visible spectrophotometry is a technique used to monitor the transmittance or absorbance
of reactions at different concentrations ranging from 10 to 10 M, absorbance is measured at

a specified wavelength range of electromagnetic radiation. The UV-Vis spectrophotometer
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generally comprises of two light sources, the deuterium arc lamp (visible region 160-375 nm)
and the tungsten-halogen lamp (350-2500 nm), however, most recently a single xenon flash
lamp has been used to cover the entire ultraviolet-visible region with good intensity.® The light
sources produce a broad-spectrum white light; thus, the instrument is also equipped with a
monochromator which narrows down the light to a specific wavelength band. In a double beam
spectrophotometer, the light from the monochromator is split into two beams: a reference and
a sample beam, using a rotating wheel with mirror segments. Each beam enters the sample
chamber through separate optical paths, allowing for the blank and sample to be measured
simultaneously.’” The stray light of selected wavelength that passes through the
monochromator with an intensity lo, enters the sample compartment where it passes through
glass, plastic, or quartz cuvettes with length I, containing the sample of interest. The amount of
light absorbed by the sample is the difference between the incident radiation (lo) and the
transmitted radiation (1).*® A detector then converts the light from the sample into an electrical
signal. UV-Vis typically consists of a photomultiplier tube detector or silicon diode detector.

The signal from the detector is thereafter displayed on a readout device.®

2.2.2 Stopped Flow Spectrophotometry

This technique is typically used to monitor rapid reactions which would be untraceable by
standard absorption spectroscopy. It is a great instrument to use for substitution reactions of
Pd(I1) complexes since these reactions are fast. For instance, the Pd(Il) complexes investigated
in this study had reactions that completed in less than 6 seconds. Stopped flow allows for the
reaction rate to be determined within milliseconds and requires a small volume of reactants.
This involves rapid mixing of two reactants which are held in two separate reservoirs (syringe
pumps) in equal amounts, at a desired temperature.*® *The reaction is initiated by a gas-piston
driven mechanism (800 kPa) compressing the reactant syringes, forcing the reactant solutions
into the “mixing chamber” where they are mixed. The reaction solution then proceeds into the
stop syringe, which fills up until it strikes the stop block, thereby stopping the flow of solution

but leaving the reaction mixture in the observation cell.!8 19

With the mixed solution stationary in the observation cells, detection (usually by UV-Vis
spectrophotometry) commences in the reaction analyzer. The monochromatic light that passes
through the sample mixture in the observation chamber at a specific wavelength is measured

as the reaction progresses into completion. Using a photomultiplier, the transmitted light is
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converted into an electrical signal, which is then interpreted as absorbance and recorded as a

function of time.'3 1° A representation of the stopped flow analyzer is indicated in Figure 2.6.
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Figure 2.6: Schematic diagram of a stopped-flow reaction analyser.

2.3 Statement of Problem

In spite of the accomplishments of current platinum drugs, these compounds are still
predominantly associated with acute toxicity, limited anticancer applications and resistance.?*
21 The resistance occurs due to drug accumulation in cancer cells, inactivation of thiol
containing molecules, and enhanced DNA repair.?! Thus, there is a critical need to design and
identify novel alternative metal complexes with reduced toxicity as they are expected to have
different chemical behavior, hydrolytic rates, and improved application spectrum.??>The
kinetic behavior of metal complexes largely depends on the steric and electronic properties of
the ligands coordinated to the metal center. While the substitution rates of these metal
complexes have been explored and reported in literature, there is still a wide range of ligands
that have not been coordinated to palladium with intentions of fine tuning the kinetic reactivity

of these complexes, especially those coordinated to bidentate ligands.
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2.4 Justification of Study

The shortcomings of platinum-based drugs have advocated for the development of alternative
metal-based therapeutics that possess reduced toxicity, improved selectivity and a broader
spectrum of application.?* Amongst the promising transition metallodrugs are palladium(ll)
complexes which closely resemble the platinum-based complexes in structure and
thermodynamics.?® % Despite the similarities, some palladium(1l) drugs have shown good
cytotoxicity against numerous cell lines, fewer side effects, and better aqueous solubility than
their platinum-based counterparts. However, with the use of palladium(Il) anticancer drugs,
researchers have encountered great challenges since these drugs exchange ligands 10% - 10°
times faster than their platinum (I1) analogues.?” This then results in poor antitumor activity
due to their rapid hydrolysis of the leaving groups that are prone to dissociate in solution which
in turn prevents the complexes from reaching their DNA targets for effective therapeutic
function.? To counteract these limitations, previous reports have shown that the proper choice
of ligands coordinated to palladium(ll) is crucial, as they play an important role in modifying
reactivity by stabilizing specific oxidation states while maintaining their non-labile state.!
Additionally, the biological activity of platinum(ll) drugs involves binding with DNA and other
thiol containing biomolecules.?® *® Therefore, it is crucial to study the Kinetic and substitution
behavior of the palladium(I1) drugs using appropriate sulfur containing nucleophiles to monitor
their mechanistic interactions in comparison to the intensely investigated platinum(ll) drugs.
In the current project we focus on designing Pd(Il) complexes with bidentate ligands and
investigating their kinetic and mechanistic reactions in aqueous media. We want to understand
the mode of substitution with complexes bearing bidentate N,N donor ligands.

2.5 Aims and Objectives

2.5.1 Aims

The aim of this work was to synthesize, characterize, and study the substitution kinetics of
chloride ligands from pyridyl N,N’-bidentate mononuclear Pd(Il) complexes with different

substituents.

2.5.2 Objectives
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1. To synthesize bidentate mononuclear palladium(ll) complexes of N-(pyridin-2-
ylmethyl) aniline chelate ligands with different substituents and N-(4-bromophenyl)-
pyridine-2-carboxamide.

2. To characterize the Pd(ll) complexes with H, ¥C NMR, FT-IR, LC-MS, CHN
elemental analysis, and single X-Ray crystallography.

3. To conduct kinetics of ligand substitution reactions of the synthesized palladium(ll)
complexes with bio-relevant thiourea nucleophiles; thiourea (Tu), N,N’-
dimethylthiourea (Dmtu) and N,N,N’,N’-tetramethylthiourea (Tmtu).

4. To elucidate the experimental results by utilizing density function theory (DFT)

calculations.
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CHAPTER 3
3.1 General Introduction

The study of alternative transition metal complexes, other than Pt-based complexes, as
potential anticancer drugs has gained momentum over the last few decades due to the side
effects associated with cisplatin and its derivatives.: 2 Amongst these metals, palladium(ll)
complexes have emerged as potential candidates, owing the interest to their structural and
thermodynamic resemblance to Pt(ll) complexes. Essentially, Pd(Il) complexes have
demonstrated better solubility, reduced toxicity and improved activity against cisplatin-

resistant cells.®

Nonetheless, the main challenge with the development of Pd(I1) antitumor agents is their fast
hydrolysis (10° more than Pt) and strong affinity for nitrogen and sulphur containing
biomolecules. "The interactions of palladium complexes with sulphur-coordinating
biomolecules result in the formation of side products that hinder the complexes from reaching
their DNA targets and performing their anticancer function. Consequently, the careful design

of suitable ligands to fine-tune the stability and reactivity of Pd(I1) complexes is crucial.® °

In efforts to control the kinetic reactivity of Pd(I1) complexes, inert N-donor chelate ligands
have been studied due to their affinity for palladium. The strong coordination of the nitrogen
atom to the metal centre ensures stability of the Pd(11) complex while the ligands maintain their
non-labile state.’® ! For instance, the kinetic reactivity of palladium complexes coordinated to
pyrazolyl, pyridyl, quinolinyl and benzoazole containing ligands has been intensely studied by
Onunga et. al.*>* In essence, the results have shown that the thermodynamic stability and
kinetic reactivity of Pd(Il) complexes can be fine-tuned through careful manipulation of
electronic and steric properties of the chelating ligands.™

Pyridylmethyl-amines are common bidentate ligands that have been coordinated to several
transition metals. The structural versatility of these ligands has allowed for various
modifications through the introduction of substituents on the amine and pyridyl units.6 %/
However, there remains limited information on the thermodynamic and kinetic reactivity of

Pd(Il) complexes coordinated to N,N-bidentate pyridyl-methylamine ligands.
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In this study, five ligands L1, L2, L3, L4 and L5 and their corresponding Pd(Il) complexes
PdL1, PdL2, PdL3, PdL4 and PdL5 were synthesized using literature methods.'®*® The
compounds have similar pyridyl units but differ in substituents on the aniline moiety. We herein
report the substitution behaviour of these complexes with thiourea nucleophiles namely,
thiourea (TU), dimethylthiourea (DMTU) and tetramethylthiourea (TMTU).

3.2 Chemicals and Reagents

All syntheses of ligands and Pd(I1) complexes were performed under inert nitrogen atmosphere.
The solvents hexane and dichloromethane (DCM) were purchased from Sigma-Aldrich and
dried following relevant methods: hexane was dried through standard distillation methods,
while dichloromethane was stored in activated 3 A molecular sieves. Other solvents such as
ethyl acetate, acetonitrile, ethanol, deuterated chloroform, deuterated DMSO and deuterated
DMF were purchased from Sigma-Aldrich and were used without further purification.
Furthermore, the chemicals 2-pyridinecarboxaldehyde, aniline, 4-fluoroaniline, 4-
bromoaniline, 4-methoxyaniline, 4-ethylaniline, sodium triacetoxyborohydride, sodium
hydrogen carbonate, magnesium sulfate, silica gel, and palladium (I1) chloride were also

purchased from Sigma-Aldrich and used without any further purification.

3.3 Physical Measurements

Physical properties such as colour, percentage yield and melting points of each synthesized

compound were determined and summarized under each compound.

3.3.1 'H and *C NMR Spectroscopy

1H and 3C NMR spectra were acquired on Bruker Avance 11 500 MHz or 400 MHz and 100
MHz spectrometers with a 5 mm TBIZ probe at 30°C. Chemical shifts were recorded in ppm
relative to the solvent residual peak, CDCls and DMSO-ds for ligands and complexes,
respectively. NMR abbreviations s, d, t and m were used to denote singlet, doublet, triplet and
multiplet. All coupling constants (J) were calculated and reported in Hertz (Hz). Exemplary

'H and *C NMR spectra of the ligands and the complexes are shown in the appendix section.

3.3.2 FTIR Spectroscopy

Spectral data was acquired using a Bruker Alpha Il FT-IR spectrometer and the data was
recorded as percentage transmittance at the respective wavenumber (cm™*) within the range 500
- 4000 cm™. Exemplary IR spectra of the ligands and the complexes are shown in the appendix

section.
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3.3.3 Mass Spectrometry

Low-resolution spectral data was collected on a Waters TOF Micro-mass LCT Premier
spectrometer for the synthesized complexes. Elemental compositions of the complexes were
determined using CHNS Thermo Scientific Flash 2000 analyser. Exemplary LC-MS spectra of

the ligands and the complexes are shown in the appendix section.

