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Abstract 

Cancer, a group of diseases characterised by the uncontrollable growth of abnormal or mutated cells 

within an organ, is a global concern. Metallodrugs have emerged as promising solutions to this 

pandemic, leading to intense research on different metal complexes. 

In this study, gold(III) carboxamide pincer complexes were evaluated as potential chemotherapeutic 

agents. The novel NNN-type carboxamide pincer molecules (ligands) effectively stabilising the gold(III) 

metal centre. The strong σ-donor properties of both the anionic and pyridine N groups further enhanced 

this stability. Ligands 1a-1f exhibited atropisomerism, a common feature in drug discovery, and 

containing special heterocycles such as quinolones, indazole, benzophenone, and phenanthroline, 

which are particularly relevant in drug development. Atropisomerism, however, was lost upon 

metalation of the ligands. 

Three complexes, 2d, 2e, and 2f, were successfully synthesised and isolated. Complex 2d was 

subjected to biochemical property testing and in vitro analysis due to its superior stability and solubility 

compared to 2e (poor stability) and 2f (poor solubility in the buffer solution used in the study). Speciation 

studies, combined with computational studies, suggested that 2d exists as a neutral complex under 

physiological conditions. This inert complex demonstrated stability against the reducing agent 

glutathione, indicating resilience to reduction under physiological conditions.  

DNA spectroscopic titration studies revealed that 2d exhibited intensive interaction with ct-DNA, with 

binding constants Ka1 = 1.48 x109 M-1 and Ka2 = 6.59 x105 M-1. This interaction resulted in a notable 

increase in the DNA melting point by 4 °C and an enhancement in viscosity in a dose-responsive 

manner. The DNA titrations, melting point, and viscosity studies suggested a dual binding mode of 2d 

to ct-DNA, involving base binding with a nearly equal preference for A, T, G, and C bases, and groove 

binding. 

Complex 2d exhibited a high affinity towards the transport protein HSA (Ka values were 1.57 x104 M-1), 

suggesting that it can be transported in the body by means of the HSA-mediated pathway, enhancing 

its efficacy and stability. In comparison to its affinity towards DNA, there is a significant difference 

allowing for the successful transfer of 2d from HSA to DNA. The poor solubility of complex 2d in 

aqueous environments may have hindered its cellular uptake, but binding to HSA could mitigate this, 

ensuring minimal interference with its cytotoxicity towards different cancer cell lines. MTT studies 

demonstrated that 2d has comparable cytotoxicity towards the breast cancer cell line MCF-7 with an 

IC50 of 9 µM. The IC50 for HT-29 was, however, too high to measure accurately (>100 µM). 

In conclusion, complex 2d exhibits promising anticancer properties based on its DNA binding studies 

and cytotoxicity evaluations. This suggests that this class of compounds can be applied in cancer 

treatments, with potential modifications to compounds 2e and 2f to improve their solubility and stability. 
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1 Introduction 

In 2018, cancer stood as the second leading cause of global human fatalities, contributing to an 

estimated 9.6 million deaths and accounting for one in every six recorded deaths.1,2 Cancer is a complex 

group of diseases characterised by the uncontrolled growth of abnormal or mutated cells within an 

organ, with the potential to metastasise to adjacent parts of the body.2–4 Common cancer types in men 

encompass prostate, lung and bronchus, colorectal, urinary bladder, and skin cancers. In contrast, 

prevalent cancers among women include breast, lung and bronchus, colorectal, cervical, and skin 

cancers.5–10 

Cancer imposes a substantial burden on individuals, families, communities, and healthcare systems.2,11 

Early detection, quality treatment, and survivorship care in nations with robust healthcare systems have 

improved survival rates for various cancer types.2,12–14 Unfortunately, many cancer patients in low to 

middle-income countries lack access to timely, high-quality diagnosis and treatment due to the 

inadequate capacity of healthcare systems to handle the disease burden.11–13,15 Consequently, cancer 

patients in most African countries experience the worst outcomes and the shortest survival rates 

globally. This underscores the urgent need for more equitable and accessible cancer diagnosis and 

treatment options on the continent.16–19  

1.1 Cancer treatment options 

Despite significant progress in cancer treatment, it still lags behind the progression of the disease.1 The 

primary goal of cancer treatment is to eradicate cancer cells, preventing their proliferation and 

metastasis.20–22 Various treatment options are available (Figure 1.1). including radiation therapy, 

hormone therapy, immunotherapy, stem cell or bone marrow transplant, targeted therapy, surgery, 

cryoablation, and chemotherapy.20,21,23 These options are briefly outlined below. 

 Radiation therapy: This utilises high-energy beams, primarily X-rays, to destroy cancer cells 

or shrink tumours by targeting cancerous cells while protecting healthy tissue. It is mainly used 

for localised tumours and cannot be applied to malignant tumours.  

 Hormone therapy: This method uses medication to remove, block, or add specific hormones 

to decelerate the growth of cancers requiring these hormones.24–29 Its application is limited to 

breast and prostate cancers. 

 Immunotherapy: This method stimulates the body's immune system to attack cancer cells 

while mitigating the side effects of other treatments.30–35 Patient response and therapy viability 

are unpredictable, necessitating additional biomarkers, increasing treatment costs.36  

 Stem cell or bone marrow transplant: This involves replacing lost bone marrow cells resulting 

from chemotherapy and radiation therapy. Commonly used in blood cancers and lymph node 

cancers37–44 This is one of the most expensive cancer treatment options and is not easily 

accessible to everyone. 
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 Targeted therapy: This method uses small-molecule drugs and monoclonal antibodies to target 

specific molecular targets involved in cancer growth. Its efficiency increases if the correct target 

is identified, but identifying these targets is challenging.45–47 

 Surgery: This involves excising cancerous tissue to remove or debunk tumours. It involves local 

treatment for solid tumours in one area, therefore, it is not suitable for leukaemia or metastasised 

cancers.21,48,49 Another downside is that it requires expertise and infrastructure. 

 Cryoablation: This uses extremely cold gas to freeze and eradicate cancerous tissue.50–53 It 

requires specialised machinery for imaging tumours, which are not easily accessible in most 

middle-income countries.51  

 Chemotherapy: This is the focus of this study. It utilises drugs to treat cancer cells. It is difficult 

to cure cancer completely with chemotherapy alone, thus it is often used in conjunction with 

surgery and radiotherapy to achieve this result. Chemotherapy however, can shrink tumours 

and alleviate symptoms.3,54–57  

 

Figure 1.1. An illustration of some of the main techniques used for the treatment of cancer around the world.20,21,23 
(The figure was constructed using BioRender scientific illustration software https://www.biorender.com/) 
 

Surgery, radiation therapy, and chemotherapy are the most frequently employed among these treatment 

options and are often used in combination.46,58–62 Unfortunately, low-income countries lack the oncology 

resources and expertise required for advanced treatment methods such as surgery.16,63,64 Consequently, 

cancer fatality rates in these countries are disproportionately high.16,65  

Chemotherapy, on the other hand, is an easily accessible and less invasive alternative to many 

treatment options, making it a preferable choice for cancer treatment in these countries.59,60 Despite its 

side effects—such as nausea, weight changes, and hair loss due to damage to healthy cells, as well as 

the development of drug resistance—chemotherapy remains the most efficient method for treating 

cancer. 66 As a result, extensive research is being conducted to identify chemotherapeutic drugs that 

are efficient, affordable, and cause minimal damage to healthy cells.54  

https://www.biorender.com/
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1.1.1 Chemotherapy 

As defined earlier, chemotherapy involves the use of one or more anticancer drugs within a 

standardized chemotherapy regimen to prevent the proliferation of cancer cells and the spreading of 

tumours. 3,54–56 Ideal chemotherapeutic drugs must be capable of halting cell proliferation or inducing 

cell apoptosis. Crucially, they should exhibit a higher affinity for cancerous cells while minimizing effects 

on healthy cells, thereby reducing adverse side effects.55,67 Considerable effort has been invested in 

understanding the biochemistry of chemotherapeutic drugs. 

Chemotherapeutic agents promote cell death (apoptosis) by disrupting cellular macromolecular 

production or function.54,68–70 The faster cancer cells divide, the more susceptible they are to these 

agents, leading to tumour shrinkage.70,71 Chemotherapy drugs are administered in cycles, with 

schedules determined by cell type, division rate, and the effective period of a specific medicine.67,69,72 

Ultimately, a chemotherapeutic drug's ability to destroy cancer cells depends on its capacity to halt cell 

division at specific stages of the cell cycle and/or induce cell apoptosis.58,68,73–75  

Chemotherapy medicines typically influence the production and function of macromolecular molecules 

in neoplastic cells. While it was previously believed that chemotherapy drugs achieved this only through 

direct interaction with cellular DNA at specific points in the cell cycle (cell cycle-specific 

chemotherapeutics),76–78 recent studies have shown that certain metal complexes can interact with, and 

inhibit enzymes and proteins essential for cell survival and react with cellular components, producing 

harmful species that lead to cell death (cell cycle non-specific chemotherapeutics).76,79,80 For instance, 

gold(I) complexes can inhibit thioredoxin reductase and glutathione reductase, which are essential 

proteins for cell survival.81 These are two of the many proteins necessary for the survival of cells, and 

so inhibition of these enzymes leads to cell death.  

Certain chemotherapeutic drugs, particularly metal complexes, can generate reactive oxygen species 

(ROS) and reactive nitrogen species (RNS), which are toxic to cells.82 These radicals alter DNA and 

protein structures, leading to changes in DNA bases and loss of protein function, ultimately causing cell 

apoptosis.83–89  

Unlike cell non-specific chemotherapeutics, cell cycle-specific chemotherapeutics interfere with DNA, 

RNA, or protein synthesis involved in the cell cycle, disrupting the appropriate functioning of the 

preformed molecule or interfering with cell division.54 

Studies have demonstrated that cancer, and consequently chemotherapeutic design, is significantly 

influenced by the cell cycle, which controls cell multiplication and proliferation.72,90–92 For example, cell 

cycle non-specific chemotherapeutic drugs kill cancer cells during G0, (resting phase), involving the 

production of toxins and inhibition of cellular functions essential for cell survival.87,88,93 Conversely, cell 

cycle-specific chemotherapeutic medicines kill cancer cells exclusively when they divide during the G1 

(first gap),  G2 (second gap), S (synthesis) and M (mitotic) phases (Figure 1.2).94,95 Understanding the 

cell cycle is crucial for comprehending cancer and developing effective chemotherapeutic 

strategies.67,72,90  
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Figure 1.2. An illustration of the different cell cycle phases: The cell cycle outlines the life of a cell from the time it 
is generated from a dividing parent cell until it splits into two daughter cells. The cycle consists of four successive 
phases: G1, S, G2, and M. 98,99  
 

1.1.2 The cell cycle and its relevance in cancer treatment 

The cell cycle in eukaryotes is governed by two critical events: genomic DNA replication and 

subsequent segregation between daughter cells.67,90,96 While uncontrolled cell progression (replication) 

and defective cell cycle checkpoints (illustrated in Figure 1.2) were initially thought to be the main 

reasons for cells becoming cancerous, recent studies have revealed that disrupting only certain aspects 

of cell control can lead to continued cell division in cancer cells.72,90,97,98 Cancer cells excel at evading 

cell death, often failing to exit the cell cycle and continuing to proliferate.72  

Cell division in eukaryotes, both unicellular and multicellular, is regulated by a complex network of 

systems, checks, and balances to prevent errors before permitting a cell to enter and advance through 

the cell cycle.72,92 This network ensures sequential duplication of cellular material during interphase and 

subsequent division into two genetically identical daughter cells during mitosis. The cell cycle is 

intricately regulated by a network of components with a singular objective: the timely and precise 

duplication and segregation of genomic DNA.91  

During the cell cycle, DNA replication occurs in the S phase of interphase, where DNA replication is 

initiated but is not completed. Gap phases, known as G1 and G2, separate the S phase from the M 
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phase and play a crucial role in regulating the cell cycle.67,72,90,91 G1 is a metabolically active phase 

where RNA synthesis and protein expression occur, and the cell grows and increases DNA volume. 