3.3.4 DFT-Computational Modelling

Using Gaussian 09 program suite!®, the theoretical ground-state structures of PdL1 - PdL5
were optimized at gas phase using B3LYP (Becke 3-Lee-Yang-Parr) functional mode in
combination with 6-31G (C and H), 6-311+G (N, S and CI), and (Los Alamos National
Laboratory 2 double ¢) LANL2DZ (Pd) basis sets.20-22

3.3.5 Stopped Flow & UV-Visible Spectrophotometer

An Applied Photophysics SX 20 stopped-flow spectrophotometer and a Cary 3500 UV-Vis
spectrometer coupled with an online acquisition system were used to follow the substitution

reactions.

3.3.6 Preparation of Solutions for Kinetic Analysis

Stock solutions of Pd(Il) complexes and freshly prepared solutions of nucleophiles were
prepared by dissolving known amounts of each in ultra-pure water with an ionic strength of
0.1 M (LiCl). Lithium chloride was added to prevent spontaneous solvolysis of the chloro
Pd(Il) complexes. The complex concentrations were maintained at 0.05 mM, while the
solutions of TU and DMTU were prepared at concentration of 50-fold in excess. TMTU
solutions were prepared to afford concentrations 100-fold more than that of the metal complex.
This was due to an observed slow reactivity of the nucleophile, in comparison to TU and
DMTU. Consecutive dilutions of the stock solutions of nucleophiles (TU and DMTU) afforded
solutions 10, 20, 30 and 40-fold more than the concentration of the complexes. The subsequent
TMTU solutions were 20, 40, 60, and 80-fold more concentrated than the metal complexes.
The subsequent dilutions of nucleophile solutions ensured pseudo first-order conditions. Equal
volumes of complexes and nucleophiles were administered for mixing on the Stopped-Flow
spectrophotometer. All concentration dependence reactions were carried out at a constant
temperature of 298 K, while temperature dependence reactions were investigated over a range

of 288 — 308 K, at 5 K intervals to determine the activation parameters; AH* and AS*.
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3.4 Synthesis of Ligands

To prepare L1 — L5, the para substituted anilines (1 mmol) and 2-pyridinecarboxaldehyde
(0.0951 ml, 1 mmol) were dissolved in dry dichloromethane (10 mL) and then solid sodium
triacetoxyborohydride (0.3179 g, 1.5 mmol) was added. The reaction mixture was stirred at
room temperature under nitrogen gas for 6 hours and the progress of the reaction was monitored
by TLC using Hexane/Ethyl acetate 7:3. The resulting reaction mixture was quenched with
saturated sodium hydrogen carbonate solution which was then extracted three times with
dichloromethane. The combined organic phase layer was dried over magnesium sulfate and the
solvent was removed under reduced pressure to obtain an oily yellow liquid. The crude product
was purified using column chromatography (Hexane/Ethyl acetate 7:3). The desired ligands
isolated are described hereafter.

3.4.1. N-(pyridin-2-ylmethyl) aniline (L1):

L1 was obtained as a yellow oil (95.6 mg, 51.89%). 'H NMR (400 MHz, CDCls, ppm): 8.60
(d, 1H, -Ha-, J = 4.81 Hz), 7.65 (t, 1H, J = 7.65 Hz, -H¢-), 7.36 (d, 1H, J = 7.92 Hz, -Hg-), 7.24
(m, 3H, -Hp-,-Hj- ), 6.78-6.67 (M, 3H,-Hi-, -H\-), 4.35 (s, 2H, -H¢), 4.27 (s, 1H, -Hg-). °C
NMR (CDClIz, 400 MHz): 158.58, 149.09, 147.93, 136.76, 129.27, 122.14, 121.66, 117.61,
113.09, 49.26. FT-IR (liquid neat; cm™) 3386.90 (-NH), 1597.51 (C=C), 1264.76 (C-N

aromatic).
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3.4.2. 4-Fluoro-N-(pyridin-2-ylmethyl) aniline (L2):

d f
¢ |'E
b N

L2 was obtained as an orange oil (127.9 mg, 63.24%).'H NMR (400 MHz, CDCls, ppm): 8.57
(d, 1H, J = 4.90 Hz, -Ha-), 7.62 (t, 1H, J = 7.75 Hz, -H¢-), 7.30 (d, 1H, J = 7.95 Hz, -H¢-), 7.16
(t, 1H, J = 5.63 Hz, -Hp-), 6.68 (t, 2H, J = 8.84 Hz, -Hj-), 6.59 (M, 2H, -Hi-), 4.41 (s, 1H, -Hy),
4.40 (s, 2H, -Hs). 3C NMR (CDCls, 100 MHz): 158.32, 149.16, 144.36, 144.35, 136.69,
122.18,121.66, 115.74, 115.52, 113.86, 113.79, 49.81. FT-IR (liquid neat; cm™) 3264.34 (NH),
1501.16 (C=C), 1301.22 (C-N aromatic), 1203.19 (C-F).

3.4.3. 4-Bromo-N-(pyridin-2-ylmethyl) aniline (L3):

d f
c |E
b, M

L3 was obtained as a dark orange oil (135.7 mg, 51.57%). *H NMR (500 MHz, CDCls, ppm):
8.52 (d, 1H, J = 4.58 Hz, -H.-), 7.68 (t, 1H, J = 7.69 Hz, -H.-), 7.32 (d, 1H, J = 8.21 Hz, -Hy),
7.22 (m, 3H, -Hyv-, -Hj- ), 6.47 (d, 2H, J = 8.77 Hz, -Hi-), 4.41 (s, 2H, -Hs-), 3.85 (s, 1H, Hy).
13C NMR (CDCls, 500 MHz): 157.57, 148.01, 146.56, 138.04, 131.98, 122.70, 122.29, 114.68,
109.46, 48.50. FT-IR (liquid neat; cm™) 3283.65 (-NH), 1589.74 (C=C), 1312.06 (C-N
aromatic), 605.60 (C-Br).
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3.4.4. 4-Methoxy-N-(pyridin-2-ylmethyl) aniline (L4):

d f
C |E
B, M

L4 was obtained as a dark orange oil (96.6 mg, 45.08%). *H NMR (400 MHz, CDCls, ppm):
8.59 (d, 1H, J = 5.16 Hz, -Ha-), 7.66 (t, 1H, J = 1.83 Hz, -H-), 7.37 (d, 1H, J = 7.73 Hz, -Hd),
7.20 (t, 1H, J = 6.19 Hz, -Hy-), 7.81-6.79 (m, 2H, -H;-), 6.78 - 6.63 (m, 2H, -Hi-), 4.44 (s, 2H,
-Hs), 4.09 (s, 1H, - Hg-), 3.74 (s, 3H, - Hi-). 3C NMR (CDCls, 100 MHz): 158.77, 152.36,
148.95, 141.98, 136.90, 122.17, 121.83, 114.93, 114.45, 55.78, 50.20. FT-IR (liquid neat;
cm-1) 3277.26 (-NH), 1502.66 (C=C), 1290.3 (C-N aromatic), 1225.65 (C-O).

3.4.5. 4-Ethyl-N-(pyridin-2-ylmethyl) aniline (L5):

d f
e |E
LSl

L5 was obtained as a dark orange oil (102 mg, 48.04%). *H NMR (400 MHz, CDCls, ppm):
8.62 (d, 1H, J = 5.11 Hz, -Ha-), 7.63 (t, 1H, J = 7.60 Hz, -Hc-), 7.36 (d, 1H, J = 7.94 Hz, -Hy),
7.18 (t, 1H, J = 6.25 Hz, -Hp-), 7.07 (d, 2H, J = 8.53 Hz, -Hj-), 6.66 (d, 2H, J = 8.53 Hz, -Hj),
4.48 (s, 2H, -H¢-), 4.39 (s, 1H, -Hg-), 2.60 (m, 2H, -Hy-), 1.25 (t, 3H, -Hm-), 3C NMR (CDCl;,
100 MHz): 158.98, 149.16, 145.98, 136.69, 133.40, 128.62, 122.07, 121.64, 113.24, 49.69,
27.99, 15.99. FT-IR (liquid neat; cm™) 3385.35 (-NH), 2947.94 (C-H alkane), 1512.12 (C=C),
1261.96 (C-N aromatic).
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3.5 Synthesis of Pd(I1) Complexes
3.5.1 dichloro-(N-((pyridin-2-yl)methyl)aniline)-palladium(I1) (PdL1)

A solution of L1 (40 mg, 0.22 mmol) in dry DCM (10 ml) was added to a solution of
[Pd(CH3CN)2Cl2] (57.07 mg, 0.22 mmol) in 5 ml of dry DCM. [Pd(CH3CN).Cl.] was
synthesized from the reflux reaction of PdCI, and acetonitrile. The reaction mixture was stirred
overnight at room temperature, under nitrogen gas. The solvent was reduced by rotary
evaporator, the resulting solid residue was filtered and washed with cold ethanol (10 ml x 3),
to obtain a yellow solid (64.85 mg, 81.53%). Mp: 246.3 - 249.6 °C. 'H NMR (500 MHz
DMSO-ds, ppm): 8.76 (m, 2H, -Hg-,-Ha-), 8.18 (t, 1H, J = 7.90 Hz, -H-), 7.78 (d, 1H, J = 8.00
Hz, -Hg-), 7.61 (t, 1H, J = 6.60 Hz, -Hy-), 7.32 (t, 2H, J = 7.43 Hz, -H;-), 7.23(t, 1H, J = 7.33
Hz, -Hi-) 7.11 (d, 2H, J = 7.77 Hz, -Hi-), 4.98 (m, 1H, -Hs-), 4.40 (d, 1H, J = 16.66 Hz, -H¢-).
13C NMR (100 MHz, DMSO-gs, ppm): 164.33, 149.40, 146.85, 141.00, 129.81, 126.40, 124.79,
122.53,121.46, 61.29. FT-IR (liquid neat; cm™) 3372.10 (-NH), 1649.06 (C=N). TOF-MS ES*:
m/z = 384.94 (calculated m/z 361.56), [(M + Na)*].

3.5.2 dichloro-(4-fluoro-N-((pyridin-2-yl)methylaniline)-palladium(l1) (PdL2)
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The complex PdL2 was prepared according to a similar procedure as PdL1 except for the use
of L2 (47 mg, 0.2 mmol). PdL2 was obtained as a yellow solid (68.7 mg, 90.50 %). Mp: 244.5
- 247.2 °C.*H NMR (500 MHz, DMSO-gg, ppm): ): 8.83 (s, broad, 1H, -Hg-) 8.77 (d, 1H, J =
5.81 Hz, -Ha-), 8.17 (t, 1H, J = 7.74 Hz, -H.-), 7.76 (d, 1H, J = 8.18 Hz, -Hg-), 7.60 (t, 1H, J
=6.65 Hz, -Hy-), 7.18 (t, 4H, -Hi- -Hj-), 4.92 (dd, 1H, -H¢-), 4.44 (d, 1H, J = 17.04 Hz, -CH>
NCsHs-). *C NMR (100 MHz, DMSO-¢s, ppm): 163.89, 149.43, 143.18, 140.99, 124.83,
123.60, 123.53, 122.60, 116.36, 61.56. FT-IR (liquid neat; cm™) 3374.34 (-NH), 1652.33
(C=N), 992.91 (C-F). TOF-MS ES", m/z = 422.98 (calculated m/z 379.55), [M* - CI + DMSQ].
Anal. % Calculated for C12H11FCI2N2Pd: C, 37.97; H, 2.92; N, 7.38. Found (%): C, 37.69; H,
2.97; N, 7.22.