Cells in G1 can enter a non-proliferative state known as quiescence or G0, which is common in most 

cells in an adult body.66,97,99 Cells in G1 decide to proceed to the S phase based on a complex network 

of regulatory signals, or they remain in, initiate DNA replication, and enter the cell cycle.96,100 In G1, the 

decision to proceed to the S phase depends on a complex network of regulatory signals otherwise, the 

cell will remain in G1.101,102 The timely and precise regulation of the cell cycle ensures the accurate 

duplication and segregation of genomic DNA.67,94,95 

After the S phase, further cell growth and the synthesis of proteins and necessary organelles occur in 

the G2 phase. An additional decision-making window is found in this phase. In this window, duplicated 

genetic material is checked for errors, and cell death is triggered upon failing to fix the errors. Cells 

entering the M phase begin chromatin condensation and central alignment of chromosomes. The M 

phase is the mitotic phase, which consists of four primary stages and is accompanied by cytokinesis 

(Figure 1.2).72,92  

During the cell cycle, checkpoints are essential in ensuring proper regulation and control of cell 

proliferation. These checkpoints respond to various signals, such as DNA damage, to halt, slow down, 

or proceed with cell division. Of these checkpoints, the G1 checkpoint is particularly significant, as it is 

during this phase that cells enter the cell cycle or recede into G0. During G1, cells respond to extracellular 

signals, and progression to division becomes autonomous.103 This is also a DNA replication stress 

checkpoint, which controls the replication of DNA damage due to external factors like UV radiation, 

physical or chemical damage. On the other hand, the DNA damage checkpoint in G2 is where 

accumulation and propagation of DNA damage due to mistakes in DNA replication is controlled.96,104,105 

To avoid chromosome nondisjunction, cancer cells also depend on a working mitotic checkpoint, thus it 

is believed that this checkpoint is rarely compromised.98 This discovery regarding the function of 

checkpoints in cancer led to a better knowledge of cell cycle control in cancer and indicated its 

dependence on checkpoint functions, opening new therapeutic possibilities. If the DNA damage 

checkpoint is compromised, continuous cell division is allowed despite the accumulation of genetic 

errors.72,106,107 

It has been observed that cancer cells can bypass the G1 restriction point without requiring extracellular 

signals, which enables them to proceed to division while remaining in the cell cycle.103 This results in 

the bypassing of the second checkpoint, which could have led to cell death due to damaged DNA. 

Eventually, the cancerous cells can successfully undergo cytokinesis, producing defective daughter 

cells that can re-enter the cycle and begin the replication process again. This uncontrolled cell 

replication and proliferation ultimately lead to the development of cancer.90,99,108  

Conclusively the ability to bypass these checkpoints results in uncontrolled and accelerated cell division 

and proliferation, which is a hallmark of cancer development.72 Since cancer cells are highly dependent 

on the cell cycle, it is a very good target to stop cancer cell proliferation. With this knowledge, many 
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drugs targeting different stages of the cell cycle have been researched and approved for the treatment 

of cancer in recent years, some of which are outlined in Table 1.1.72  

 

Table 1.1. Examples of chemotherapy drugs targeting different stages of the cell cycle. 72 

Drugs Clinical use  References

 Induced cell cycle exit (G1 to S transition) 

Palbociclib Approved for HER2 and ER+ for metastatic breast cancer; clinical trials for various solid 
tumours 

113–115 

Ribociclib Approved for HER2 and ER+ for metastatic breast cancer; clinical trials for various solid 
tumours 

34,113,116,117 

Abemaciclib Approved for HER2 and ER+ metastatic breast cancer; clinical trials for various solid 
tumours 

113,118–120 

Samuraciclib
(ICEC0942)  

Phase I/II, AML, ER+ breast cancer 113 

 Induced cell cycle progression (G2 to M transition) 

Adavosertib 
(AZD1775) 

Phase II, relapsed small-cell lung cancer, acute myeloid leukaemia, ovarian cancer, non-
small-cell lung cancer, gastric adenocarcinoma and multiple advanced solid tumours 

104,121 

 Replication stress tolerance impairment (S phase) 

Berzosertib 
(VX-970) 

Phase II, recurrent ovarian, metastatic urothelial carcinoma and primary peritoneal or 
fallopian tube cancer 

104 

PrexasertibL
(Y2606368) 

Phase II, BRCA1/BRCA2-mutated breast, SCLC, or ovarian cancer, HGSOC, TNBC, 
metastatic CRPC and advanced solid tumours with HRR defects or genetic alterations 
symptomatic to replication stress. 

104 

MK-8776 Phase II, relapsed AML (with or without cytarabine); Phase I, acute leukaemia, lymphoma 
advanced solid tumours 

104 

 Induction of catastrophic genome instability (S-phase)  

Taxanes Approved for a wide range of cancers, including ovarian cancer, lung cancer, breast cancer, 
oesophageal cancer, prostate cancer, bladder cancer and melanoma  

122–124 

Vinca 
alkaloids 

Approved for a range of cancers, including AML, ALL, NSCLC, HL and neuroblastoma  122,125 

MPS 
inhibitors 

Phase I clinical trials in neuroblastoma, medulloblastoma and breast cancer (together with 
taxanes). Recently entered  

101,126–129 

Aurora B 
inhibitors 

Phase II in multiple myeloma, AML, prostate cancer and SCLC; Phase I in multiple solid 
tumours 

130 

 Induced DNA damage (G0) 

Cisplatin  Approved for treatment of sarcomas, lymphomas, leukaemia, breast, ovarian, testicular, 
head and neck and cervical cancers 

60,80 
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Figure 1.3. The molecular structures of the compounds discussed in Table 1.1. 

1.1.3 Classification of cell cycle chemotherapeutic drugs 

Apart from being cell-cycle-specific and cell cycle non-specific, chemotherapeutic drugs are generally 

classified according to how they interact with different components of the cells in cancer treatment 

(mainly DNA), to quench cell proliferation. As such, they are classified into alkylating agents, 

antimetabolites, antimicrotubular agents, and antibiotics, as outlined in Table 1.254  
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Other drugs not mentioned in any of the classes above include hydroxyurea, tretinoin, arsenic trioxide, 

and proteasome inhibitors. Most of these drugs are cell-cycle-specific. Hydroxyurea inhibits the activity 

of the enzyme ribonucleoside diphosphate reductase. On the other hand, tretinoin (a vitamin A 

derivative) and arsenic trioxide promote and induce cell differentiation of cancerous cells and not 

proliferation.109–113 Proteases also participate in tumour growth and progression at both the primary and 

Table 1.2. Different classes of chemotherapeutic drugs 

Drug class Pharmacodynamics Examples References 

Antibiotics131,132 

 Inhibit RNA and DNA synthesis by binding to and producing 
breaks in single and double-stranded DNA, thus damaging 
the DNA and leading to cell death 

actinomycin D 
daunomycin 
bleomycin 

97,133,134 
135,136 
137,138 

Antimicrotubular agents 

Topoisomerase 
I inhibitors  

Block the release of topoisomerase I from the cleavable 
complex or prevent the re-ligation of DNA and the subsequent 
steps to complete the cell cycle. 

epipodophyllotoxin, 
irinotecan, 
topotecan 

139,140 

Topoisomerase 
II inhibitors  

Inhibit DNA and RNA synthesis by binding to the enzyme and 
inducing DNA breakage, eventually leading to cell death. 

Mitoxantrone 140 
 

Taxanes  Disrupt the balance of microtubule polymerisation and 
depolymerisation, resulting in abnormal cellular function and 
replication disruption, and inhibiting microtubule assembly. 

paclitaxel, 
docetaxel, 
cabazitaxel 

126 

Vinca alkaloids  They inhibit microtubule formation by binding to tubulin, 
thereby arresting the cells in the M-phase and ultimately 
stopping cell division 

vinblastine, 
vincristine, 
vinorelbine 

92,141–143 

Antimetabolites 

Cytidine 
analogues 

Directly inhibit the enzymes, DNA methyltransferase or DNA 
polymerase 

azacitidine, 
cytarabine, 
gemcitabine, 
decitabine 

144–146 

Folate 
antagonists 

Depletes folate, which is an essential vitamin in the synthesis 
of purine nucleotides and thymidylate 

Methotrexate, 
pemetrexed 

147–151 

Purine 
analogues 

act as false metabolites as they are analogues of guanine cladribine, 
clofarabine, 
nelarabine 

152–154 

Pyrimidine 
analogues 

Inhibits thymidine synthetase and interferes with DNA 
synthesis and repair 

fluorouracil (5-FU) 
and capecitabine 
(prodrug of 5-FU) 

59,155 

Alkylating agents 

nitrosoureas  
Inhibit DNA replication by forming an unstable alkyl group 
upon reaction with nucleophilic centres on nucleic acids and 
proteins 
 

carmustine, 
lomustine 

59,156–161 

Triazenes  dacarbazine, 
procarbazine, 
temozolomide 

nitrogen 
mustard-
bendamustine 

cyclophosphamide, 
ifosfamide 

alkyl sulfonate busulfan 
ethyleneimine thiotepa 
Platinum 
analogues 

Cisplatin, 
carboplatin, 
oxaliplatin 
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metastatic sites. Protease inhibitors interfere with the ability of these enzymes to help metastasise the 

cancerous cells.114,115 

1.1.4 Mode of action of cell cycle-specific chemotherapeutic drugs 

As mentioned earlier, DNA is the main target molecule for cell-cycle-specific chemotherapeutic drugs 

in cancer treatment. This is validated by its explicit participation in cell replication and division, 

transferring of genetic material, and control of cellular functions. 96,100,116,117 As such, the binding of 

chemotherapeutical drugs on DNA disrupts all the mentioned processes as this frequently causes DNA 

damage or influences protein interactions with DNA.116,118,119 To understand how drugs bind to DNA, 

we need to briefly unpack the structure of DNA.  

DNA is found in the body in the form of a double helix,120 with each strand composed of four 

nucleobases: adenine (A), thymidine (T), guanosine (G), and cytosine (C).117,121 These nucleobases 

are connected through phosphodiester linkages, involving covalent bonds between deoxyribose sugars 

and phosphate groups.117,122,123 The orientation of the phosphodiester bond, which binds carbon-3 of 

one nucleotide's sugar to carbon-5 of the next nucleotide's sugar, determines the direction of the DNA 

strand. Two strands of DNA are held together primarily by hydrogen bonds between A and T (two 

hydrogen bonds) and between C and G (three hydrogen bonds), resulting in the double-helical structure 

of DNA.120,121 These DNA strands are oriented antiparallel to each other, with one strand running in the 

5'-3' direction and the other in the 3'-5' direction.124,125  The helical structure of DNA and the nucleobases 

are illustrated in Figure 1.4. 

 
Figure 1.4. The double-helical structure of β-form DNA, the most prevalent conformer of DNA, with distinct major 
and minor grooves. The structural data linked with β-DNA are displayed (helical pitch of ~34 nm, approximately 10 
residues per turn, 34.3° twist angle between residues, and a diameter of 2.0 nm). The chemical structure of the 
residues and their complimentary interactions are depicted in the inset. The strands direction is also specified. 
167,171,177,178 
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The base pairs, which are non-polar, are facing the helix's centre inside, while the sugar-phosphate 

backbone, which is polar, forms the helix's exterior. This is why DNA is a polar molecule and is soluble 

in water.126,127 Regions of the DNA double helix where the two strands are in proximity are known as 

the minor groove, while regions, where the strands are farther apart, are known as the major groove. 

These grooves expose diverse functional groups as possible binding sites for proteins, chemicals and 

medicines.117,128–131 The major difference between the major and minor grooves is that the major groove 

has the N and O atoms of the base pairs pointing inward towards the helical axis, whereas the minor 

groove has the N and O atoms pointing outwards. Due to this, interactions of ligands to DNA in the 

major groove are usually hydrophobic, while the interactions include electrostatic and hydrogen bonding 

in the minor groove.130,132–135  

Cell cycle-specific chemotherapeutic drugs typically interact with DNA through intercalation, groove 

binding and base binding, and this is explained in detail below.136   

Intercalating compounds insert between two adjacent bases and interact with them through π-

stacking.137,138 This is possible due to the planar configuration and aromaticity of the nucleobases. 