3.5.3 dichloro-(4-bromo-N-((pyridin-2-yl)methyl)aniline)-palladium(I1) (PdL3)

The complex PdL3 was prepared according to a similar procedure as PdL1 except for the use
of L3 (52.40 mg, 0.2 mmol). PdL3 was obtained as a yellow solid (71.4 mg, 81.05 %). Mp:
266.2 - 268.8 °C.*H NMR (400 MHz DMSO-¢s, ppm): 8.89 (s, broad, 1H, -Hg-) 8.77 (d, 1H,
J=5.98 Hz, -H.-), 8.18 (t, 1H, J =7.82 Hz, -Hc-), 7.77 (d, 1H, J = 7.82 Hz, -Hg-), 7.61 (t, 1H,
J =6.62 Hz, -Hy-), 7.53 (d, 2H, J = 8.43 Hz, -Hj-), 7.10 (d, 2H, J = 9.03 Hz, -H;) 4.93 (m, 1H,
-Hr), 4.49 (d, 1H, J = 16.54 Hz, -Hr). -). *C NMR (100 MHz, DMSO-gs, ppm): 163.91,
149.44, 146.18, 141.03, 132.58, 124.85, 123.79, 122.60, 118.90, 61.09. FT-IR (liquid neat;
cm 1) 3447.85 (-NH), 1651.75 (C=N), 616.98 (C-Br). TOF-MS ES*, m/z = 482.92 (calculated
m/z 440.46), [M - Cl + DMSO].
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3.5.4 dichloro-(4-methoxy-N-((pyridin-2-yl)methyl)aniline)-palladium(Il) (PdL4)

The complex PdL4 was prepared according to a similar procedure as PdL1 except for the use
of L4 (26.7 mg, 0.12 mmol). PdL4 was obtained as a yellow solid (37.3 mg, 79.38 %). Mp:
214.2 - 216.8 °C. *H NMR (400 MHz DMSO-gs, ppm): 8.77 (s, 1H, -Ha-) 8.65 (s, 1H, -Hg-),
8.17 (t, 1H,J=7.71 Hz, -Hc-), 7.76 (d, 1H, J = 7.81 Hz, -H¢-), 7.60 (t, 1H, J = 6.61 Hz, -Hp-),
7.07 (d, 2H, J = 8.89 Hz, -H;-), 6.88 (d, 2H, J = 8.89 Hz, -Hi) 4.94 (m, 1H, -Hs-), 4.34 (d, 1H,
J=16.87 Hz, -H),3.73 (s, 3H, -Hi-). FT-IR (liquid neat; cm™) 3376.48 (-NH), 1652.38 (C=N),
993.18 (C-0).

3.5.5 dichloro-(4-ethyl-N-((pyridin-2-yl)methyl)aniline)-palladium(I1) (PdL5)

The complex PdL5 was prepared according to a similar procedure as PdL1 except for the use
of L5 (25.46 mg, 0.12 mmol). PdL5 was obtained as a yellow solid (27.2 mg, 58.18 %). Mp:
187.3 - 190.2 °C. *H NMR (500 MHz DMSO-gs, ppm): 8.76 (d, 1H, J = 5.96 Hz, -Ha-), 8.69
(s, 1H, -Hg-),8.17 (t, 1H, J = 7.86 Hz, -H¢-), 7.77 (d, 1H, J = 7.56 Hz, -Hg-), 7.60 (t, 1H, J =
6.65 Hz, -Hy-), 7.15 (d, 2H, J = 8.61 Hz, -H;-), 7.02 (d, 2H, J = 8.48 Hz, -H;-), 4.97 (m, 2H, -
H¢), 4.34 (d, 1H, J = 16.83 Hz, -Hr), 2.5 (m, 2H, -Hi-), 1.25 (t, 3H, J = 7.50 Hz, -Hn-). °C
NMR (100 MHz, DMSO-gs, ppm): 164.38, 149.39, 144.59, 142.04, 140.95, 128.63, 124.74,
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122.54, 113.09, 61.50, 28.05, 16.47. FT-IR (liquid neat; cm™) 3372.91 (-NH), 1651.42 (C=N).
TOF-MS ES*, m/z = 433.04 (calculated m/z 389.62), [M* - Cl + DMSQ].

3.6 Results and Discussion

3.6.1 Synthesis of Ligands and Complexes
The ligands (L1 - L5) were synthesized according to a modified method by Mundinger, et. al.*®

via a condensation reaction of 2-pyridinecarboxaldehyde and the corresponding para
substituted aniline: aniline (L1), 4-fluoroaniline (L2), 4-bromoaniline (L3), 4-methoxyaniline
(L4) and 4-ethylaniline (L5), in the presence of sodium triacetoxyborohydride. The sodium
triacetoxyborohydride is used as a reducing agent in the reaction. The ligands were obtained as
orange-yellow oils in moderate yields (45 - 63%). The corresponding Pd(11) complexes (PdL1
- PdL5) were synthesized according to a procedure reported by Kim, et. al*’, by treating the
ligands with [Pd(CH,CN),Cl,] (Scheme 3.1) to obtain products in good to excellent yields (58
- 90%). The ligands were characterised by *H NMR, *C NMR and FTIR spectroscopy. Whilst
the purity of the Pd(I1) complexes were confirmed by *H NMR, *C NMR, COSY NMR, FT-

IR spectroscopy, melting point, TOF-Mass Spectrometry and elemental analysis.

R=HI(L1
R=FilL2)
R=Br(L3)
A=

R

NaBH(OAC) DCM. G/\

M6 hrs

Pd({CH.CN),Cl,
DCM, Ny /18 hrs
PdL1)

Y R
o MH : Hi
/ F (PdL2)

Br (PdL3)
OCH, (PdL4)

R = CH,CH, (PdL5)

A0

Scheme 3.1: Synthesis route of the ligands (L1 - L5) and their corresponding Pd(Il) complexes
(PdL1 - PdL5).
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The 'H NMR spectra of ligands L1 - L5 were obtained in chloroform (CDCls) to confirm their
purity. In general, a signature peak at 4.41 - 4.51 ppm was observed for all synthesized ligands
(Figure A1, A4, A7, Al10, Al3, in the appendix section). This singlet signal was assigned to
the protons of the diastereotopic methylene group of the ligand, this validates the reduction of
the aldehyde carbonyl (C=0) by the sodium triacetoxyborohydride reagent and hence the
coupling of the pyridyl moiety to the aniline. The chemical shifts recorded for this signature
peak correspond to those reported for ligand L1%° and for ligand L2.1" Further confirming
occurrence of the condensation reaction and hence formation of the ligands is the presence of
a broad (-NH) peak observed as a singlet adjacent to the region of the methylene group protons.
This amine hydrogen atom resonates at 3.95 — 4.55 ppm for all synthesized ligands. Similar

observations were reported by Gomez et. al.*® (L1) and Kim et. al*” (L2).

IH NMR spectra of the Pd(I1) complexes (PdL1 - PdL5) were obtained in DMSO-ds, (Figure
Al16, A20, A24, A28, A30, in the appendix section). When comparing of the *H NMR spectra
of the ligands to the corresponding spectra of the Pd(Il) complexes (Figure 3.1) an overall
downfield shift was observed for all the aromatic protons of the complexes. For instance, while
H. proton resonated at 8.61 ppm in L1, a downfield shift to 8.76 ppm was observed for the
same proton on the corresponding complex PdL1. Additionally, while the diastereotopic
methylene group protons were observed as a singlet on the free ligand *H NMR spectra, a well-
resolved ABX spin system for the protons of the methylene group of the chelating ring (HA®
and HBA) and the amine proton (H*) was observed for all complexes. Furthermore, a diagnostic
change was observed for the amine proton through a significant shift from the 4.0 - 4.5 ppm
region to about 8.8 ppm for all complexes. This shift indicates a successful coordination of the
ligand with the palladium atom.

37| Page



1
p A H s
k
d f ok )
€ e sE NH !
A h /® i
1 1 b . @
gdka ¢ d p Jhl" H‘: ! f £
A b b Ml e |u
— -
b &j i 1 f
i&l i H
d k i
i b R
d | o s N i o
a € | Hg i i
I bl M B
- I
E
J L.Ju _F':ll\-._. -
-— Y
9 g 7 g 5 4 [ppm]

Figure 3.1: An overlay 'H NMR spectra of ligand L1 and corresponding PdL1 complex
showing a notable downfield shift of all the aromatic protons and distinct changes in the
methylene and amine protons.

To further elucidate the coupling between the diastereotopic methylene group protons and the
amine proton, COSY spectra for the complexes was obtained. In all the complexes (PdL1-
PdL5), the protons of the methylene group of the chelating ring (H~'® and H®*) coupled to the
amine proton (H*), as shown in Figure 3.2. This coupling, combined with the downfield shift
of the aniline hydrogen atom indicates a successful coordination of the ligand with the

palladium atom.
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Figure 3.2: COSY NMR spectrum showing the ABX spin system for the protons of the
methylene group of the chelating ring (H* and HE) and the aniline proton (HX) in PdL1.

13C NMR was also used to structurally characterize the synthesized ligands (L1- L6) and their
corresponding complexes (PdL1 — PdL5) (Appendix section, Figure A2, A5, A8, All, Al4,
Al17, A21, A25, A31). The data obtained from *C NMR were consistent with the *H NMR
data and the number of carbons observed in the spectra correspond to that calculated in the
molecular formula of the ligands and their respective complexes. For the ligand L5 and the
corresponding complex PdL5 (Figure 3.3), two distinctive peaks were observed at 16.0 ppm
(CHa) and 28.0 ppm (CHy) for both the ligand and the complex. A notable downfield shift was
observed for all other protons upon complexation, including a shift from 49.8 ppm to 55.2 ppm
for the carbon corresponding to the methylene group. Distinctively, the carbon corresponding
to Ce, the additional carbon of the chelating ring, also showed a significant downfield shift
upon complexation, these observations further validate the coordination of the ligands with the

palladium metal atom.
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Figure 3.3: An overlay *C NMR spectra of ligand L5 and corresponding PdL5 complex
showing a notable downfield shift of all the aromatic and amine protons and no changes in the
methylene hydrogen atoms.

FT-IR was also employed for the spectroscopic elucidation of the ligands and the complexes
(Appendix section, Figure A3, A6, A9, A12, Al5, A18, A22, A26, A29, A32). For instance,
the -NH stretch of ligand L4 and the corresponding complex, PdL4 were observed at
3277.26 cm* and 3376.48 cm, respectively. Distinctively, the amine stretch is broader and
more pronounced on the complex spectrum, which indicates a change in the chemical
properties of the -NH group and suggest coordination of the ligand to the palladium metal atom.

Table 3.1 indicates the summarised FTIR and LC-MS spectroscopic data.
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Table 3.1: Selected infrared spectroscopic and mass spectral data for free ligands and their

corresponding complexes.

U (cm?) m/z
Compound -NH C-N C-R Theoretical Experimental
[M+- Cl + DMSO]

L1 3386.90  1264.76 -

L2 3264.34  1301.22  1203.19

L3 3283.65  1312.06 605.60

L4 327726 1290.30  1225.60

L5 3385.35  1261.96  2947.94
PdL1 3372.10  1649.06 - 359.94 404.99
PdL2 3374.34  1652.33 992.91 377.93 422.98
PdL3 344785  1651.75 616.98 437.85 482.92
PdL4 3376.48  1652.38 993.18 389.95 -
PdL5 3372.91 1651.42 - 387.97 433.04
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3.7 DFT-Computational Modelling and Analysis

In efforts to gain insight on the electronic and structural properties of the synthesized Pd(Il)
complexes, computational simulations and optimized DFT calculations were performed. The
data obtained was used to elucidate the reactivity of the synthesized complexes. The optimized
geometry of frontier molecular orbitals (HOMO and LUMO) and planarity of the complexes

are presented in Table 3.2, while the calculated DFT data is summarized in Table 3.3.
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Table 3.2: Geometry optimized structures and DFT calculated HOMO and LUMO maps.

Complex HOMO LUMO Orientation

PdL1 ¢

PdL2 ;
I@ w i il

PdL3 E %‘(
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PdL4

PdL5
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Table 3.3: Summary of DFT calculated parameters for the Pd(11) complexes.

- N H F Br OCHsz CH2CH3

S
n o
Property
Bond lengths (A)
Pd—Clz 2.372 2.370 2.370 2.374 2.374
Pd—Cl 2.382 2.383 2.383 2.385 2.384
Pd—N; 2.068 2.067 2.068 2.067 2.068
Pd—N> 2.139 2.140 2.142 2.134 2.137
Bond angles (°)
N1-Pd-N2 81.51 81.49 81.49 81.55 81.46
N1-Pd-Cly 93.75 93.79 93.82 93.75 93.74
N2-Pd-Cl> 89.09 88.90 88.84 88.75 89.04
Cl1-Pd-Cl2 95.64 95.82 95.85 95.99 95.77

Natural charges

Pd 0.094 0.093 0.094 0.093 0.091
Cl1 -0.272 -0.267 -0.266 -0.277 -0.275
Cl2 -0.301 -0.299 -0.299 -0.307 -0.303
N1 -0.258 -0.259 -0.259 -0.258 -0.258
N2 -0.535 -0.534 -0.534 -0.532 -0.532

Point group symmetry
Dipole moment (Debye) 13.7083 13.3631 13.3631 12.6360 13.9099

M -4.3449 -4.4939 -4.9468 -4.2752 -4.2911
n 1.8089 1.8042 1.7973 1.8225 1.8156
) 5.3180 5.5967 6.8076 5.0144 5.0711
HOMO (eV) -6.154 -6.298 -6.292 -6.098 -6.107
LUMO (eV) -2.536 -2.690 -2.697 -2.453 -2.475
AE (eV) 3.618 3.608 3.595 3.645 3.631

T All complexes studied follow the same numbering.
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The frontier orbitals of all complexes have similar features due to the similar basic structures.
The DFT optimized structures in Table 3.2 reveal that the highest occupied molecular orbital
(HOMO) electron densities of all the Pd complexes are predominantly localized on the 4d-
orbitals of the Pd(I1) metals and the 3p-orbitals of the chloride ligands. PdL4 shows a minimal
electron contribution on the methoxy substituent of the inert ligand. The HOMO of the Pd(II)
metal center demonstrate a transfer of electrons from the metal to the LUMO of the inert ligand.
On the other hand, the LUMOs are distributed in all the complexes along the chloride,
palladium, and N-(pyridin-2-ylmethyl) aniline ligand. The presence of LUMO electrons on the
inert ligands further indicate their potential r-acceptor abilities, which may be attributed to the

presence of the r-acceptor pyridyl ring.

Also presented in Table 3.2, are DFT optimized planarity structures showing a similar planarity
of all the complexes, with the pyridyl moiety and chloride ligands in-plane with the metal
center, while the para substituted aniline moiety is noticeably out-of-plane for all the
complexes. This is due to the flexibility brought by the methylene group within the inert ligand.
The computational data is comparable with that reported in literature for PdL1, PdL2 and
Pd L4.17’ 23-26

Even though the structure modification and different substitutions almost have no impact on
the composition of the frontier orbitals, the trend in the computed energy gap, AELumo-Homo
noticeably increases in the order PAL3 < PdL2 < PdL1 < PdL5 < PdL4 (Table 3.3). This
trend indicates an increase of electron donation density around the Pd(Il) metal center. The
increase in the HOMO energy level followed a similar trend. Similarly, this trend was observed
in the increase in the LUMO energy level, signifying a decrease in the m -acceptor abilities of

the chelating ligands.

Based on the computational data presented in Table 3.3, the introduction of alternate electron
withdrawing and electron donating substituents on the inert ligand have little to no significant
effect on the Pd — Cl bond length, bond angle or NBO charges of the palladium metal. However,
a notable impact is observed in the overall electrophilicity of the complexes; with an increase
in electrophilicity in the presence of electron withdrawing substituents, i.e., Br (6.8076) and F
(5.5968), and reduced electrophilicity for electron donating groups, CH2CHz3 (5.0711) when
using PdL1 as a reference. The dipole moment of complexes with electron withdrawing groups
PdL2 and PdL3 is lower than that of PdL1, the unsubstituted aniline complex, while the PdL5,
with electron donating group (CH2CHz) has the highest dipole moment (13.9099).
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3.8 Substitution Kinetic Analysis

3.8.1 Kinetic Measurements

Substitution of labile chloride ligands from the Pd(Il) complexes by three thiourea
nucleophiles, viz. thiourea (TU), N,N’-dimethylthiourea (DMTU) and N,N,N’,N’-
tetramethylthiourea (TMTU) was studied under pseudo first-order conditions, as a function of
concentration and temperature using the UV-Visible and Stopped-Flow spectrophotometer.
The UV-Visible spectrophotometer allowed for the determination of the best suitable
wavelength to use for the kinetic analysis by following the change in absorbance
spectrophotometrically. Wavelengths selected for Kinetic analysis are presented in Table A.1,

Appendix section.

Since the Pd(I1) complexes used in the study contain two types of nitrogen bonded to the Pd
metal, i.e. the aromatic pyridine and the sp-hybridized primary amine, it is therefore important
to understand which chloride ligand will be substituted first. The chloride trans to the pyridine
ligand will be substituted first, since the pyridine has a stronger trans effect compared to the
amine group. This difference in trans effect is strongly supported by the trends in the DFT data
in Table 3.3. The natural bond orbital (NBO) charges of N1¢y) and Na@miney Or the bond lengths
Pd—N1py) and Pd—N2(mine) are significantly different. A similar trend was observed for Pt(I1)
complexes with similar ligands.?-*2 Scheme 3.2 shows the stepwise substitution reaction of

the chloride from the Pd metal by thiourea nucleophiles.

R R R

(\ Nﬁ +Nu, -ClI- N{| +Nu, -CI- (\ N{|
N—I|3d— kp (1%) N—I|3d— k, (2) N—Fl’d—

' ' )

Nu=TU, DMTU, TMTU

Scheme 3.2: Proposed stepwise substitution reaction with the thiourea nucleophiles.

3.8.2 IH NMR Spectroscopy

To confirm that the first substitution step is due to the displacement of one chloride ligand by
the thiourea nucleophile (TU, DMTU, TMTU) while the second substitution step is assigned
to second chloride ligand as shown in Scheme 3.2, the product of the substitution reaction of

PdL1 by six equivalents of TU was monitored using *H NMR spectroscopy (Figure 3.5). Due
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to the fast rate of reaction for the Pd(Il) complexes, we could not follow the substitution

reaction, but instead we analyzed the product that formed after the reaction was complete.
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Figure 3.5: 'H NMR spectra of L1, PdL1 and the substituted reaction of PdL1 with six
equivalents of TU at 30 °C.

Figure 3.5, shows the 'H NMR overlay spectra of the ligand (L1), PdL1 and the product of
the reaction between PdL.1 and TU. The complex with coordinated TU, shows the methylene
protons at 4.46 ppm and is now showing as a doublet with a coupling constant of 6.32 Hz. In
PdL1 these protons gave two different signals, 4.98 and 4.40 ppm. The NH appears at as a
broad singlet at 6.26 ppm, which when compared to the ligand (4.27 ppm) it is further
downfield and indicates that the Pd is still coordinated to it. The proton next to the pyridine
ring (Ha) for the ligand is at 8.60 ppm, for PdL1 is at 8.76 ppm and for the substituted Pd
complex is at 8.58 ppm. All the other proton signals in the substituted product shifted downfield
when compared with the unsubstituted complex, this is mainly due to the solvent used to run
the NMR. Therefore, in this case the pyridine ring is still coordinated to the Pd metal. Also, the
broad signals in the region, 9.04 — 8.66; 8.54 — 8.20; 7.39 - 7.15 ppm are due to the coordinated

sulfur from the thiourea nucleophile.
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3.8.3 First Substitution Step

3.8.3.1 Concentration Dependence

All kinetic traces obtained from concentration and temperature dependence analysis gave
excellent fits to the single-exponential decay function. Using an online Pro-Data SX
programme, the Kinetic traces were fitted into a non-linear least square fit to generate the
observed pseudo first-order rate constant, Kons (equation 3.1). All the reported rate constants
represent an average of at least five to eight independent kinetic runs for each experimental
condition. A typical kinetic trace generated from the stopped-flow technique is shown in

Figure 3.6 for the reaction between PdL1 and TU nucleophile.

At = Ao + (Ao - Aoo)exp(_kobst) (31)

Where, A; = absorbance at time t, A, = absorbance of reaction mixture initially and A, =

absorbance at the end of the reaction.

0,20 H
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Figure 3.6: Kinetic trace obtained from the Stopped-Flow spectrophotometer showing a single
exponential fit for the reaction between PdL1 and TU in ultra-pure water followed at 295 nm,
| =0.1 M at 298 K.

Plots of average kons against nucleophile concentrations, [Nu], afforded a linear regression with
zero intercepts for all complexes, from which the second-order rate constants, k2(1%), were

obtained from the slope of these graphs according to equation 3.2. A representative plot of Kobs
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versus concentration of all three nucleophiles for PdL4 is shown in Figure 3.7; similar plots
are presented in Figure A34 - 38 of the appendix. The zero-intercept indicates that the
substitution was irreversible. The second-order rate constants, k», of the complexes ae

summarized in Table 3.4.

kops = k2[Nu]  where Nu =TU, DMTU, TMTU (3.2)
35 - e T
1 4 e DMTU
30 ’ A TMTU
_ /
25 - s .
] yd
%y 20 /
~ //
b
¥ 15 - Ve
] s
10 //
| //0
5 - S A
e
0 T T T T T T T T T 1
0,000 0,001 0,002 0,003 0,004 0,005
[Nu] / M

Figure 3.7: Dependence of kops On the concentration of the entering nucleophiles for the
displacement of chloride on PdL4 complex in water, | =0.1 M (LiCl), T =298 K.