Chemotherapeutic drugs, with planar geometry, can intercalate with DNA by inserting themselves 

between the planar bases of DNA.29 This will alter the helical configuration of the DNA by unwinding 

DNA with concomitant inhibition of replication, transcription and the winding and packing of the DNA by 

topoisomerase enzymes.139,140 Significant π-π electron interactions occur due to the aromaticity in the 

metal complexes and the DNA bases. This provides a suitable medium for intermolecular electron 

transfer between the DNA bases and the metal complexes in proximity.89,141,142 Certain DNA metallo-

intercalators result in the oxidation of the DNA and its damage.142  

Groove-binding compounds bind to DNA in the exposed major and minor grooves. The interaction is 

through hydrogen bonding with the DNA bases, Van der Waals forces generalised electrostatic forces 

with the walls of the DNA groove,133–135,143 and covalent bonding with the nucleobases which are 

nucleophilic.144–148 This binding results in the inhibition of topoisomerases and other enzymes which 

need to bind to DNA to facilitate DNA replication. The compounds are usually pseudo-crescent-shaped, 

which enables them to insert themselves into the grooves of the DNA double helix.29  

Groove binding is different from intercalation, which usually occurs between base pairs in the DNA 

strand. Unlike intercalators which elongate the DNA, minor groove binding agents inhibit topoisomerase 

I by stabilizing the topoisomerase I - DNA cleavable complex.149 The DNA will not be repaired after it 

has been cleaved if the cleavable complex is stable. An example of an organic minor groove binding 

agent is Distamycin A, and it has been modified by coordinating iron and copper to the ligand.150,151 

Another example is Et-743 (ecteinascidin-743 or trabectedin), a naturally occurring anticancer drug, 

that covalently attaches to the minor groove, exposing the major groove pocket for protein binding.152 

As a result, a wide range of proteins and other essential components in transcription-coupled nucleotide 

excision repair (NER) are inhibited. Due to the sequence specificity of Et-743 and mitomycin C, another 

minor groove binder, they have much higher DNA binding selectivity than normal DNA alkylators.152,153 
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Base-binding (covalent DNA adducts) compounds interact through coordination interactions with one 

or more DNA bases. Binding of the compounds to two or more bases results in intra-strand cross-linking 

if the bases are on the same strand and inter-strand cross-linking when on different DNA strands.76 

Such binding typically distorts the configuration of the DNA helix, leading to the inhibition of replication 

and transcription.154  

These crosslinks bend DNA significantly towards the major groove,155 exposing a minor groove binding 

pocket to which several proteins, which include high-motility group box proteins (HMGB), transcription 

factor repair proteins, and other damage recognition proteins, can bind and act on the DNA.156 A very 

common example of such drugs is cisplatin, which is a platinum complex. 

Figure 1.5 illustrates how different cell cycle-specific chemotherapeutic drugs interact with DNA and 

their examples. Cisplatin creates intra-strand cross-links, bending the DNA towards the major groove 

and opening the minor groove for potential protein attachment. Some drugs build inter-strand cross 

linkages like nitrogen mustard. Antibiotic mitomycin C groove binds and bends the DNA helix to expose 

the main groove-binding pocket. Finally, doxorubicin, a DNA intercalator splits DNA strands that are 

bound by Topoisomerase II. More examples of such drugs are illustrated in Table 1.3. 

  

 

Figure 1.5. An illustration of how clinically relevant anti-cancer medicines interact with DNA in a variety of 
ways.80,136,146,153,160  



Chapter 1: Introduction 

12 

 

Since one of the properties of a good chemotherapeutic drug is having a multifaceted approach to 

successful induction of cell death, DNA is the ideal target because of its structural diversity.157  This 

diversity provides for different binding sites for various chemotherapeutic drugs. Although some 

interactions are more toxic to healthy cells than others, drugs targeting DNA are some of the most 

effective anticancer drugs and have proven to be clinically appropriate.158  

Research on new chemotherapeutic drugs is imperative due to the increased drug resistance and 

cytotoxicity of current drugs, which is mainly caused by low selectivity towards cancerous cells.55,80 As 

such, research on different types of drugs which target DNA and other proteins is underway, and these 

include natural products, organic molecules and metallodrugs.159–161  

1.2 Metallodrugs in cancer treatment 

Metallodrugs have a history of being applied in the treatment of various diseases which includes syphilis 

(treated with salvarsan, an arsenic(III) antimicrobial compound),162 tuberculosis (treated with 

K[Au(CN)2], a gold(I) complex), and rheumatoid arthritis (treated with auranofin, a gold(I) complex).163,164 

This then prompted the research on metallodrugs as potential anticancer drugs.165,166  

Metal complexes are of special interest due to several factors which include their variety in charge 

variation, manipulatable structure and binding, metal-ligand interaction, Lewis acid properties, 

availability of partially filled d-shells and their redox activity.167,168 

1.2.1 Properties of metallodrugs desirable in cancer treatment 

Metal complexes can be manipulated to be positive, negative or neutral, to allow for binding of these 

compounds to specific cellular components. An example is positively charged complexes that can easily 

bind to DNA. 

Table 1.3. Examples of DNA interacting agents, groove binding agents and covalent binding agents to DNA that 
are currently being used in the pharmaceutical industry. 161 

Non-covalent binding agents Covalent DNA adducts and direct DNA 
damage Groove binding agents DNA intercalator 

Berenil  Aminoacridines Busulfan 
Bisbenzimadoles Arylaminoalcohols Camptothecin 
Bleomycin Coumarins Chlorambucil 
Chloroquine Cystodytin J Clomesone 
Chromomycin A3 Diplamine Cyclodisone 
Diamidine-2-phenylindole Daunomycin Ionizing radiation 
Distamycin A 
Et-743 (ecteinascidin-743) 

Quinolines and quinoxalines Nitrogen mustard 

Guanyl isfuramidine Ethidium bromide Nitrosoureas 
Mithramycin Proflavine Oxidative-stress agents 
Natamycin Echinomycin UV radiation 
Netropsin Chlorpheniramine Busulfan 
Pentamidine Methapyrilene Camptothecin 
Pilcamycin Tamoxifen Cisplatin 
SN6999 Bis-naphthalimide  

 
 

SN7167 Doxorubicin 
Hoechst 33258 Indoles  
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Metal complexes can also aggregate to a broad variety of coordination geometries that give them 

distinct forms, in contrast to organic molecules. The metal and its oxidation state affect the bond length, 

bond angle, and coordination site. Additionally, different molecular species that confer a wide range of 

coordination numbers and geometries as well as kinetic features that cannot be achieved by other 

methods can be created by structurally altering metal-based complexes.169–171 

The metal-ligand interaction in metal complexes result mostly in complexes that are distinct from those 

of the individual metals or ligands. Ligand exchange reactions are influenced by the thermodynamic 

and kinetic characteristics of metal-ligand interactions and metals that can go through this process have 

an advantage when it comes to interacting and working with biological molecules.167,171  

Metal ions have a strong affinity for electrons, thus they can quickly polarize the groups that are 

coordinated to them, which speeds up the hydrolysis process in biological setups. A key factor to 

consider in the design of the coordination complex is the oxidation state of the metal ions as a large 

number of metal ions in metallodrugs are prone to oxidation and reduction processes. Metal ions 

frequently function as coordinated substrate activators and as participants in redox-active locations for 

charge accumulation in biological redox catalysis.168,171 

Due to these properties, metal complexes can successfully exploit different DNA binding sites due to 

their high tolerance for structural and electronic modification.127 Furthermore, metal complexes have 

the potential to interact with a wide range of molecular targets, not just DNA, allowing for the creation 

of a drug with a multi-faceted approach.172  

Following these findings, researchers began looking into the anticancer potential of metal complexes 

extensively.137,173,174 Cisplatin, a platinum(II) complex, was the first metallodrug to pass clinical trials for 

the treatment of cancer in 1978.175 Platinum(II) complexes, cisplatin, oxaliplatin and carboplatin have 

since been amongst the most successful metallodrugs for chemotherapy, being particularly effective 

clinically.76,77,175 

The drawback in the use of platinum(II) based drugs is their lack of true specificity as they also target 

highly proliferating healthy cells, which leads to toxic side effects. This has resulted in limited dosage 

of the drugs, which ultimately leads to drug resistance. 176,177 Research on anticancer metallodrugs has 

since branched off to other metals including rhodium, iridium, copper, ruthenium, palladium, nickel and 

more recently, gold complexes.165,173,178-179 

1.2.2 Gold in cancer treatment 

Gold complexes were researched as potential anticancer drugs based on three main rationales. (i) Gold 

has previously been applied in pharmaceutics as gold(I) for the treatment of tuberculosis.180 This implied 

that gold has pharmaceutical properties. (ii) Gold(III) is isostructural and isoelectric to platinum(II) (Pt2+ 

and Au3+ are both d8 ions),178,181 which is the metal ion in cisplatin, the above-mentioned successful 

anticancer drug. (iii) Gold(I) and gold(III) can form stable complexes with known anti-tumour agents, 

enhancing their activity on tumour cells.181.  
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The unique properties of gold outlined in this section distinguish it from other metals. Gold is inert in 

nature, which gives it resistance to chemical and physical attacks.182 Its high electronegativity value of 

2.54 on the Pauling scale, which is similar to that of carbon (2.55), makes the Au-C bond highly covalent 

and resistant to hydrolysis.182 This property makes it resistant to ligand exchange, which reduces the 

probability of side reactions in biological media.  

Some heavy transition metals, such as platinum, mercury, and gold, are heavily influenced by relativistic 

effects (an increase in the distance between an atom’s nucleus and 5d orbitals, while its distance with 

6s orbitals decreases), with gold being the most affected due to the expansion of its 5d orbitals and 

contraction of its 6s and 6p shells.182–184 Additionally, these effects, along with the lanthanide 

contraction, decrease the covalent radius of gold(I) and its bonds with carbon are thus stronger and 

highly covalent as compared to gold(III) are almost equal to that of silver(III).185,186 In general, the bond 

length for gold(III) bonded to alkyl and aryl ligands is between 1.27 – 1.30 Å, while it is reduced to 0.85 

Å with ionic ligands. This enables accommodation of the metal centre in the plane of porphyrins, which 

are essential biological molecules.187  

Relativistic effects ultimately affect metal-ligand bonding (bond length and stability) thus dictating the 

reactivity of metal complexes.183 The reactivity sequence of gold is usually characterised as Au-H > Au-

O > Au-C or Au-H > Au-C > Au-O, is the reverse of other metal centres, such as platinum (Pt-O > Pt-H 

> Pt-C). This allows for a chance to explore different ligands which might not have been compatible with 

platinum.183   

One aspect to note is that gold(I) has filled up 5d orbitals (d10), which causes it to behave like a main 

group element and form linear, two-coordinate complexes. This results in a reluctance to interact with 

donor ligands perpendicular to the molecular axis. On the other hand, gold(III) has a partially filled 5d 

orbital (d8), giving it properties similar to those of transition metals, particularly heavy metals, and 

adopting a square-planar coordination geometry.184,188 This is a property essential for the intercalation 

of metal complexes to DNA. 

Despite following a similar trend, the bond energies between Au(I) and ligands (Au(I)-L) are higher 

compared to the bond energies between Au(III) and ligands (Au(III)-L). This is the reason the Au(III) in 

the Au(III)-L is not stable and is easily reduced to Au(I). This property is essential in medical chemistry 

where there is a need for this reaction with the release of ligands as mentioned earlier.157,167 The 

reduction of gold(III) to gold(I) is associated with the production of reactive oxygen species, including 

peroxides and free radicals, under appropriate biological conditions.189 Gold complexes are of 

significant interest in cell cycle non-specific cancer treatment, where the goal is to destroy cancerous 

cells because they could produce these reactive oxygen species, which causes damage to cellular 

DNA, leading to apoptosis. 

Studies have been underway to mitigate gold(III)’s instability under physiological conditions, mainly due 

to its high reduction potential. To date, this has primarily been the drawback for the application of 

gold(III) in pharmaceuticals.179 These studies have shown that since gold(III) is a hard Lewis acid, its 

metal complexes can be stabilised against reduction and demetalation by coordinating the metal ion 

with hard donor atoms such as nitrogen, oxygen, and fluorine.178,182,190,191 
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Increasing the denticity of the gold(III) metal centre was discovered to stabilise the gold(III) complexes 

from ligand exchange and reduction. Earlier studies on gold(III) complexes as potential 

chemotherapeutic drugs (Figure 1.6) were conducted with a monodentate ligand ([AuCl3(Hpm)] (1) and 

a bidentate ligand ([AuCl2(pm)]) (2), where pm is 2-pyridyl methanol.165 Despite exhibiting promising in 

vitro cytotoxicity, especially on cisplatin-resistant cancer cell lines, the complexes were not stable in 

aqueous conditions (ligand exchange).165,191,192 

Although ligand exchange reactions in the complexes were still prevalent at low pH,179,193 the complexes 

were found to distort calf thymus DNA and some polynucleotides.165 This reinforced the idea that 

gold(III) metal complexes could be applied in cancer treatment.  

Keeping in mind that coordinating gold(III) ions to polydentate ligands with strong σ-donor atoms or 

monoanionic atoms improved their stability, metal complexes with higher denticity than two were 

investigated.193 Stable complexes have been described with tridentate or pincer ligands (3),190,194,195 

(the main focus in this study), tetradentate ligands, porphyrins (4) (highly effective against selected 

types of cancer, but also highly toxic),196 corroles (5) (high cytotoxicity)197,198 and cyclams (6).199,200. 

 
Figure 1.6. Examples of different classes of gold(III) complexes reported to be stable and to show cytotoxicity 
against cancer cells: monodentate 1, AuCl3(Hpm), bidentate (cyclometalated) 2 AuCl2(pm), tridentate (pincers) 3 
[Au(terpy)Cl], tetradentate 4 [Au(porphyrin)], 5 [Au(corroles)] and 6 [Au(cyclam)](ClO4)2Cl. 

Due to the properties of gold(III) complexes outlined in this section, gold(III) complexes are desirable 

candidates in cancer treatment.201 Some of these gold (III) inhibit DNA  by intercalation, groove binding 

etc.202 Because of these advantages, gold(III) complexes are of particular interest in the medical field.191  

Despite some gold(III) complexes showing better cytotoxicity and immunomodulatory effects than 

successful platinum complexes, no gold metallodrugs have yet passed clinical trials due to their 

negative side effects.81 Consequently the main goal in the research of gold(III) complexes is to mitigate 

these side effects and improve their cytotoxicity. Extensive research on gold(III) metal complexes is 

therefore underway to come up with a gold(III) complex with high efficacy that can overcome drug 

resistance and have close to no side effects. 
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Another way to achieve this feat is by incorporating moieties with some known biological properties or 

anticancer properties into the gold(III) complex. Since the nature of the ligands plays a very important 

role in stabilising the gold(III) complex, these moieties of interest are incorporated into the ligand. As a 

result, special care has to be taken in the design of these ligands. 

In the design of gold(III) complexes, ligands made up of chemical groups with S, O and N as donor 

atoms and with known pharmacological properties, such as the amide group, indazole, quinolone. 

benzophenone and phenanthroline groups are preferred. These pharmacological properties are most 

likely conferred onto the complex molecule.203–205  

Numerous chemical groups of interest in nature, have been thoroughly investigated thus far, with 

several of these groups and their characteristics being discussed in this study due to their specific 

biological activities.165,173,196,197,206–209  

1.2.3 Pincer molecules 

Pincer molecules are tridentate chelating compounds which coordinate with the central metal by 

occupying its coplanar sites in a meridional configuration.210–213 Pincer molecules generally have a 

central anchoring site (backbone), two equivalent “arms” which can form an achiral or chiral pocket 

(depending on their structure), and the metal binding site, which is usually the tridentate chelating motif 

forming a functional cavity at the centre of the molecule (Figure 1.7).210 

 

Figure 1.7. An illustration of the general structure of pincer molecules, showing the anchoring site, pincer arms 
and metal cavity, the donor atoms E1, E2 and E3, the metal M and the labile ligand L.  

Pincers are stereo and electronically versatile due to their modularity to achieve certain reactivity. The 

anchor in the molecule controls the electron density on the central donor atom, E2, which controls the 

electron density of the metal atom on the trans position (trans-influence).214,215 The linker, which is part 
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of the arms, is sometimes referred to as the chiral pocket as chirality can be introduced to the molecule 

on this site. This is in addition to its ability to control electron density on the donor atoms E1 and E3, 

affecting their reactivity to the metal centre M.215 The size of the linker affects the chelate and bite angle 

of the molecule which greatly influences the stability of the pincer complex.211,216 

The donor atoms E1 and E3 are also part of the pincer arms, and they provide electronic control on the 

metal centre by measure of their Lewis hardness and softness. As a result, together with E2, they affect 

the reactivity of M on its free coordination site L.217 R provides steric modulations to the molecule, 

influences the accessibility of the cavity for metal binding and provides a cavity for counter ions. Chirality 

can also be introduced on this site. 211,215,217 

Pincer molecules and their complexes usually have very labile chloro- and hydroxy groups, making 

these compounds very susceptible to nucleophilic substitution.210,218 The denticity of pincer molecules 

increases the stability of the complex, as chelation through two or more bonds increases the stability of 

the metal complex and reduces ligand dissociation.219 The ability of pincer ligands to form adjacent five- 

and six-membered rings coordinated to a metal ion by manipulating the linker also contributes to the 

stability of the metal complexes.193 Five-membered rings are more abundant than six-membered 

metallacyclic pincers. 220–223 

Although the anchor of a pincer molecule is generally planar and tends to form planar metal complexes, 

the size, and orientation of the groups constituting the pincer arms will dictate the global conformation 

as well as the physical and chemical properties of the molecule. Consequently, pincer compounds may 

be designed to function in a wide range of applications. These include separation and detection 

technologies, 224,225 complexing anions,226,227 as catalysts,228,229 as anion receptors,230 as potential ion 

channels in membranes225,231, and they have recently been of interest in drug discovery. 

Since pincer ligands often contain aromatic backbones, these pincer ligands and their complexes are 

usually planar and rigid. The planarity allows for intercalation in DNA molecules, which makes pincer 

molecules good ligands for gold(III) complexes.201 The rigidity of these ligands allows the ligands to 

exert a high degree of steric control on the remaining coordination site’s environment, thus controlling 

its reactivity.232 In the pharmaceutical industry, steric control in a metal complex plays an important role 

in reducing its toxicity as side reactions are controlled.206,232 The high thermal and chemical stability of 

pincer molecules makes them popular across the natural sciences,233,234 as these properties induce 

their ability to autonomously control the reactivity of the metal centres.210,211  

Pincers are often hemiliable and this makes for easier displacement of certain functional groups. This 

is a useful phenomenon in catalysis and pharmacology as it offers variations in binding modes.211,235,236 

This also allows the pincer molecules to adapt to steric and electronic demands, as they can 

interchange between tridentate, bidentate and monodentate, thus changing conformations 

accordingly.235,236  

The extensive modularity and tunability of pincers give pincer molecules a wide variety of applications 

in chiral synthesis, catalysis and the pharmaceutical industry.  It also enables the introduction of other 
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properties like chirality, to the pincer ligand or complex by adding specific moieties with the desirable 

properties as substituents in the vicinity of the coordination sphere.210,237,238  

Even though many pincer molecules do not have any stereogenic centres, flexibility and steric effects 

involving the pincer arms may induce axial chirality (helicity) in the nominally planar molecule, producing 

atropisomers. 228,229 

Pincer molecules are often classified into different classes depending on their donor atoms to the metal 

centre, for example NCN, PCP, CNC and NNN.210 The group consisting of NCN, PCP, CNC, SNS, PNP 

and SeNSe pincers are the most popular and most studied among all pincers.210 This is mainly due to 

their relative ease of synthesis compared to the other pincers. These pincers typically induce chirality 

in the constituents around the coordination sphere. The NCN and CNC pincers have been of more 

interest due to their enhanced ability to reduce ligand leaching. The NCN pincers are fluxional and 

sometimes change the oxidation state of the metal centre, which is an interesting phenomenon in 

catalysis and potentially in biomolecules.239–241 Homoatomic donor group pincer systems are relatively 

rare, but research on these pincers has recently gained traction, e.g., NNN type pincers..210 

NNN pincers are well known for their ability to stabilise the high and low oxidation states of transition 

metals.182,190,193 The nitrogens in the NNN pincer can be neutral or anionic, and this helps control the 

reactivity of the labile group, which controls its reactivity with biomolecules in the biological 

application.210 They also have a high balance between reactivity and stability.242 These pincer ligands 

are generally stable to reduction, air and moisture, making them easy to transport and store. 242,243 This 

makes them very favourable in medicinal chemistry, where metal complexes are exposed to all the 

mentioned conditions in biological systems.  

NNN pincer systems have three nitrogens as the donor atoms, and they are generally synthesised from 

bis(imino)pyridine, bis(2-pyridyl imino)isoindole, 2,6-bis(5-tert-butyl-1H-pyrazole-3-yl)pyridine and 2,6-

bis amido pyridines.244 Bis(carboxamide) pincer complexes, which are the focus of this study, are an 

example of the 2,6-bis amido pyridine-based NNN-type pincer systems. 

Bis(carboxamide) pincer molecules contain an amide bond, which is one of the most important and 

abundant bonds in biological systems. It is the most prevalent in biomolecules including peptides, 

proteins, DNA and RNA.245 Amide bonds are very stable due to their ability to form resonance 

structures, enabling biomolecules to adopt stable 3D structures. Compounds with the amide bond tend 

to be hydrogen bond donors and or acceptors, which is an important aspect in pharmacology, as this 

allows for interaction with DNA and other cellular components in desired ways.132,246–248 

The amide bond has enhanced stability because of the resonance across the bond.249 The carbonyl 

carbon is electron deficient as the shared π-electron pair is drawn towards the inordinately 

electronegative oxygen. In turn, the lone pair of electrons on the amide nitrogen is delocalised across 

the C–N bond (Scheme 1.1).250,251  

Because of the instability of both species, they do not exist in both forms, but as a resonance instead. 

This is also the reason why the nitrogen is sp2 hybridised and not sp3 hybridised, and the bond is rigid 
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(cannot rotate). This angle is therefore planar and the bonds around the nitrogen and carbon are 

~120°.252,253 This resonance also enhances the strength of this bond and the stability of the molecules. 

Given that the nitrogen lone pair is delocalised onto the π-bond, it loses its basicity, and cannot react 

with Lewis acids. The oxygen however has an abundance of electrons, hence it acts as a Lewis base, 

so it reacts easily with Lewis acids (forms strong H-bonding). Contrastingly, the electrophilicity on the 

amide carbon is reduced by the resonance and is less susceptible to nucleophilic attacks.249 As such, 

amide-based compounds have successfully been applied for cancer treatment (Figure 1.8 and Table 

1.4). These compounds target different areas in the cell cycle of cancerous cells. For example, 

Dasatinib, Acridine carboxamide, Dacarbazine and Opaganib. 

 

Scheme 1.1. An illustration of resonance in the amide bond when the π electrons are delocalised across the C–O 
or the C–N bonds, resulting in a hybrid structure with resonance.253 
 

  

 

 

 

 

 

 

 

Figure 1.8. Examples of pharmaceutical drugs currently in use containing the amide bond, highlighted in red.  
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Table 1.4. Examples of amide-based chemotherapeutic drugs, their clinical use and pharmacology 
Drugs Clinical use Pharmacology References 

Amide-based 

Dasatinib (7) Approved for the treatment of 

lymphoblastic or chronic myeloid 

leukaemia with resistance to prior 

therapy 

A tyrosine kinase inhibitor which inhibits the 

kinases of the SRC family (SRC, LCK, YES, 

FYN), EPHA2, BCR-ABL, c-KIT, and PDGFRβ 

254–259 

Acridine 

carboxamide (8) 

Underwent clinical trials for the 

treatment of brain and central 

nervous system tumours and 

lung cancer 

Exhibits topoisomerase inhibition and 

antineoplastic activities. It disrupts DNA repair 

and replication and inhibits RNA and protein 

synthesis, which causes cell death by 

intercalating into DNA and inhibiting both 

topoisomerases I and II. 

260,261 262,263 

Dacarbazine (9) Approved for the treatment of 

malignant melanoma and 

Hodgkin's disease 

Acts as an alkylating agent. It is a purine 

analogue and interacts with the thiol groups 

264–267 

Opaganib (10) Approved for the treatment of 

prostate cancer 

Blocks the synthesis of sphingosine 1-

phosphate (S1P) and its activities by selectively 

inhibiting sphingosine kinase-2 (SK2)  

268–274 

As mentioned earlier, R components in Figure 1.7 are one of the groups modified in pincer to introduce 

new characteristics to the complex. The efficacy of designed pincer molecules can be improved by 

adding chemical moieties with desirable qualities. One group of interest especially in this study is 

nitrogen-containing heterocycles (NCHs). 

1.2.4 Nitrogen-containing heterocycles  

Heterocycles are some of the crucial building blocks for several synthetic and semi-synthetic drugs. 

Specifically, NCHs are amongst the world's highest selling drugs due to their flexibility toward various 

biological scaffolds and pharmaceutical products. Different nitrogen-containing heterocycles include 

indoles, quinazolines, carbazoles, quinoxalines, norharmane275 oxadiazole, thiazole, purines, 

pyrimidines, antipyrines, quinolines, indazoles, phenones and phenanthrolines. 254,276,277 Despite the 

large pool of NCHs, this study mainly focused on the latter four. 