The second-order rate constants, k2, for the substitution of chloride ligands by thiourea
nucleophiles increases in the order PdL4 < PdL5 < PdL1 < PdL2 < PdL3 for TU and DMTU
nucleophiles. The trend in reactivity is attributed to the difference in electronic effects within
the complexes, which is supported by the electrophilicity index, chemical potential, chemical

hardness and the AE, umo-Homo, Table 3.3.

The second-order rate constants, ko, in Table 3.4 show that the reactivity of the complexes
increases with the presence of electron withdrawing substituents and decreases when an
electron donating group is attached on the para position of the phenyl group attached the amine.
The amine proton in the —NH substituted atom is acidic, and therefore more electron deficient,
this assists with electron withdrawal from the Pd metal center. The presence of an electron

withdrawing group in PdL2 and PdL3 leads to increased reactivity when compared to the
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unsubstituted PdL1 complex. Using the rate constants for TU to compare the reactivity of the
complexes, PdL1 (k2 = 1.45 x 10* Mis™h), PdL2 (k2 = 1.58 x 10* Mis™) and PdL3 (k. = 1.75
x 10* M s and we can clearly see that the reactivity increases with the electron withdrawing
strength of the atom on the aniline moiety. The fluorine and bromine groups in PdL2 and PdL3
withdraw electrons from aniline moiety of the ligand which in turn pulls electrons from the
electron deficient amine that is coordinated to the metal center. This phenomenon results in the
loss of electron density from the ligand moiety and increases the electrophilicity of the metal
center, which is supported by the DFT calculated electrophilicity index (w). Complexes with a
high value for e characterise strong electrophiles.®® 34 PdL3, with a bromo substituent has the
highest electrophilicity index, 6.8076, which further supports the high reactivity when
compared for all the other complexes. The reactivity of PdL3 is further supported by the more
negative chemical potential (-4.9468), lower strength of electron acceptor (-4.9468) and lower

dipole moment (13.3631), when compared with all the Pd complexes.

Even though fluorine is more electronegative than bromine, the reactivity of PdL3 is greater
than the reactivity of PdL2 by a factor of 1.11. The slight increase in reactivity of PdL3, can
be accounted for by looking at the DFT calculated electronic parameters (Table 3.3). The
presence of either a —F or —Br as an ancillary substituent on the aniline group does not result in
a significant change in electronic effects (bond lengths, bond angles or natural charges).
However, the electrophilicity index and chemical potential is higher for PdL3, whilst the

chemical hardness is lower.

In the case of PdL4 and PdL5, with electron donating groups, -CH>CH3z and —OCH3 on the
para position of the aniline moiety, the reactivity is lower than that of PdL1 and complexes
with electron withdrawing substituents, PdL2 and PdL3. The positive s-inductive effect of the
ethyl or methoxy substituents increases electron density of the phenyl ring and hence the acidic
amine coordinated to the metal. This reduces the electrophilicity of the metal centers, as
supported by the lower electrophilicity index of PdL4 (5.0143) and PdL5 (5.0711) compared
to those for PdL.1 (5.3180), PdL2 (5.5967) and PdL3 (6.8076).

The general trend for the substitution of chloride ligands by thiourea nucleophiles follows the
order TMTU< DMTU< TU. This order is compatible with the steric demands of the different
nucleophiles with the bulkier TMTU reacting slower than the less sterically hindered TU.
However, an exception was observed in the reaction of PdL3 with DMTU, where the k2 value
and hence, the substitution was faster than that of PdL3 with TU. This phenomenon has been
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reported in literature, where the inductive effect of DMTU overcompensates for the steric

effect of this nucleophile.®®

3.8.3.2 Temperature Dependence

Temperature dependence reactions of the second-order rate constants were observed over the
temperature range of 288 — 308 K, at 5 K intervals. Typical Eyring plots for PdL4 with the
three nucleophiles are shown in Figure 3.8; similar plots are presented in Figure A39 - 43, of
the appendix. Using the Eyring equation (3.3), the enthalpy of activation (AH*) and entropy of
activation (AS*) were extrapolated from the slope and the y-intercept, respectively. The
enthalpy of activation (AH*) and entropy of activation (AS*) are summarized in Table 3.4.

(%) = - (50) + (m2+%5) (3:3)

= TU

In(k,/T)

T T T T T T T T T T 1
0,00325 0,00330 0,00335 0,00340 0,00345 0,00350
UT(K™

Figure 3.8: Plot of In(k2/T) against 1/T for the reaction of PdL4 with the three nucleophiles at
various temperatures in the temperature range 288 — 308 K.

Based on the results tabulated in Table 3.4, the values of enthalpy of activation are positive,
while the entropy of activation values are largely negative. This trend in thermodynamic
parameters supports an associative mode of activation for the substitution step, which is in line

with the square-planar d® metal complexes.3®
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Table 3.4: Rate constants and activation parameters for the first substitution

reactions.

Complex Nucleophile K2 (1%t)/M1st (104 AH* (1) /kImolt AS* (1% / JIK'mol?

PdL1 TU 1.45 +0.026 28.06 £ 1.30 -122.44 + 5.35
DMTU 1.35+0.019 25.10+ 151 -135.85 + 5.09
TMTU 0.62 +0.014 22.09+2.11 -146.91 + 7.07
PdL2 TU 1.58 +0.032 10.67 + 0.67 -182.02 + 2.26
DMTU 1.45 +0.023 26.68 + 1.38 -130.07 + 4.63
TMTU 0.32 +£0.002 30.39+1.82 -125.13 £ 6.12
PdL3 TU 1.75 +0.040 21.15+0.17 -147.37 £ 0.57
DMTU 1.87 +0.039 18.71+1.15 -154.66 * 3.86
TMTU 0.71+0.013 32.67 +2.62 -114.33 £ 8.79
PdL4 TU 1.10 +0.012 27.77+£0.53 -124.63 £ 1.77
DMTU 0.84 +£0.004 22.47+0.81 -146.70 £ 2.70
TMTU 0.36 + 0.004 58.70 + 4.86 -29.90 + 16.32
PdL5 TU 1.12 +0.010 42.52 + 2.63 -79.20 + 8.83
DMTU 1.10 +0.015 32.07+2.24 -113.65 + 7.52
TMTU 0.82 +£0.013 27.20 +0.89 -127.15+2.97

3.8.4 Second Substitution Step

The second substitution step is the displacement of the chloride that is trans to the Namine ligand
by TU, DMTU and TMTU. The reaction was followed under the same conditions as the first
substitution step. Figure 3.9 shows the spectral changes for the second substitution step, where
a steady increase in absorbance was observed until the end of the reaction was reached. The
wavelengths selected for kinetic analysis are presented in Table A.1, appendix section, and are
similar to those used for the first substitution step.
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Figure 3.9: UV-Visible spectral changes for the reaction between PdL1 and DMTU at 298 K,
I=0.1M.

3.8.4.1 Concentration Dependence

All the Kkinetic traces obtained from concentration dependence analysis gave excellent fits to
the single-exponential decay function, and we used to generate the observed pseudo first-order
rate constant, kobs. The reported rate constants represent an average of at least five independent
kinetic runs for each experimental condition. A typical kinetic trace generated by the UV-
Visible is shown in Figure 3.10 for the reaction between PdL1 and DMTU nucleophile.
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Figure 3.10: Kinetic trace obtained from the UV-Vis spectrophotometer showing a single
exponential fit for the reaction between PdL1 and DMTU in ultra-pure water followed at 295

nm, 1 =0.1 M at 298 K.

The second substitution step is slower due to the coordinated thiourea nucleophile, and the
steric effects caused by the first coordinated nucleophile and electron donation towards the
Pd(I1) metal center, which makes it less electrophilic. The second substitution step for all
complexes is independent of concentration, i.e., as concentration increases, the observed rate
constant does not change significantly. Figure 3.11 indicates the effect of concentration change

on the first and second substitution steps for PdL1 and TU.
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Figure 3.11: Plots of kobs against concentration of the PdL1 complex with TU, | = 0.1 M
(LiCl), T = 298 K.

Since the observed rate constant, kons for the second substitution step does not depend on the
change in concentration of the nucleophiles, it implies that second order rate constant, (kz(2"9),

for the second substitution can be expressed by equation 3.4.%730. 37
kops = k2 (3.4)

The rate of substitution follows the same increasing order as the first substitution step, PdL4 <
PdL5 < PdL1 < PdL2 < PdL3 for all the nucleophiles (Table 3.5).

56 |Page



Table 3.5:

Rate constants and activation parameters for the

second substitution

reactions.
Complex  Nucleophile k(2" /Ms? (10%) AHZ(2") / kIJmolt AS*(2") / JKImol?
PdL1 TU 2.60 £ 0.025 40.32 +1.44 -276.46 + 4.36
DMTU 1.73 £ 0.045 50.26 + 3.93 -130.17 £ 12.01
TMTU 0.94 +0.020 64.11 + 3.83 -88.50 + 11.52
PdL2 TU 4.44 +0.008 18.14 £ 0.49 -229.47 +1.48
DMTU 2.15+0.023 48.33 £ 3.60 -136.03 £ 11.01
TMTU 0.97 £0.024 79.66 * 3.66 -119.14 + 10.99
PdL3 TU 8.94 + 0.012 34.02 £ 2.60 -169.61 £ 8.02
DMTU 4.61 + 0.009 43.03 £ 2.06 -146.10 £ 6.22
TMTU 1.01 £0.021 34.46 + 0.82 -188.36 + 2.61
PdL4 TU 2.22 £ 0.008 38.29 £ 0.45 -168.31 £ 1.52
DMTU 0.88 £0.018 59.48 + 1.06 -103.24 + 3.57
TMTU 0.23+0.019 109.46 £+ 4.07 -153.09 + 13.66
PdL5 TU 2.37£0.018 5047 +4.24 -127.72 £ 12.25
DMTU 1.09 £ 0.015 65.50 + 2.99 -81.83 +9.98
TMTU 0.48 £0.016 62.44 +2.74 -104.30 £ 9.35

3.8.4.2. Temperature Dependence

Temperature dependence reactions of the observed rate constants were monitored over the
temperature range of 288 — 308 K, at 5 K intervals. Typical Eyring plots for PdL3 with the
three nucleophiles are shown in Figure 3.12; similar plots are presented in Figure A44 - 48,
in the appendix. The enthalpy of activation (AH*) and entropy of activation (AS™) for this step
are summarized in Table 3.5. The thermodynamic parameters support an associative mode of

activation for the second substitution step.
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Figure 3.12: Plot of In(k2/T) against 1/T for the reaction of PdL3 with the three nucleophiles
at various temperatures in the temperature range 288 — 308 K.

3.9 Conclusion

Five bidentate Pd(Il) complexes containing different para substituted N-((pyridin-2-
yl)methyl)aniline chelating spectator ligands of different electronic properties were
synthesized. The purity of the synthesized ligands and complexes were confirmed using ‘H
NMR, 3C NMR, FTIR, LC-MS and elemental analysis. The kinetics and mechanism of their
substitution reactions with sulfur-donor nucleophiles were studied under pseudo first-order
conditions. The substitution of two chloride ligands by the nucleophiles from the Pd(Il)
complexes was consecutive. The chloride trans to the pyridine ligand was substituted first,
since the pyridine has a stronger trans effect compared to the amine group. The rate of
consecutive chloride substitution from the complexes by the nucleophiles followed the order
PdL4 < PdL5 < PdL1 < PdL2 < PdL3. The higher reactivity of PdL3 and PdL2 is due to the
withdrawal of electron density from the aniline moiety of the ligand by the —F and —Br
substituents which in turn pulls electrons from the electron deficient amine that is coordinated
to the metal center. This results in the loss of electron density from the ligand moiety and
increases the electrophilicity of the metal center and thus the substitution reaction. The addition
of an electron-donating groups as substituents (PdL4 and PdL5), leads to a decrease in
reactivity compared to the electron withdrawing groups (PdL2 and PdL3) and the
unsubstituted complex (PdL1). The reactivity of the nucleophiles depends on steric effects,

with the bulky TMTU being the least reactive. The first and second substitution steps are
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associatively activated given that the enthalpy of activation are positive while the entropy of
activation are negative, which suggest an associative mode of activation for the substitution

process.
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CHAPTER 4
Synthesis of Novel Palladium(I1)-Pyridine Carboxamide Complexes

4.1 Introduction

The success of cis-diamminedichloro-platinum(l1) (cisplatin) as an anticancer drug led to an
increase in the synthesis and biological application of Pt-based anticancer agents.’® Due to
several side effects associated with the administration of cisplatin and Pt based anticancer
agents such as nephrotoxicity to drug resistance of the tumour cells, researchers are exploring
alternatives. One such alternate is the use of transition metal-based anticancer drugs.’!
Palladium-based complexes have gained significant attention due to their structural and
thermodynamic similarities, and significant overlap of coordination chemistry to Pt(ll)

complexes. Pd(11) complexes exhibit promising activity towards cisplatin-resistant cells.*?-4

The coordination of biologically active molecules to metal centres shows promising activity
due to the ability of the complexes to bind to different biological targets.'® *® The incorporation
of carboxamide groups in the ligands and preparation of new complexes allows for the unique
electronic and the steric effect control of the properties of the coordinated Pd(Il) metal. The
carboxamide ligand has a diverse chemistry due to its multifunction coordination modes.*’-1°
The carboxamide group is an important biological molecule which forms part of the primary
structure of proteins and forms metal complexes that are similar to metal peptides.2° Pyridine
carboxamides ligands are a class of mono/bidentate ligands that are formed from condensation
reactions between pyridyl-bearing carboxylic acid and amine precursors, promoted by
triphenylphosphite coupling agent.t!-16

As such, the N-(4-bromophenyl)-pyridine-2-carboxamide ligand, which acts as a bidentate-
chelating ligand, was reacted with a Pd(I1) metal precursor to form two Pd(Il) complexes, i.e.
Pd1 and Pd2.

4.2 Chemicals and Reagents

All synthesis was performed under nitrogen using the standard Schlenk line techniques.
Potassium tetrachloropalladate, 2-picolinic acid, 4-bromoaniline and triphenylphosphite were
purchased from Sigma-Aldrich and used without further purification. All solvents (pyridine,
diethyl ether, dichloromethane) were procured from Sigma-Aldrich and were of analytical

grade.
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4.3 Physical Measurements

'H NMR spectra were acquired on Bruker Avance 111 400 MHz NMR spectroscopy with a 5
mm TBIZ probe at 30 °C. Chemical shifts were reported in ppm in relation to the solvent
residual peak. Coupling constants (J) were calculated in hertz (Hz). The infrared spectrum was
recorded using a Bruker Alpha Il FT-IR spectrometer and the data were reported as a
percentage transmittance at the respective wavenumbers (cm™1). Exemplary *H NMR and IR

spectra of the ligand and Pd1 and Pd2 are shown in the appendix section (Figure A49-A55).

The X-ray crystallographic data of the complexes were collected and evaluated on a Bruker
APEX Duo'’CCD area detector diffractometer with an Incoatec micro source working at 30 W
power. The crystal was kept at 99.97 K during data collection using an Oxford Instruments
Cryojet accessory. The data were collected with Cu(Ka), A = 1.54178), at a crystal-to-detector
distance of 50 mm. The SAINT?8 program was used to reduce the structure using the outlier
rejection, scan speed scaling and the standard Lorentz and polarization correction factors. The
non-hydrogen atoms were initially refined isotropically and then by anisotropic refinement
with a full-matrix least-squares method based on F2. All hydrogen atoms were included and
positioned geometrically on their parent atoms. The crystal structure was solved with Olex2?°,
while the SHELXS?® and SHELX?' programs were used for structural refinement. The
crystallographic data were visualized using WinGX?? and Mercury v.4.3.2 The
crystallographic data and structure refinement parameters of Pd1 and Pd2 are given in Table
1.

4.4 Synthesis of the Ligand

Br

The N-(4-bromophenyl)pyridine-2-carboxamide was synthesized following a reported
procedure with slight modifications.?* Solutions of 2-picolinic acid (5 mmol) and 4-
bromoaniline (5 mmol) in pyridine (5 mL) were mixed for 15 minutes under stirring. The
temperature was raised to 100 °C followed by the dropwise addition of triphenylphosphite

(5 mmol). The mixture was further stirred for 4 hours at 100 °C, then cooled to room
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temperature. The cooled solution was concentrated, and an off-white precipitate was formed

and washed with cold diethyl ether.

N-(4-bromophenyl)pyridine-2-carboxamide was obtained as an off-white solid (0.629 g, 45.39
%). *H NMR (400 MHz, CDCls, ppm): 9.96 (s, 1H, -Hg-), 8.53 (d, 1H, J = 8.46 Hz, -H,-), 8.20
(d, 1H, J = 8.46 Hz, -Hq), 7.83 (td, 1H, J1 =8.08 Hz, J> = 1.72 Hz, -H¢-), 7.61 (d, 1H, J = 9.23
Hz, -Hp-), 7.41 (m, 4H, -Hi-, -H;-). FT-IR (liquid neat; cm™) 3001 (-NH), 1709 (C=C), 1357
(C-N aromatic), 1217, 902, 525. TOF-MS ES*, m/z = 279.01 (calculated m/z 278.11), [M* +
H].

4.5 Synthesis of the Pd(11) Complexes

4.5.1 bis[N-(4-bromophenyl)pyridine-2-carboxamidato]Palladium, Pd1

6

Br
(@] 5
4
3z N 7

/ 8
2 QL N—Pd—NT

N =

N-(phenyl) pyridine-2-carboxamide ligand was coordinated to Pd(ll) using a literature
method.?® An aqueous solution of potassium tetrachloropalladate (0.3063 mmol, 0.10 g) was
added dropwise to a solution of the N-(phenyl) pyridine-2-carboxamide ligand (0.6127 mmol,
0.17 g) in DCM (10 mL) under inert nitrogen. The mixture was stirred under reflux for 6 hours
and allowed to cool to room temperature. The precipitate formed was filtered and washed with
cold ultra-pure water and methanol. The resulting product was crystallized from the 1:1
dichloromethane and hexane solution to obtain crystals suitable for X-ray crystallography.
Yield: 0.085 g (42%), *H-NMR (400 MHz, CD3COCDs3, ppm): 8.67 (d, J = 4.9 Hz, 2H, Hi-
py), 8.23 (d, J = 7.2 Hz, 2H, Hs-py), 8.06 (td, J = 7.7 Hz, 2H, Hz-py), 7.93 (d, J = 8.8 Hz, 4H,
Hs and Hs), 7.64 (t, J = 6.4 Hz, 2H, Hz-py), 7.54 (d, J = 8.8 Hz, 4H, Hs and H7). FT-IR (cm™?):
3001, 1709, 1357, 1217, 902, 525.
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4.5.2 Palladium(ll) [N-(4-bromophenyl)-2-pyridinecarboxamide), pyridine chloride, Pd2

Br

6 7
8
5
0 N
/
\Pd 9
/ =
4 N 10
o/
3N ! 1
> 12

To an aqueous solution of potassium tetrachloropalladate (0.3063 mmol, 0.10 g) was added a
solution of the N-(phenyl) pyridine-2-carboxamide ligand (0.3063 mmol, 0.085 g) in DCM
(10 mL) and pyridine (0.3063 mmol, 24.2 mg) under inert nitrogen. The mixture was stirred
under reflux for 6 hours and allowed to cool to room temperature. The precipitate formed was
filtered and washed with cold ultra-pure water and methanol. The resulting product was
crystallized from the 1:1 dichloromethane and hexane solution to obtain crystals suitable for
X-ray crystallography. Yield: 0.054 g (35.29 %), *H-NMR (400 MHz, CD3COCDs3, ppm): 8.37
(d, J =5.4 Hz, 2H), 8.06 (d, J =5.44 Hz, 1H), 7.91 (d, J = 4.5 Hz, 2H), 7.29 (td, J = 7.7 Hz,
2H), 7.05 (t, J = 7.71 Hz, 2H), 6.97 (t, J = 7.71 Hz, 2H), 6.87 (t, J = 6.8 Hz, 2H). FT-IR (cm™):
3411, 3005, 1709, 1533, 1358, 1220, 895, 830, 604, 528. TOF-MS ES™: m/z = 496.91
(calculated m/z 497.08).

4.6 Results and Discussion

4.6.1 Synthesis of Ligand and Complexes

N-(4-bromophenyl)-pyridine-2-carboxamide ligand was synthesised from the reaction of 2-
picolinic acid and 4-bromoaniline in the presence of triphenylphosphite to produce the
corresponding ligand in excellent yield. Treatment of N-(4-bromophenyl)-pyridine-2-
carboxamide ligand with aqueous potassium tetrachloropalladate (K2PdCls) produced Pd1 in
moderate yield (Scheme 4.1). Pd2 was synthesized using a similar procedure as Pd1, with the
addition of pyridine. The ligand and the corresponding Pd(Il) complexes were characterised

using *H NMR, FT-IR spectroscopy, mass spectrometry and X-ray crystallography.
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Scheme 4. 1: Synthesis of N-(4-bromophenyl) pyridine-2-carboxamide and corresponding
Pd(I1) complexes, Pd1 and Pd2.