Quinoline is an aromatic heterocyclic organic compound with the chemical formula C9H7N, produced by 

a benzene ring fusion with pyridine at two neighbouring carbon atoms, resulting in a bicyclic structure.278 

The quinoline ring is considered an electron-deficient system, due to the electronegativity difference 

between nitrogen (3.04) and carbon (2.55). It demonstrates both nucleophilic (it has a delocalised π-

electron system, which makes it electron-deficient and thus capable of acting as an electrophile by 

accepting a pair of electrons from a nucleophile) and electrophilic (nitrogen has a lone pair of electrons, 

making it susceptible to electrophilic attacks), which are properties similar to pyridine.279 The clinical 

observation demonstrates that even when a person inhales a 0.001 ppm level of quinoline for 8 hours, 

it is completely nontoxic; in contrast, even a lower concentration of benzene causes various biological 

disorders such as cancer.278 This makes it a more favourable compound for pharmacological uses. 
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Quinoline derivatives are commonly used as “parental” compounds in the synthesis of molecules with 

medicinal benefits, particularly those with anti-malarial and anti-microbial properties. Several quinolines 

and their compounds have been shown to have antimicrobial, antifungal, hypotensive, anti-HIV, 

analgesic, anti-inflammatory and antitumour properties. Quinoline and its analogues have lately been 

investigated for their modes of action in inhibiting tyrosine kinases, proteasome, tubulin polymerisation, 

topoisomerase, and DNA repair.280 The substitution of a group in a suitable position of a bioactive 

molecule has been found to have a significant pharmacological impact.281 The quinoline nucleus has 

spontaneously elicited many alkaloids with antitumour activity, such as camptothecin.282 Examples of 

such compounds including camptothecin (11) and neratinib (12) are illustrated in Figure 1.9 and Table 

1.4. 

 

Figure 1.9. Examples of pharmaceutical drugs currently in use containing different isomers of the quinoline ring, 
highlighted in red.  
 

Indazole is a heterocyclic product of the ring condensation of pyrazole with the benzene ring. It has two 

nitrogen atoms and can exhibit annular tautomerism, where one proton can occupy two or more 

positions in heterocyclic molecules, and consequently exists as three tautomers 1H-indazole and 2H-

indazole and 3H-indazole (Scheme 1.2).283 The 1H-indazole tautomer is thermodynamically stable as 

compared to the 2H- and 3H-indazole, thus making it the predominant tautomer.284,285 Indazole is a 10-

π electron aromatic heterocyclic system, which resembles both pyridine and pyrrole, thus exhibiting 

properties of both. 

 
Scheme 1.2. An illustration of tautomerism in indazole.  
 

The indazole scaffold has just recently gained traction as a building block in pharmaceutical and 

medicinal chemistry. This has resulted in extensive studies being done on the indazole group, together 

with its bioisosteres.286 The indazole group is a huge phenomenon in cellular biology as it is an analogue 

of purine bases.287,288 Despite its scarcity in nature, numerous synthetic indazole derivatives have 

exhibited pharmacological and biological properties such as anti-inflammatory, analgesic and 

antiarrhythmic,289 antibacterial,290 anti-fungal291 anti-HIV,292–298 and anti-tumour properties.299–301 This 
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has resulted in the synthesis of novel indazole motifs to be employed as building blocks for the next 

generation of medications and has immense potential.288 

Some examples of indazole-based drugs currently being used in cancer treatment are illustrated in 

Figure 1.10 and Table 1.5. These include granisetron (1-methyl-N-((1S,5R)-9-methyl-9-

azabicyclo[3.3.1]nonan-2-yl)-1H-indazole-3-carboxamide),302–304 axitinib (N-methyl-2-[[3-[(E)-2-pyridin-

2-ylethenyl]-1H-indazol-6-yl]sulfanyl]benzamide),305 pazopanib (5-({4-[(2,3-Dimethyl-2H-indazol-6-

yl)methylamino]pyrimidin-2-yl}amino)-2-methylbenzenesulfonamide),306–309 niraparib ((S)-2-(4-

(piperidin-3-yl)phenyl)-2H-indazole-7-carboxamide)310–312 and lonidamine (LND) (1-(2,4-dichloro-

benzyl)-indazole-3-carboxylic acid).313,314 

 
Figure 1.10. Examples of pharmaceutical drugs currently in use containing the indazole ring, highlighted in red. 
  

Benzophenones and phenanthrolines are not very common in the pharmaceutical industry, but they 

have gained traction in recent years due to their biological activities.315–318 Despite their promising result 

in different treatment plans, none of these drugs have been approved for medicinal use yet, according 

to the drug bank.319 Examples of drugs under investigation are outlined in Table 1.5. 
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Table 1.5. Examples of different NCHs based chemotherapeutic drugs, their clinical use and pharmacology. 
Drugs Clinical use Pharmacology  References 

Quinolines 

Neratinib (12) Approved for HER2, HER4, EGFR 

and ER+ for breast cancer, clinical 

trials for various solid tumours 

Inhibits the auto phosphorylation of 

tyrosine receptors by tyrosine kinase. 

320,321 

Camptothecin (11) Experimented on various cancer cell 

lines 

Inhibits topoisomerase I by blocking DNA 

relegation, resulting in DNA damage 

322 

Benzophenone  

Benzophenone 

derivatives 

Experiments on human breast 

cancer cell line (MCF-7) 

Tubulin polymerization inhibition.  279 

Benzophenone 

sulfonamide 

derivatives 

Experiment on the CCRF-CEM 

Vcr1000 cancer cell line 

Inhibits P-glycoprotein (P-gp) and could 

serve as anticancer agents 

316 

Phenanthroline 

APTO-253 Phase I clinical trial for acute myeloid 

leukaemia (AML) 

Induces cyclin-dependent kinase inhibitor 

CDKN1A (p21) production, promoting G0-

G1 cell-cycle arrest, and triggers 

apoptosis. 

323 

1,10-

Phenanthroline  

Experiments on the lymphoblast cell 

cycle 

Inhibits the progression of the cell cycle 

from G1 to S phases by chelating the 

necessary metals. 

318 

Indazoles 

Granisetron (13) Approved for relieving nausea and 

vomiting during cancer treatment 

and after surgery. 

A serotonin receptor (5HT-3 specific) 

antagonist that has been utilised in cancer 

chemotherapy patients as an antiemetic 

and antinauseant.  

302–304 

Axitinib (14) Approved for advanced renal cell 

carcinoma and kidney cell cancer, 

clinical trials for the treatment of 

pancreatic and thyroid cancer. 

A tyrosine kinase inhibitor that inhibits 

vascular endothelial growth factor 

receptors (VEGFR-1, VEGFR-2, VEGFR-

3) 

305 

Pazopanib (15) Approved for advanced renal cell 

carcinoma and advanced soft tissue 

sarcoma in individuals who have 

already received chemotherapy. 

Inhibits tyrosine kinase by targeting 

vascular endothelial growth factor 

receptors (EGFR) 1, 2, and 3, platelet-

derived growth factor receptor-alpha and -

beta, and c-kit. 

306–309 

Niraparib (16) Approved for treatment of recurrent 

epithelial ovarian, fallopian tube, or 

primary peritoneal cancer previously 

treated with platinum-based 

chemotherapy 

Inhibits poly (ADP-ribose) polymerases 

(PARP) 1 and 2, which are involved in 

DNA repair, causing cellular cytotoxicity. 

310–312 

Lonidamine (17) Investigated various cancer cell lines 

and tumours.  

inhibit aerobic glycolysis in cancer cells, 

thereby decreasing cellular ATP 

313,314,324 



Chapter 1: Introduction 

24 

1.3 Rationale and aims for the research 

Gold(III) pincer complexes are still relatively rare compared to other metal pincer complexes despite 

being widely used in the catalysis and pharmaceutical fields.14, 21-23 Literature shows that these metal 

complexes interact with DNA through groove binding,173 intercalations,173,201,208 and alkylation,209,325 

thus having the potential to target cancerous cells, resulting in apoptosis and reducing the proliferation 

of these cells. Despite all these speculations, none of the gold pincers to date has been approved for 

cancer treatment, hence the continuous study on these complexes. 

It has been discussed in this chapter how gold complexes have shown some potential cancer treatment. 

In the design of this research, there were key factors which were taken into consideration. To begin 

with, gold(III) complexes have been proven to have excellent anticancer properties.178,179,197,201 The 

square planar configuration of the gold(III) complexes enables them to easily intercalate into the DNA 

without much hindrance. The crescent shape and helicity of gold(III) complexes synthesised might 

enable them to bind into the minor groove of DNA and inhibit topoisomerase I. Gold(III) pincer 

compounds have labile Clˉ/OHˉ , which enables their nucleophilic substitution with the DNA bases and 

amino acids on proteins. This also gives the complexes to directly inhibit or change the functions of 

proteins. Since the proposed complexes have characteristics suitable for cancer cell cytotoxicity, it is 

apparent to gain a better understanding of the compounds.  

One of the main goals of this research is to synthesise stable gold(III) complexes at physiological 

conditions. To achieve this, the NNN pincer framework plays a huge role. Nitrogens are strong δ-donors 

with the ability to stabilise the Au3+ ions at physiological pH, temperature and pressure. The multidentate 

nature and the rigidity of pincers also help to improve the stability of these complexes. 

The indazole, benzophenone, phenanthroline, quinoline and isoquinoline moieties will be incorporated 

into the arms of the pincer structure so that they can impart their properties on the resultant metal 

complexes and improve their efficacy in cancer treatment. It is also envisioned that these moieties could 

also improve the solubility of these neutral metal complexes in aqueous media due to their polarity. 

1.3.1 Hypothesis  

The central hypothesis of this thesis is that: 

i) The designed pincer ligands will stabilise the gold(III) ion in the metal complex and the complex will 

be sufficiently hydrophilic for use in aqueous solutions. 

ii) The design of the target compounds may aid in their interaction with the DNA, promote the damage 

of cellular DNA and reduce cell proliferation. 

1.3.2 General aims  

The main aims of this study are to: 

i) Synthesise gold(III) carboxamide pincer chelates to add to the library of gold(III) metal complexes.  

ii) Investigate their stability and biochemical and biological properties.  

1.3.3 Objectives  

i) Synthesis of carboxamide pincer ligands (Figure 1.11)  
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Figure 1.3. Chemical structures of the carboxamide pincer ligands to be discussed in this thesis, with 
isoquinoline, quinolone, indazole, benzophenone and phenanthroline moieties. 

 

ii) Synthesis of gold(III) carboxamide pincer ligand complexes (Figure 1.12) 

 

Figure 1.4. Chemical structures of the proposed novel conventional gold(III) pincer chelates with 
isoquinoline, quinolone, indazole, benzophenone and phenanthroline moieties, to enhance potential 
interactions with DNA bases. 

 

iii) Characterisation of the synthesised ligands and complexes by spectroscopy: 

The synthesised compounds will be analysed by, Fourier-Transform Infrared spectroscopy (FT-

IR), Nuclear Magnetic Resonance spectroscopy (NMR), High-Resolution Mass Spectrometry 

(HRMS) and Circular dichroism (CD) spectroscopy. This is to understand the structure and the 

conformation of the synthesised compounds.  

iv) Characterisation of the synthesised ligands and complexes by X-ray crystallography: 

The synthesised compounds will be analysed by X-ray crystallography to understand the 

molecular structure and the conformation of the synthesised compounds. 

v) Biochemistry of one of the synthesised complexes: 

PH speciation studies will be done to determine the compound in solution at the pH at which 

the DNA binding studies are conducted. To determine the resistance of the compounds to 
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reduction, binding studies with a known biological reducing agent, glutathione (GSH) will be 

conducted. 

The binding constants of the complexes, their modes of binding, and their effects on DNA will 

be studied using electrophoretic mobility assays, spectroscopic titrations, viscometry and DNA 

melts. These tests will help in screening for complexes that can bind to DNA and these will be 

tested for cytotoxicity of different cell lines. 

The binding constants of the complexes to DNA will be compared to that of the transport protein 

Human Serum Albumin (HSA) using spectroscopic titrations to determine their efficacy.   

vi) Biological activity experiments: 

National Cancer Institute (NCI) cytotoxicity screening methods are used to determine the GI50 

(concentration at which the cancer cells proliferation is inhibited by 50%), IC50 (when growth 

inhibition of the cells is inhibited by 50%), and LC50 (Lethal Dose - the concentration at which 

50% cell death is induced). These values will be calculated from growth inhibition as a function 

of compound dose. This test is to determine the activity of the novel complexes on cancerous 

cells and determine their efficacy. The calculated values will be compared to some clinically 

approved drugs and some promising pre-existing anticancer agents. 

vii) Computational analysis: 

The experimental data will be compared to and corroborated with calculated data from DFT 

calculations to help explain the electronic structures as well as steric and conformational 

parameters relevant to delineating the interaction of the complexes with macromolecular 

targets such as DNA. 
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2.  Experimental 

2.1. General Methods 

All reactions reported in this study were carried out either under reflux or at room temperature. 