In the subsequent Pd(Il) complexes (Pdl and Pd2), the N-(4-bromophenyl)-pyridine-2-
carboxamide ligand acted as bidentate and was coordinated via anionic Namige and neutral
Npyridine Sites via two five-membered chelate rings. *H NMR spectra of the ligand and the
corresponding Pd(1l) complexes show the expected peak multiplicities and integrations
(Appendix, Figure A49 & A52). In the 'H NMR spectrum of the Pd(11) complexes the expected
chemical shifts of the protons were observed and deshielded compared to the free ligand. The
formation of the Pd1 complex was revealed by the disappearance of the NH peak at 9.803 ppm
in the *H NMR spectrum, which was attributed to the coordination of the Pd to the Namido. A
similar trend was observed for Pd2, where the pyridine peak that is coordinated to the Pd ion
was also observed. The formation of Pd1 and Pd2 was further confirmed using FT-IR, where
the N—H stretches of the ligand at 3321 cm™ (Figure A50) disappeared when compared to the
FT-IR spectrum of Pd1 and Pd2 (Figure A53 & A54). The FTIR spectra of the Pd1 and Pd2
showed that the peaks for the C=0 amide bands (1709 cm™) shifted by a small margin when
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compared to the corresponding ligand (1673 cm ™). This observation clearly indicates that the

C = O group is uncoordinated to the Pd(I1) metal the of two complexes.

4.6.2 X-ray Crystallography

The molecular structure of Pd1 and Pd2 were further confirmed by X-ray crystallography.

Both complexes were crystallized from the 1:1 dichloromethane and hexane solution to obtain

crystals suitable for X-ray crystallography. The crystallographic data and structure refinement

parameters of the complexes are given in Table 4.1.

Table 4.1. Crystal structure and structure refinement for Pd1 and Pd2.

Identification Code

cu_SS PM_Br_Pd_Comp_Om

cu_SS PM_P_Ani_Comp_Oma

(Pd1) (Pd2)
Empirical formula C12HsBrN2OPdo s C17H15BrCINsO2Pd
Formula weight 329.31 515.08
Temperature (K) 99.97 100.00
Crystal system monoclinic Orthorhombic
Space group P2i/c Pbca
a(A) 6.22590(10) 16.5311(3)
b/A 12.9253(3) 8.6466(2)
c (A 13.6735(3) 25.0634(5)
a(®) 90 90
B (°) 94.8170(10) 90
v (©) 90 90
Volume (A% 1096.44(4) 3582.51(13)
z 4 8
pealc (9 cM~3) 1.995 1.910
u (mmt) 11.358 12.484
F (000) 640.0 2016.0

Crystal size (mm?®)

0.205 x 0.075 x 0.065

0.25x0.18 x0.15

Radiation source, A (A)

Cu(Ky), L = 1.54178

Cu(Ky), L = 1.54178

20 range for data collection (°) 9.432 t0 144.36 7.054 to 144.266
—-7<h<6, -20 <h <20,
Index ranges —-15<k <15, -10 <k <10,
-16<1<16 -30<1<30
Reflections collected 14012 31164
Independent reflections 2097 [Rint = 0.0247, R; = 0.0160] [3526 [Rint = 0.0292, R; = 0.0160]
Data/restraints/parameters 2097/0/151 3526/0/229
Goodness-of-fit on F? 1.125 1.135

Final R indexes [ >= 25 (I)]

R1=0.0213, wR2 = 0.0513

R1=0.0210, wR2 = 0.0519

Final R indexes (all data)

R1=0.0216, wR2 = 0.0515

R1=0.0214, wR2 = 0.0523

Largest diff. peak/hole (e A™3)

0.49/-0.79

0.45/-0.63
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The crystal structure of Pd1 (Figure 4.1) assumes the distorted square-planar coordination
geometry around the metal centre and belongs to the monoclinic system, with the space group
P21/c. The selected bond lengths and bond angles of Pd1 are represented in Table 4.2. Pd1
adopts a distorted square-planar coordination geometry around the metal centre, with the angles
N2-Pd1-N1, N2'-Pd1-N1*, N2-Pd1-N1' and N2*-Pd1-N1 deviating by approximately 10°
from the expected square-planar angle of 90°. The bond lengths reported in Table 4.2 indicate
that the values relative to the pyridine N donors (Pd1-N1, Pd1-N1%) are slightly longer by ca.
0.038 A than those of the amide nitrogen atoms.

Figure 4. 1: The ORTEP diagram of Pd1 and Pd2 with the thermal ellipsoids drawn at the
50% probability level.

Table 4.2. Selected geometrical parameters for Pd1.

Atom Length/A Atom Angle/°
Pd1-N2t 2.0361(19) N2!-Pd1-N2 180.0
Pd1-N2 2.0361(19) N2-Pd1-N1 80.35(8)
Pd1-N1t 2.0399(19) N2%-Pd1-N1t 80.35(8)
Pd1-N1 2.0400(19) N2-Pd1-N1t 99.65(8)

N2!-Pd1-N1 99.65(8)
11-X, 1-Y, 1-Z N1!-Pd1-N1 180.0

The crystal structure of Pd2 (Figure 4.1) belongs to the orthorhombic system, with the space
group Pbca. The selected bond lengths and bond angles of Pd1 are represented in Table 4.3.
Pd2 also adopts a distorted square-planar coordination geometry around the metal centre, with
the bidentate ligand angle deviating (N1-Pd1-N3) from 90° by approximately 10°. The bond
lengths for Pd1-N1 (Namice) and Pd1-N2 (Npyrigine) Of the N-(4-bromophenyl)-pyridine-2-
carboxamide ligand are similar, while the bond length of the coordinated pyridine ligand (Pd1-
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N3) is slightly elongated. The Pd1-CI1 bond length is the longest when compared to the N-

donor ligands coordinated to the metal centre.

Table 4.3. Selected geometrical parameters for Pd2.

Atom Length/A Atom Angle/°
Pd1-N3 2.0224(18) N3-Pd1-CI1 89.94(5)
Pd1-N1 2.0191(17) N1-Pd1-Cl1 175.22(5)
Pd1-N2 2.0190(18) N1-Pd1-N3 93.98(7)
Pd1-CI1 2.3157(5) N2-Pd1-Cl1 95.78(5)

N2-Pd1-N3 171.31(7)
11-X, 1-Y, 1-Z N2-Pd1-N1 80.65(7)

4.7 Conclusion

We have successfully synthesized two palladium(Il) (Pd1 and Pd2) complexes with N-(4-

bromophenyl)-pyridine-2-carboxamide ligand. The ligand binds to the palladium in a bidentate

fashion, forming a five-membered chelate ring through N-bonding of the Npyridine and Namige. In

Pd1 coordination of the Pd metal to the ligand was through the formation of two five membered

chelate rings. Whilst in Pd2, the metal is coordinated to the bidentate N-(4-bromophenyl)-

pyridine-2-carboxamide, a pyridine and a chloride ligand. The two complexes were

characterised with *H NMR, FT-IR, LC-MS spectroscopic techniques and single X-ray

crystallography. Pd1 crystallizes in the monoclinic crystal system and in the P21/c space group,

and Pd2 crystallizes in the orthorhombic system, with the space group Pbca.
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CHAPTER 5

5.1 Overall Conclusions and Future Work

5.1.1 Conclusion

Five bidentate Pd(Il) complexes containing different para substituted N-((pyridin-2-
yl)methyl)aniline chelating spectator ligands of different electronic properties (PdL1, PdL2,
PdL3, PdL4 and PdL5) and two Pd(Il) complexes with N-(4-bromophenyl)-pyridine-2-
carboxamide (Pd1 and Pd2) were synthesized. The purity of the complexes was confirmed
using *H NMR, BC NMR, FTIR, LC-MS, elemental analysis and X-ray crystallography. Pd1
crystallizes in the monoclinic crystal system and in the P21/c space group, and Pd2 crystallizes
in the orthorhombic system, with the space group Pbca. The Kinetics and mechanism of
substitution reactions of the para substituted N-((pyridin-2-yl)methylaniline Pd(1l) complexes
with sulfur-donor nucleophiles were studied under pseudo first-order conditions with TU,
DMTU and TMTU nucleophiles. The reactivity of the complexes is influenced by electronic
effects, while that of the nucleophiles is influenced by steric effects.

5.1.2 Recommendations for Future Work

This study revealed that the synthesized N, N -pyridyl Pd(11) complexes have a relatively high
Kinetic reactivity towards less sterically hindered nucleophiles, viz. thiourea (TU), N,N’-
dimethylthiourea (DMTU), compared to the bulky N,N,N’,N -tetramethylthiourea (TMTU).
Therefore, it would be interesting to study the kinetics of these complexes against bulkier
nucleophiles such as Glutathione (GSH) or _-Methionine (L-Met), Figure 5.1. Studies
involving models of amino acids (.-Met) and peptides (GSH), would also assist in

understanding the interactions of the Pd(Il) complexes with DNA.

Further studies should also involve DNA binding analysis of these complexes against human
cancer cell lines, as well as cytotoxicity studies. Such information would broaden the

knowledge on the design of alternative Pd-based anticancer agents.
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Figure A2 C NMR spectrum for L1 ligand.
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Figure A27 Irms spectrum for PdL3 complex.
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Figure A33 Irms spectrum for PdL5 complex.

Table Al Selected wavelengths (nm) used for studying the Kinetic reactions of Pd(ll)
complexes with the thiourea nucleophiles.

Complex Nucleophile Wavelength, nm
PdL1 TU 295
DMTU 300
TMTU 305
PdL2 TU 295
DMTU 300
TMTU 305
PdL3 TU 295
DMTU 300
TMTU 305
PdL4 TU 305
DMTU 310
TMTU 315
PdL5 TU 305
DMTU 310
TMTU 315
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Table A2 Average Kobs () for the reaction of PdL1 with thiourea nucleophiles at 298 K.

[Nu]}/M Kobs ()
TU DMTU TMTU
5E-4 8,38659 7,78387
1E-3 15,71827 13,82924 7,718222
0,0015 22,02881 20,46773
0,002 28,91626 27,5083 13,44462
0,0025 35,34436 33,05594
0,003 19,23206
0,004 24,2184
0,005 30,51809
40 -
35
30
25 -
- = TU
2 4 e DMTU
2 A TMTU
X
15+ %/
A
104
O T T T T T
0,000 0,001 0,002 0,003 0,004 0,005
[NU]/ M

Figure A34 Dependence of kobs 0n the entering nucleophile concentration for the displacement
of chloride; on PdL1 complex in water, | = 0.1 M (LiCl), T =298 K.

Table A3 Average kobs (s) for the reaction of PdL2 with thiourea nucleophiles at 298 K.

[Nul/ M Kobs ()
TU DMTU TMTU
5E-4 8,59634
1E-3 17,69165 15,04729 3,31477
0,0015 25,0257 22,05998
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0,002 32,70792 29,19449 6,59285
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0,003 45,75664 9,75402
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Figure A35 Dependence of kobs 0n the entering nucleophile concentration for the displacement
of chloride; on PdL2 complex in water, | = 0.1 M (LiCl), T =298 K.

Table A4 Average kops (s) for the reaction of PdL3 with thiourea nucleophiles at 298 K.