Reactions were carried out in air. Those reactions requiring inert conditions were carried out in argon 

using the Schlenk line and cannula techniques. Chemicals used in reactions were purchased from 

Sigma-Aldrich, abcr GmbH and Merck Group, and used without further purification. All solvents were 

purchased from Sigma-Aldrich, ACE Chemicals and MINEMA Chemicals (Pty) Ltd and were used as 

received. Acetonitrile was dried on 5 Å molecular sieves from Sigma-Aldrich. Aluminium sheets pre-
coated with silica gel 60 F254 (from Merck) were used for thin-layer chromatography (TLC) to track the 

completion of the reactions. Deionised water was purified on a Direct-Q 3 UV Remote Type 1 ultrapure 

RO water purification Unit with a Millipore automatic sanitization module. 

2.1.1. Instrumentation 

All the characterisation was done using instruments at the School of Chemistry at the University of the 

Witwatersrand (Johannesburg, South Africa). 

FTIR spectra were recorded using a Bruker Alpha FTIR spectrometer with an attenuated total 

reflectance platinum T Diamond 1 Refl reflection accessory. A single crystal of crystalline samples or a 

micro spatula tip full of powder samples, was placed on the platform of the FTIR instrument and crushed 

between the platform and the diamond head before recording the spectrum for each sample. The rubber 

band method was used for the baseline correction of the spectra. There were 64 baseline points, and 

10 iterations were made to the spectrum. The spectral resolution of 1.0 cm-1 was acquired with 32 scans 

per sample. Although the main regions of interest were from 3400-1500 cm-1, the instrument recorded 

data between 4000-400 cm-1.  

1H and 13C NMR spectra were recorded at 298 K with either a Bruker Avance III 500 spectrometer 

equipped with an Oxford magnet (11.744 T) or an Avance III 400 spectrometer equipped with a Bruker 

magnet (9.395 T). Either a 5 mm PABBO BB-1H/ D Z-GRD Z113652/ 0093 or a 5 mm PABBO BB/ 19F-

1H/ D Z-GRD Z108618/ 0316 probe was used at the frequencies of 500.13 and 400.25 MHz respectively 

for 1H NMR and 125.13 and 100.62 MHz for 13C NMR. The compounds were dissolved in deuterated 

solvents (chloroform-d1, dimethyl sulfoxide-d6 (DMSO), acetonitrile-d3 (MeCN), methanol-d3, or N,N 

dimethylformamide-d7 (DMF)). Standard Bruker pulse programs were used, and chemical shifts were 

reported in δ (ppm) relative to the deuterated solvent signal. 1H chemical shifts were referenced at 7.26, 

2.50, 2.11, 4.87 and 2.92 ppm for CDCl3, (CD3)2SO, CD3CN, CD3OD, and (CD3)2NOCD, respectively; 

whereas δ 13C shifts were referenced at 77.16, 39.52, 118.26, 49.00 and 163.15 ppm, respectively. The 

coupling constants were measured in Hertz (Hz) and these were calculated from peak separations of 

the same nucleus. All data were processed using MestReNova 12.0.0-20080 and 1H, 13C APT, COSY, 

NOSY, HSQC and HMBC were used to assign chemical shifts for all observed peaks.  
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UV-vis (electronic) spectra were recorded on a single-beam Agilent 8453 spectrophotometer or a 

Specord 210® Plus double-beam spectrometer (Analytik-Jena) using WinASPECT Plus version 4.2.0.0. 

Cell holders were thermostatted at 298 K using an external water circulator; 1.0 cm path length quartz 

cuvettes and spectroscopic grade DMSO or acetonitrile were used for all measurements. The spectra 

were recorded from 200-400 nm for the ligands (only peaks in the ultraviolet region of the 

electromagnetic spectrum, below 400 nm were observed), and from 200-700 nm for the metal chelate, 

(d metals are active in the visible light region of the spectrum). A 0.1 M solution for each sample was 

diluted until the absorbance was below 0.5 at the wavelength of interest. The absorbance at specific 

concentrations was used to calculate the molar attenuation coefficient (ԑ) at specific wavelengths for 

each sample. 

High-Resolution Mass Spectroscopy (HRMS) were recorded with a Bruker compact Q-TOF high-

resolution mass spectrometer by direct infusion at a flow rate of 5 μL/min for 1 min, with Bruker 

Daltronics HyStar 3.2 SR4 software. Chromatograms were analysed with Bruker Compass Data 

Analysis software (Version 4.3). Samples of pure compounds (typically ca. 10 μg/mL) were prepared in 

acetonitrile or ethanol for metal chelates and HPLC-grade methanol for ligands. Solutions were acidified 

using 0.1% (v/v) formic acid to obtain spectra in the positive electron spray (ESI+) mode.  

Melting temperatures were determined visually on a hot-stage microscope instrument from JM-Inst. 

Melting points were only determined for the ligands 1a-f because all metal gold(III) complexes 

decomposed above 473 K. 

X-ray diffraction X-ray diffraction intensity data were recorded on a Bruker Apex II 3-circle X-ray 

diffractometer or a Bruker D8 Venture 4-circle X-ray diffractometer at 153(1) or 173(1) K (Oxford 

CryoStream) using Mo Kα radiation. Crystals were mounted in Paratone® oil using nylon micro-loops 

(Hampton) or polymer micro-grippers (MiTeGeN) for data collection. Using Olex2 1.5,44 the structures 

were solved with the ShelXT45 structure solution program (intrinsic phasing) and then refined using least 

squares minimisation to a good model (anisotropic atoms for all non-H atoms) with the ShelXL46 

refinement package. Each structure was further refined with Olex2 1.5 before implementing the final 

refinement cycles using non-spherical atom form factors (NSAFF) with NoSpherA47 running in Olex2. 

The NSAFF were calculated from the electron density derived from a single determinant SCF 

wavefunction at the r2SCAN48/cc-pVTZ49 level of theory for a fragment of the crystal using Orca 5.0.450 

for the density functional theory (DFT) calculations. 

Circular dichroism (CD) spectra were recorded on a JASCO J-1500 MCD spectrometer in 1.0 cm path 

length quartz cuvettes using spectroscopic grade chloroform, methanol, or tetrahydrofuran (THF) as 

solvents. CD spectra of solid samples were recorded in diffuse reflectance mode using an integrating 

sphere and powdered compounds compressed into a 1.0-cm diameter sample holder. The CD will be 

discussed in more detail in Chapter 5. 
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2.2. Ligands Synthesis 

A method by Barnes et.al was adapted and used for the synthesis of ligands 1a-1f in this study.4 All 

synthesised carboxamide pincer ligands are novel except for 1c, which has been synthesised by 

Hiratani and Kaguchi.5 Crystallographic structures obtained for ligands 1a-e are all novel, and the data 

has been deposited into the Cambridge Structural Database (CSD).  

Generally, 2,6-Pyridine dicarboxylic acid (1 eq) and the appropriate amine (2.1 eq) were heated under 

solvent reflux for several hours in the presence of triphenyl phosphite (2 eq) with pyridine as the solvent. 

The products were then precipitated from solution by adding ethanol or hexane to the cooled reaction 

mixtures. Specific details are given below. 

2.2.1. N2,N6-Bis(isoquinolin-4-yl)pyridine-2,6-dicarboxamide (1a) 

 

2,6-Pyridine dicarboxylic acid (1.494 mmol, 0.2507 g) and 4-amino isoquinoline (3.208 mmol, 0.4619 

g) were stirred in 15 mL pyridine for 10 minutes at room temperature before adding triphenyl phosphite 

(3 mmol, 0.7862 mL) and heating the reaction mixture under reflux for 4 h. After cooling the solution, 

ethanol was added to the reaction mixture, which was then left to stand on ice until a precipitate formed. 

The white precipitate was filtered off (Hirsch funnel) and washed with cold ethanol before being allowed 

to air-dry. Yield: 0.6096 g, 97%. Single crystals were grown by slow diffusion of acetonitrile into a 

solution of the compound dissolved in DMSO. 

Chemical formula C25H17N5O2. 1H NMR (400 MHz, DMSO-d6) δ 11.43 (s, 2H, e), 9.32 (s, 2H, n), 8.71 

(s, 2H, m), 8.48 (d, J = 7.7 Hz, 2H, b), 8.38 (dd, J = 8.4, 7.1 Hz, 1H, a), 8.23 (d, J = 8.2 Hz, 2H, k), 8.11 

(d, J = 8.4 Hz, 2H, h), 7.89 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H, i), 7.77 (t, J = 7.5 Hz, 2H, j). 13C NMR (101 

MHz, DMSO-d6) δ 163.14 d, 151.14 n, 148.56 c, 141.11 m, 140.39 a, 132.13 f, 130.99 i, 128.68 g, 

128.33 l, 128.02 k j, 125.72 b, 122.76 h. HRMS (ESI+) m/z calculated for C23H18N5O2 [M+H]+: 420.1455; 

found 420.1457. UV-vis: [DMSO λmax nm (103 ε, M–1 cm–1)] 277 (10.9), 309 (9.2), 323 (10.5). FTIR: 

(powder, cm–1): 1677.07 (C=O), 3283.13 (N–H), 3372.95 (N–H). Melting temperature: 400 – 410 °C. 

Crystal data for 1a: C25H17N5O2 (M = 419.446 g mol1): monoclinic, space group P21/c (no. 14), a = 

8.7392(4) Å, b = 14.6766(8) Å, c = 15.2758(8) Å,  = 102.656(2), V = 1911.70(17) Å3, Z = 4, T = 173.15 

K, μ(Mo Kα) = 0.096 mm1, Dcalc = 1.457 g cm3, 38141 reflections measured (6.14 ≤ 2Θ ≤ 66.46), 
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7297 unique (Rint = 0.0277, R = 0.0189) which were used in all calculations. The final R1 was 0.0187 

(I  2(I)) and wR2 was 0.0410 (all data). 

2.2.2. N2,N6-Bis(quinolin-3-yl)pyridine-2,6-dicarboxamide (1b) 

 

The same procedure described for 1a was used with minor changes. 2,6-Pyridine dicarboxylic acid 

(1.496 mmol, 0.2510 g) was reacted with 3-aminoquinoline (3.208 mmol, 0.4625 g) in place of 4-amino-

isoquinoline. A yellow crystalline powder was produced after filtering off the precipitate and air-drying. 

Yield: 0.5907 g, 94%. Single crystals were grown by slow evaporation from a solution of 1b in methanol.  

Chemical formula C25H17N5O2. 1H NMR (400 MHz, DMSO-d6) δ 11.41 (s, 2H, e), 9.35 (d, J = 2.5 Hz, 

2H, n), 8.95 (d, J = 2.5 Hz, 2H, g), 8.43 (d, J = 7.7 Hz, 2H, b), 8.33 (dd, J = 8.3, 7.1 Hz, 1H, a), 8.01 (dt, 

J = 8.3, 1.5 Hz, 4H, i,l), 7.69 (ddd, J = 8.5, 6.8, 1.4 Hz, 2H, k), 7.60 (ddd, J = 8.1, 6.8, 1.3 Hz, 2H, j).13C 

NMR (101 MHz, DMSO-d6) δ 162.34 d, 148.37 c, 145.88 n, 144.53 f, 140.30 a, 131.79 m, 128.52 k, 

127.93 i,l, 127.70 h, 127.26 j, 125.66 b, 124.59 g. HRMS (ESI+) m/z calculated for C25H18N5O2 [M+H]+: 

420.1455; found 420.1455. UV-vis [DMSO; λmax, nm (103 ε, M–1 cm–1)]: 275 (23.6), 312 (17.5), 324 

(17.7), 338 (15.9). FTIR: (powder, cm–1): 1682.70 (C=O), 3191.12 (N–H). Melting temperature: 370 – 

377 °C. 

Crystal Data for 1b. C25H17N5O4C2H6 (M = 483.531 g mol1): triclinic, space group P-1 (no. 2), a = 

7.2743(3) Å, b = 11.3528(5) Å, c = 14.9566(5) Å,  = 76.605(1),  = 78.871(1),  = 78.901(2), V = 

1164.76(8) Å3, Z = 2, T = 153.00 K, μ(Mo Kα) = 0.095 mm1, Dcalc = 1.379 g cm3, 85728 reflections 

measured (5.78 ≤ 2Θ ≤ 66.42), 8894 unique (Rint = 0.0459, R = 0.0265) which were used in all 

calculations. The final R1 was 0.0290 (I  2(I)) and wR2 was 0.0453 (all data). 
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2.2.3. N2,N6-Bis(quinolin-8-yl)pyridine-2,6-dicarboxamide (1c) 

 

The same procedure described for 1a was used with minor changes. 2,6-Pyridine dicarboxylic acid 

(1.497 mmol, 0.2512 g) was reacted with 8-aminoquinoline (3.198 mmol, 0.4610 g) in place of 4-amino-

isoquinoline.  A pale-yellow flaky powder was filtered off and dried. Yield: 0.6159 g, 98%. Single crystals 

were grown by slow evaporation from a solution of 1c in chloroform.  

Chemical formula C25H17N5O2. 1H NMR (500 MHz, Chloroform-d) δ 12.36 (s, 2H e), 9.03 (dd, J = 7.3, 

1.5 Hz, 2H m), 8.59 (d, J = 7.7 Hz, 2H b), 8.27 (dd, J = 4.2, 1.6 Hz, 2H g), 8.20 (dd, J = 8.1, 2.0 Hz, 3H 

a,i), 7.70 – 7.61 (m, 4H l,k), 7.33 (dd, J = 8.2, 4.1 Hz, 2H h). 13C NMR (126 MHz, Chloroform-d) δ 162.02 

d, 149.14 c, 148.79 g, 139.63 f, 139.33 a, 136.14 i, 134.45 o, 128.08 j, 127.38 l, 125.44 b, 122.35 k, 

121.42 h, 117.31 m. HRMS (ESI+) m/z calculated for C25H18N5O2 [M+H]+: 420.1455; found 420.1462. 

UV-vis [DMSO; λmax, nm (103 ε, M–1 cm–1)]: 326 (86.0), FTIR: (powder, cm–1): 1677.70 (C=O), 3320.57 

(N–H), 3266.48 (N–H). Melting temperature: 308 – 319 °C. 

Crystal Data for 1c. C25H17N5O2 (M = 419.446 g mol1): orthorhombic, space group P212121 (no. 19), 

a = 4.4778(2) Å, b = 16.9420(7) Å, c = 25.8329(10) Å, V = 1959.76(14) Å3, Z = 4, T = 173.15 K, μ(Mo 

Kα) = 0.094 mm1, Dcalc = 1.422 g cm3, 30705 reflections measured (5.76 ≤ 2Θ ≤ 56.54), 4830 unique 

(Rint = 0.0305, R = 0.0205) which were used in all calculations. The final R1 was 0.0172 (I  2(I)) and 

wR2 was 0.0292 (all data). 
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2.2.4. N2,N6-Bis(1-methyl-1H-indazol-3-yl)pyridine-2,6-dicarboxamide (1d) 

 

The same procedure described for 1a was used with minor changes. 2,6-pyridine dicarboxylic acid 

(1.496 mmol, 0.2510 g) was reacted with 3-amino-1-methyl-1H-indazole (3.200 mmol, 0.4415 g) in 

place of 4-amino-isoquinoline. After cooling the reaction mixture, hexane was added to the solution, 

and the reaction flask was left to stand on ice until a precipitate formed. The cream-coloured precipitate 

was filtered, washed with cold ethanol, and air-dried. Yield 0. 5930 mg, 93%. Single crystals were grown 

by slow evaporation from a solution of 1d of acetonitrile. 

Chemical formula C23H19N7O2. 1H NMR (400 MHz, DMSO-d6) δ 11.79 (d, J = 2.6 Hz, 2H e), 8.46 (d, J 

= 7.7 Hz, 2H b), 8.34 (dd, J = 8.3, 7.2 Hz, 1H a), 7.84 (dq, J = 8.2, 1.1 Hz, 2H k), 7.64 (d, J = 8.5 Hz, 

2H h), 7.44 (ddd, J = 8.3, 6.9, 1.1 Hz, 2H i), 7.15 (ddd, J = 7.9, 6.8, 0.8 Hz, 2H j), 4.05 (s, 6H m). 13C 

NMR (101 MHz, DMSO-d6) δ 162.31 d, 148.55 c, 140.86 l, 139.95 a, 138.24 g, 126.56 i, 125.49 b, 

122.25 k, 119.89 j, 117.47 f, 109.77 h, 35.24 m. HRMS (ESI+) m/z calculated for C23H20N7O2 [M+H]+: 

426.1673; found 426.1674. UV-vis [CH3CN; λmax, nm (103 ε, M–1 cm–1)]: 199 (71.1), 222 (18.4), 285 

(15.2). FTIR: (powder, cm–1): 1690.18 (C=O), 3309.89 (N–H). Melting temperature: 298 – 305 °C. 

Crystal Data for 1d. C23H19N7O2 (M = 425.453 g mol1): monoclinic, space group P2/c (no. 13), a = 

10.4220(2) Å, b = 11.8014(3) Å, c = 8.6298(2) Å,  = 112.076(1), V = 983.60(4) Å3, Z = 2, T = 153.15  K, 

μ(Mo Kα) = 0.097 mm1, Dcalc = 1.437 g cm3, 23461 reflections measured (4.22 ≤ 2Θ ≤ 63.28), 3318 

unique (Rint = 0.0294, R = 0.0180) which were used in all calculations. The final R1 was 0.0259 (I  

2(I)) and wR2 was 0.0639 (all data). 
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2.2.5. N2,N6-Bis(2-benzoylphenyl)pyridine-2,6-dicarboxamide (1e) 

 

The same procedure described for 1a was used with minor changes. 2,6-Pyridine dicarboxylic acid 

(1.495 mmol, 0.2509 g) was reacted with 2-amino benzophenone (3.203 mmol, 0.6318 g) in place of 4-

amino-isoquinoline. After cooling the reaction mixture, ethanol was added to the solution and the 

reaction flask was left to stand on ice until a precipitate formed. The pale orange precipitate was filtered, 

washed with cold ethanol, and left to air-dry. Yield: 0.7490 mg, 95%. Single crystals were grown in a 

binary mixture of ethanol and water (50% v/v). 

Chemical formula C33H23N3O4. 1H NMR (400 MHz, DMSO-d6) δ 12.32 (s, 2H e), 8.54 (d, 2H g), 8.35 

(d, J = 7.7 Hz, 2H b), 8.04 (t, J = 7.8 Hz, 1H a), 7.69 – 7.57 (m, 8H h j n r), 7.49 (t, 2H i), 7.31 (t, J = 7.7 

Hz, 4H o q), 7.28 – 7.22 (m, 2H p). 13C NMR (101 MHz, DMSO-d6) δ 197.65 l, 161.89 d, 148.56 c, 

139.28 a, 138.30 f k, 133.26 g, 132.59 h, 132.26 j, 130.06 n r, 128.00 o q, 127.34 m, 125.12 b, 123.57 

i, 122.85 p. HRMS (ESI+) m/z calculated for C33H24N3O4 [M+H]+: 526.1761; found 526.1760. UV-vis 

[DMSO; λmax, nm (103 ε, M–1 cm–1)]: 333 (18.5). FTIR (powder, cm–1): 1619.35 (amide C=O), 1550.12 

(benzophenone C=O), 3431.41 (N–H). Melting temperature: 207 – 212 °C. 

Crystal Data for 1e. C33H23N3O4 (M = 525.568 g mol1): monoclinic, space group P21/n (no. 14), a = 

8.4952(2) Å, b = 18.3345(4) Å, c = 16.2123(3) Å,  = 90.689(1), V = 2524.97(9) Å3, Z = 4, T = 153.15 

K, μ(Mo Kα) = 0.092 mm1, Dcalc = 1.383 g cm3, 38759 reflections measured (3.36 ≤ 2Θ ≤ 56.76), 

6322 unique (Rint = 0.0562, R = 0.0479) which were used in all calculations. The final R1 was 0.0330 

(I  2(I)) and wR2 was 0.0550 (all data). 
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2.2.6. N2,N6-Bis(1,10-phenanthrolin-5-yl)pyridine-2,6-dicarboxamide (1f) 

 

The same procedure described for 1a was used with minor changes. 2,6-Pyridine dicarboxylic acid 

(1.496 mmol, 0.2510 g) was reacted with 1,10-phenanthrolin-5-amine (3.336 mmol, 0.6570 g) in place 

of 4-amino-isoquinoline. After cooling the reaction mixture, ethanol was added to the solution and the 

flask was left to stand on ice until a precipitate formed. The pale orange precipitate was isolated by 

gravity filtration, washed with cold ethanol, and left to air-dry. Yield: 0.7658 mg, 98%.  

Chemical formula C31H19N7O2. 1H NMR (500 MHz, DMSO-d6) δ 11.61 (s, 2H e), 9.19 (dd, J = 4.2, Hz 

2H k), 9.12 (dd, J = 4.3, 1.7 Hz, 2H n), 8.69 (dd, J = 8.3, 1.8 Hz, 2H i), 8.59 (dd, J = 8.1, 1.7 , 1.6 Hz, 

2H p), 8.53 (d, J = 7.7 Hz, 2H b), 8.45 – 8.41 (m, 1H a), 8.27 (s, 2H g), 7.91 (dd, J = 8.3, 4.3 Hz, 2H j), 

7.82 (dd, J = 8.1, 4.3 Hz, 2H o). 13C NMR (126 MHz, DMSO-d6) δ 163.53 d, 150.69 k, 150.45 n, 148.98 

c, 146.27 l, 144.80 m, 140.82 a, 136.72 p, 133.14 i, 131.83 f, 128.37 q, 126.34 h, 126.13 b, 124.24 o, 

124.06 g, 123.70 j. HRMS (ESI+) m/z calculated for C31H20N7O2 [M+H]+: 522.5357; found. 522.1773. 

UV-vis [DMSO; λmax, nm (103 ε, M–1 cm–1)]: 269 (75.0), 315 (15.6). FTIR (powder, cm–1): 1658.67 (C=O), 

3380.22 (N–H). Melting temperature: 270 – 279 °C.  

2.3. Synthesis of gold(III) metal chelates 

All synthesised metal complexes in this study are novel. Different methods were tried until the desirable 

gold(III) pincer complexes were synthesised without side reactions. Generally, KAuCl4 and the ligand 

of interest were reacted in a one-pot reaction in different proportions and solvents. The products 

precipitated from the reaction solution upon cooling down. Specific details are given below. 
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2.3.1. N2,N6-Bis(1-methyl-1H-indazol-3-yl)pyridine-2,6-dicarboxamide gold(III) chloride (2d) 

 

1d (0.3000 mmol, 0.1275 g) was dissolved in acetonitrile (4 mL) and KAuCl4 (0.4500 mmol, 0.1700 g) 

was dissolved in distilled water (12 mL). The metal salt was slowly added to the ligand solution and 

refluxed for 15 h. A reddish precipitate was filtered off from the red solution and was washed several 

times with cold water and air-dried. Yield: 0.17658 mg, 89%. Single crystals were grown by slow 

diffusion of tert-butyl alcohol into a solution of the compound dissolved in DMSO. 

Chemical formula Au[C23H17N7O2]Cl. 1H NMR (400 MHz, DMSO-d6) δ 8.75 (t, J = 7.9 Hz, 1H a), 8.28 

(d, J = 7.8 Hz, 2H b), 7.73 (dt, J = 8.1, 1.0 Hz, 2H k), 7.53 (d, J = 8.5 Hz, 2H h), 7.38  (ddd, J = 8.3, 6.9, 

1.1 Hz, 2H i), 7.15 (t, J = 7.5 Hz, 2H j), 3.98 (s, 6H m). 13C NMR (101 MHz, DMSO-d6) δ 170.36 d, 

147.20 a, 144.93 c, 143.78 f, 140.94 l, 129.25 b, 126.37 i, 120.80 k j, 119.47 g, 109.95 h, 35.99 m. 

HRMS (ESI+) m/z calculated for Au[C23H18N7O2]Cl [M+H]+: 656.095; found: 656.086 UV-vis [DMSO; 

λmax, nm (103 ε, M–1 cm–1)]: 267 (8.17), 296 (8.25),439 (3.67). FTIR (powder, cm–1): 1683.12 (C=O). 

Crystal Data for 2d. C23H17AuClN7O2 (M = 655.85 g mol–1), monoclinic, space group P-1(no. 2), a = 

8.8115(3) Å, b = 10.4987(3) Å, c = 12.0821(4) Å, α = 74.233(2)°, β = 90.6890(10)°, γ = 81.344(2)°, V = 

1058.58(6) Å3, Z = 2, T = 153.15 K, μ(MoKα) = 7.114 mm–1, Dcalc = 2.058 g cm–3, 59569 reflections 

measured (3.518° ≤ 2Θ ≤ 66.494°), 8133 unique reflections (Rint = 0.0387, R = 0.0240) which were 

used in all calculations. The final R1 was 0.0194 (I > 2σ(I)) and wR2 was 0.0437 (all data).  
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2.3.2. N2,N6-Bis(2-benzoylphenyl)pyridine-2,6-dicarboxamide gold(III) chloride (2e) 

 

The same procedure as 2d was applied with 1e (0.3001 mmol. 0.1277 g) in place of 1d. A reddish 

precipitate was filtered off from the red solution and was washed several times with cold water and air-

dried. The precipitate was dissolved in hot methanol and allowed to recrystallise. It was then filtered off 

and washed with cold methanol and left to dry. Yield: 0.0182 g (8%). Single crystals were grown by 

slow evaporation from a solution of 2e in methanol. 