[Nul/ M Kobs (5™
TU DMTU T™MTU
SE-4 11,10406 10,99755
1E-3 19,27723 20,44256 8,4122
0,0015 25,55497 28,90848
0,002 35,40424 37,12629 15,24913
0,0025 43,57588 45,4378
0,003 21,62503
0,004 28,45985
0,005 34,55511
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Figure A36 Dependence of kobs 0N the entering nucleophile concentration for the displacement
of chloride; on PdL3 complex in water, | = 0.1 M (LiCl), T =298 K.

Table A5 Average kobs (s) for the reaction of PdL4 with thiourea nucleophiles at 298 K.

[Nu}/ M Kobs (s™)
TU DMTU TMTU
1E-3 10,63101 8,22445 5,08328
0,0015 17,36058 12,54762
0,002 21,77975 17,0761 7,65118
0,0025 26,90649 21,13419
0,003 33,38247 25,08066 11,04213
0,004 14,25341
0,005 17,984
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Figure A37 Dependence of kobs 0N the entering nucleophile concentration for the displacement
of chloride; on PdL4 complex in water, | = 0.1 M (LiCl), T =298 K.

Table A6 Average kobs (s1) for the reaction of PdL5 with thiourea nucleophiles at 298 K.

[Nu}/ M Kobs (s™)
TU DMTU TMTU

5E-4 7,18999 6,29023

1E-3 11,496 11,4255 9,28011
0,0015 16,6402 16,47458

0,002 22,05958 22,35079 17,68069
0,0025 28,46814 26,97597

0,003 24,95068

0,004 31,96058

0,005 40,7972
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Figure A38 Dependence of kops 0n the entering nucleophile concentration for the displacement
of chloride; on PdL5 complex in water, | = 0.1 M (LiCl), T =298 K.

Table A7 Temperature dependence of ko for the reaction of PdL5 with thiourea nucleophiles

at 288-308 K.

(UTYK? In(ka/T)
TU DMTU TMTU
0,00347 -2,9753 -3,02343 -3,1872
0,00341 -2,7702 -2,84346 -2.9171
0,00335 -2,62138 -2,67824 -2,7003
0,0033 -2,47292 -2,5407 -2,4487
0,00325 -2,18985 -2,31107 -2,2636
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Figure A39 Erying plot for the reaction of PdL1 with the three nucleophiles at various
temperatures in the temperature range 288-308 K.

Table A8 Temperature dependence of k> for the reaction of PdL2 with thiourea nucleophiles
at 288-308 K.

(UTYK? In(ka/T)
TU DMTU TMTU
0,00347 -2,5586 -3,01201 -3,9659
0,00341 -2,4936 -2,77659 -3,7207
0,00335 -2,4022 -2,58236 -3,46098
0,0033 -2,333 -2,42102 -3,2983
0,00325 -2,2512 -2,28834 -3,15067
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Figure A40 Erying plot for the reaction of PdL2 with the three nucleophiles at various

In (i/T)
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temperatures in the temperature range 288-308 K.

Table A9 Temperature dependence of k> for the reaction of PdL3 with thiourea nucleophiles

T T
0,00340 0,00345

at 288-308 K.
(UT)K? In(ka/T)

TU DMTU TMTU

0,00347 22,7571 22,64 -3,62532

0,00341 -2,6037 -2,45556 -3,33943

0,00335 -2,4617 -2,33296 -3,11045

0,0033 -2,3142 -2,23365 -2,86539

0,00325 -2,1858 -2,11862 -2,75606
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Figure A4l Erying plot for the reaction of PdL3 with the three nucleophiles at various
temperatures in the temperature range 288-308 K.

Table A10 Temperature dependence of k» for the reaction of PdL4 with thiourea nucleophiles
at 288-308 K.

(UT)KT In(ka/T)
TU DMTU TMTU
0,00347 -2,78959 -3,22837 441441
0,00341 -2,58436 -3,07807 -3,80041
0,00335 -2,39947 -2,89801 -3,3903
0,0033 -2,19591 -2,74361 -3,09295
0,00325 -2,04393 -2,6355 -2,78671
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Figure A42 Erying plot for the reaction of PdL4 with the three nucleophiles at various
temperatures in the temperature range 288-308 K.

Table A11 Temperature dependence of k> for the reaction of PAL5 with thiourea nucleophiles
at 288-308 K.

(UT)KT In(ka/T)
TU DMTU TMTU
0,00347 -3,53657 -3,30904 -2,36688
0,00341 -3,13294 -2,99307 -2,64378
0,00335 -2,83419 -2,7708 -2,45092
0,0033 -2,59693 -2,59131 -2,3024
0,00325 -2,36788 -2,42649 211717
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Figure A43 Erying plot for the reaction of PdL5 with the three nucleophiles at various
temperatures in the temperature range 288-308 K.

Table A12 Average kops (min™) for the reaction of PdL1 with thiourea nucleophiles at 298 K.

Kobs (min)
[Nu}/ M
TU DMTU TMTU

SE-4 0.161 0.101

0.001 0.162 0.103 0.045
0.0015 0.164 0.104

0.002 0.162 0.105 0.055
0.0025 0.162 0.105

0.003 0.058
0.004 0.061
0.005 0.062

Table A13 Average kops (min™) for the reaction of PdL2 with thiourea nucleophiles at 298 K.

kobs (min-l)
[Nu]/ M
TU DMTU TMTU
S5E-4 0,266 0,129
0.001 0,266 0,129 0.058
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0.0015
0.002
0.0025
0.003
0.004
0.005

0,267
0,267
0,267

0,129
0,129
0,128

0.058

0,058
0,0589
0,0609

Table A14 Average kops (Min™) for the reaction of PdL3 with thiourea nucleophiles at 298 K.

Kobs (Min)
[Nu}/ M
TU DMTU TMTU

5E-4 0,595 0,277

0.001 0,597 0,277 0.06
0.0015 0,597 0,277

0.002 0,597 0,276 0.06
0.0025 0,297 0,276

0.003 0,06
0.004 0,06
0.005 0,06

Table A15 Average kops (min) for the reaction of PdL4 with thiourea nucleophiles at 298 K.
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Kobs (mint)
[NU)/ M
TU DMTU TMTU

5E-4 0,133 0,053

0.001 0,133 0,053 0.017
0.0015 0,133 0,053

0.002 0,133 0,053 0,015
0.0025 0,135 0,053

0.003 0,013
0.004 0,012
0.005 0,011




Table A16 Average kobs (Min) for the reaction of PdL5 with thiourea nucleophiles at 298 K.

Kobs (mint)

[NU)/ M

TU DMTU TMTU
SE-4 0,142 0,071
0.001 0,142 0,069 0.029
0.0015 0,142 0,065
0.002 0,142 0,062 0,0029
0.0025 0,142 0,062
0.003 0,029
0.004 0,029
0.005 0,029

Table A17 Temperature dependence of k> for the reaction of PdL1 with thiourea nucleophiles

between the temperature range 288 — 308 K.

(UT)K? In(ka/T)

TU DMTU TMTU
0,00347 11,6638  -12,8854 -13,5625
0,00341 11,6311 -12,4776 -13,2501
0,00335 11,6104  -12,0587 -12,6703
0,00330 115506  -11,7432 12,2227
0,00325 11,5205 -11,5674 -11,9233
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Figure A44 Eyring plot for the reaction of PdL1 with the three nucleophiles at various
temperatures in the temperature range 288 — 308 K.

Table A18 Temperature dependence of k. for the reaction of PdL2 with thiourea nucleophiles
between the temperature range 288 — 308 K.

(UT)KE In(ka/ T)

TU DMTU TMTU
0,00347 11,3769 -12,753 13,7972
0,00341 111,227 12,4252 13,1737
0,00335 11,1134 -11,09409  -12,7449
0,00330 11,0016  -11,6724 -12,0497
0,00325 -10,8805  -11,50841  -11,685
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Figure A45 Eyring plot for the reaction of PdL2 with the three nucleophiles at various
temperatures in the temperature range 288 — 308 K.

Table A19 Temperature dependence of k. for the reaction of PdL3 with thiourea nucleophiles
between the temperature range 288 — 308 K.

(UT)KE In(ka/ T)

TU DMTU TMTU
0,00347 -10,7657 11,7277 -13,2639
0,00341 -10,5524  -11,4663 -12,9934
0,00335 -10,37139  -11,0766 -12,7048
0,00330 -10,0778  -10,8432 -12,5092
0,00325 -9,85004  -10,5945 -12,3502
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Figure A46 Eyring plot for the reaction of PdL3 with the three nucleophiles at various
temperatures in the temperature range 288 — 308 K.

Table A20 Temperature dependence of k. for the reaction of PdL4 with thiourea nucleophiles
between the temperature range 288 — 308 K.

(UT)KE In(ka/ T)

TU DMTU TMTU
0,00347 12,4907 13,4147 15,2788
0,00341 12,1284 -13,0500 -14,4631
0,00335 -11,8058  -12,6289 -13,7509
0,00330 11,6147 -12,2281 -12,8905
0,00325 11,4643 -11,8269 -12,3910
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Figure A47 Eyring plot for the reaction of PdL4 with the three nucleophiles at various
temperatures in the temperature range 288 — 308 K.

Table A21 Temperature dependence of k. for the reaction of PdL5 with thiourea nucleophiles
between the temperature range 288 — 308 K.

(UT)KE In(ka/ T)

TU DMTU TMTU
0,00347 12,7152 -13,3187 -14,7896
0,00341 12,2027 -12,9884 -14,3864
0,00335 11,8434 -12,5126 -13,93319
0,00330 11,5943 -11,9833
0,00325 11,3271 -11,6202
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Figure A48 Eyring plot for the reaction of PdL5 with the three nucleophiles at various
temperatures in the temperature range 288 — 308 K.
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Figure A49 *H NMR spectrum of N-(4-bromophenyl)pyridine-2-carboxamide.
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Figure A50 IR spectrum of N-(4-bromophenyl)pyridine-2-carboxamide.
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Figure A51 LRMS for N-(4-bromophenyl)pyridine-2-carboxamide.
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Figure A52 'H NMR spectrum of bis[N-(4-bromophenyl)-2-pyridinecarboxamide]Palladium

(Pd1).
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Figure A53 IR spectrum of bis[N-(4-bromophenyl)-2-pyridinecarboxamide]Palladium (Pd1).
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Figure A54 IR spectrum of Palladium(ll) [N-(4-bromophenyl)-2-pyridinecarboxamide),

pyridine chloride (Pd2).

4-Bromanilin Pd Complex Irms 55 (0.921) Cm (3:60)
27

100
2790161
4969160
] 4989145
494.9175)
2469496
4359039 500.9143
400.9306 |438.9031
5
200155 508 6313
386.9311 £44.9332
2291149 384 933 565.1862
o
100 150 200 250 300 350 400 450 500 550 600 630

TOF MS ES+
7.01e4
696.9036
5939028
miz
700 750 800 850 900 950 1000

Figure A55 LRMS of [N-(4-bromophenyl)-2-pyridinecarboxamide), pyridine chloride (Pd2)
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