Chemical formula Au[C33H21N3O4]Cl 1H NMR (400 MHz, DMSO-d6) δ 8.62 (q, J = 8.1 Hz, 1H a), 8.09 

(dd, J = 7.8, 5.7 Hz, 2H b), 7.70 – 7.63 (m, 2H g), 7.63 – 7.58 (m, 2H j), 7.58 – 7.53 (m, 4H n r), 7.53 – 

7.43 (m, 4H h i), 7.43 – 7.29 (m, 6H o p q). 13C NMR (101 MHz, DMSO-d6) δ 170.36 d, 147.20 a, 144.93 

c, 143.78 g, 140.94 l, 129.25 b, 126.37 i, 120.49 f, 120.46 k, 119.47 j, 109.95 h, 35.68 m. HRMS (ESI+) 

m/z calculated for Au[C33H22N3O4]Cl [M+H]+: 756.088; found: 756.436. UV-vis [DMSO; λmax, nm (103 ε, 

M–1 cm–1)]: 333 (18.5). FTIR (powder, cm–1): 1660.38 (benzophenone C=O), 1683.07 (amide C=O).  

Crystal Data for 2e. C33H21AuClN3O4 (M = 755.95 g mol–1), monoclinic, space group P21/n(no. 14), a 

= 13.3998(5) Å, b = 12.9269(5) Å, c = 12.0821(4) Å, α = γ = 90°, β = 96.1180(10)°, V = 2728.85(18) Å3, 

Z = 4, T = 193 K, μ(MoKα) = 3.021  mm–1, Dcalc = 1.821 g cm–3, 329197 reflections measured (3.032° ≤ 

2Θ ≤ 61.356°), 8133 unique reflections (Rint = 0.0583, R = 0.0190) which were used in all calculations. 

The final R1 was 0.0194 (I > 2σ(I)) and wR2 was 0.0437 (all data).  
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2.3.3. N2,N6-Bis(1,10-phenanthrolin-5-yl)pyridine-2,6-dicarboxamide gold(III) chloride (2f) 

 

The same procedure as 2d was applied with 1f (0.3000 mmol. 0.1565 g) in place of 1d. An orange 

precipitate formed upon cooling down the reaction, which was filtered, washed with cold ethanol and 

left to air-dry. Yield: 0.1573 mg, 70% yield. 

Chemical formula Au[C31H17N7O2]Cl. 1H NMR (400 MHz, DMSO-d6) δ 9.72 (d, J = 5.7 Hz, 2H k), 9.67 

(dd, J = 5.6, 1.2 Hz, 2H n), 9.55 – 9.48 (m, 2H p), 9.37 (dd, J = 8.1, 2.9 Hz, 2H i), 8.93 (dt, J = 12.8, 7.9 

Hz, 1H a), 8.52 (m, 6H b g j), 8.42 (dd, J = 8.4, 5.7 Hz, 2H o). 13C NMR (101 MHz, DMSO-d6) δ 170.23 

d, 149.52 k, 148.05 n, 147.77 a, 144.76 c, 143.46 p, 143.23 i 140.15 f, 138.92 m, 137.50 g, 137.42 l,, 

130.25 b, 129.47 q,, 128.12 h, 126.30 o, 126.17 j. HRMS (ESI+) m/z calculated for Au[C31H18N7O2]Cl 

[M+H]+: 752.93; found 752.71. UV-vis [DMSO; λmax, nm (103 ε, M–1 cm–1)]: 262 (10 253), 309 (16 347). 

FTIR (powder, cm-1): 1658.67 (C=O). 

2.4. Other attempts 

The metal complexes in this section were synthesised using methods which were modified from the 

method by Casini et al.6,7 Different methods were employed for the synthesis of the metal complexes, 

and listed in this section are some of the noteworthy products from these trials. These metal complexes 

were characterised using X-ray crystallography and it was concluded that they were minor products 

during crystallisation as they could not be detected by characterisation using any other method, (FTIR, 

HRMS and NMR). The characterisation data was the same as 2d, and the products 2di and 2dii could 

not be isolated to characterise individually. Details on the products in this section are explained in 

Chapter 4.  
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2.4.1. N2,N6-Bis(1-methyl-1H-indazol-3-yl),(2H-silver(I)fluoride)pyridine-2,6-dicarboxamide 

gold(III) chloride (2di) 

 

1d (0.300 mmol, 0.1277 g) and KAuCl4 (0.300 mmol, 0.1201 g) were dissolved separately in 9 mL 

acetonitrile. The metal salt was slowly added to the ligand mixture and stirred at room temperature for 

5 minutes. AgPF6 (0.6 mmol, 0.0700 g) in distilled water (3 mL) was added to the reaction solution and 

left to reflux for 15h. The ratio of water to acetonitrile in the reaction was 3:1. A reddish precipitate was 

filtered off from the resultant red solution, washed several times with cold ethanol-water and air-dried. 

Yield: 0.1746 g, 89%. Single crystals were grown by slow diffusion of ethanol into a solution of the 

compound dissolved in DMSO. 

Crystal Data for 2di. Au[C23H17N5O2(AgF)]Cl (M = 782.72  g mol–1), monoclinic, space group P-1(no. 

2), a = 8.670(3) Å, b = 11.448(4) Å, c = 13.101(5) Å, α = 105.91(19)°, β = 97.97(2)°, γ = 97.98(2)°, V = 

1216.9(8) Å3, Z = 2, T = 173.15 K, μ(MoKα) = 6.976 mm–1, Dcalc = 2.136 g cm–3, 33227 reflections 

measured (3.290° ≤ 2Θ ≤ 56.890°), 6088 unique reflections (Rint = 0.0829, R = 0.0654) which were 

used in all calculations. The final R1 was 0.0532 (I > 2σ(I)) and wR2 was 0.1381 (all data).  
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2.4.2. N2,N6-Bis(1-methyl-1H-indazol-3-yl),(2H-gold(I)chloride)pyridine-2,6-dicarboxamide 

gold(III) chloride (2dii) 

 

1d (0.3 mmol, 0.1275 g) was dissolved in 9 mL acetonitrile, and KAuCl4 (0.600 mmol, 0.2200 g) 

dissolved in 2 mL distilled water was added to the solution and stirred for 5 minutes. NaBF3 (0.6 mmol, 

0.0658 g) in 1mL distilled water was added to the reaction solution and left to reflux for 15h. The ratio 

of water to acetonitrile was 3:1. A reddish precipitate was filtered off from the red solution, washed 

several times with cold ethanol-water and air-dried. Yield: 0.1601 mg, 81%. Single crystals were grown 

by slow diffusion of tert-butyl alcohol into a solution of the compound dissolved in DMSO. 

Crystal Data for 2dii. AuIII[C23H17N5O2(AuICl)]Cl (M = 737.99 g mol–1), monoclinic, space group P-1 

(no. 2), a = 8.5381(4) Å, b = 11.3000(5) Å, c = 13.1055(6) Å, α = 104.735(2)°, β = 97.970(3)°, γ = 

98.032(3)°, V = 1190.65(10) Å3, Z = 2, T = 153.15 K, μ(MoKα) = 8.542 mm–1, Dcalc = 2.059 g cm–3, 

32956 reflections measured (3.032° ≤ 2Θ ≤ 58.068°), 6312 unique reflections (Rint = 0.0476, R = 

0.0405) which were used in all calculations. The final R1 was 0.0569 (I > 2σ(I)) and wR2 was 0.1394 (all 

data).  

2.5. Conclusion  

All six proposed carboxamide pincer ligands, 1a-1f, were successfully synthesised and fully 

characterised. The crystallographic structures were obtained for structures of 1a-1e, which correlated 

with the proposed structures, and characterisation data from spectroscopy. Three of the proposed 

carboxamide pincers (2d-2f) were metallated with gold(III) to yield the desired complexes.  
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3.  Ligand Synthesis and Characterisation 

The work in this chapter has been reported in a manuscript that was published in the New Journal of 

Chemistry.1 

Pincer molecules have been widely studied across the natural sciences due to their high thermal 

stability2,3 and ability to sterically control the metal centres to which they are bound as tridentate ligands 

in metal chelates.4,5 Some pincer molecules can selectively extract metal ions from the solution, which 

makes them important in separation and detection technologies.6,7 Although pincers are mainly used 

as chelating agents, several of them display additional functionality by complexing anions.8,9 Moreover, 

pincer-type receptors have been studied as potential ion channels in membranes due to their 

cation/anion-binding cores and their ability to form π-stacked arrays.7,10 

Pincer compounds can be asymmetrical or symmetrical. The latter generally have two equivalent “arms” 

which can form an achiral or chiral pocket (depending on their structure). These structural attributes 

play an important role in metal complexes, especially in C2-symmetric catalysts capable of chiral 

induction,11,12 and these pincers are capable of functioning as anion receptors.13 For the most part, the 

core of a pincer molecule is planar. However, the size and orientation of the groups constituting the 

arms will dictate the global conformation as well as the physical and chemical properties of the 

molecule. Consequently, pincer compounds may be designed to function in particular ways. 

Even though many pincer molecules do not have stereogenic centres, flexibility and steric effects 

involving the pincer arms may introduce axial chirality (helicity) in the nominally planar molecule, 

producing atropisomers.11,12 The helicity in pincer molecules arises from the presence of a 2-fold 

rotation axis in the molecule, favouring crystallisation in space groups containing 2-fold and 2-fold screw 

axes.14 These compounds are therefore classified as P if they display right-handed helicity or exhibit a 

negative CD spectrum; the opposite is true for M isomers. Familiar examples of non-pincer atropisomers 

which possess C2 symmetry and such chirality include the bidentate ligand BINAP (2,2′-

bis(diphenylphosphino)-1,1′-binaphthyl)15 and ortho-condensed polycyclic aromatic compounds (i.e., 

helicenes).16,17 

Atropisomers arise due to the constrained rotation about a single bond due to steric strain; the influence 

of the steric strain on rotation allows for the isolation of various conformers.15,18 Notably, atropisomerism 

is a significant phenomenon in medicinal chemistry and plays an important role in pharmaceutical 

design,18–20 the behaviour of several natural products (e.g. Gossypol),21 and the development of 

catalysts capable of asymmetric induction—specifically chirality-inducing ligands (e.g. BINOL and 

BINAP).22 

Bis(carboxamide) pincer molecules are a class of pincer molecules that have two amide groups 

connecting the substituent arms to the pincer core and typically display enhanced stability, which is 

attributable to the presence of the amide bond.23–25 Delocalization of electrons involving the amide 

nitrogen lone pairs and adjacent aromatic rings further enhances the compounds’ stability. 

Bis(carboxamide) pincers have been widely studied as their metal complexes but rarely as individual 
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molecules.26 Their stability at elevated temperatures and under a range of physical and chemical 

conditions,4,5,25,27 coupled with their potential chirality, suggests that metal-free bis(carboxamide) 

pincers might find applications in catalysis,5,28–31 luminescent material,32–35 molecular sensors,36–38 drug-

design,39 ion transport,40,41 and extraction metallurgy.6,42,43 

In this chapter, we report on the synthesis, characterisation, and electronic and physical structures of 

several novel and broadly related bis(carboxamide) pincer compounds with intrinsic C2 symmetry (gas 

and solution phase) as a foundation for exploring their future as C2-symmetry ligands for biological 

catalysis (notably chiral induction) or other applications including pharmacology. 

 Ligand chemistry and synthesis 

The synthesis of all carboxamide pincer ligands in this study (1a-1f) involved the formation of the amide 

bond between a pyridine-2,6-dicarboxylic acid and the selected amines. The amide bond formation 

follows a nucleophilic substitution reaction involving carbonyls, such as esters, acid chlorides, acid 

azides, and acid anhydrides, with an amine.44–46 The direct formation of an amide from an acid and an 

amine typically requires strong heating or an activator.46,47 One common activator is an acid, which 

protonates the oxygen, thereby enhancing the nucleophilicity of the carbonyl carbon and activating the 

reaction. Other activators, such as triphenyl phosphite (TPP), an oxo-acceptor, were utilised in this 

study. In the reaction, TPP behaves according to Scheme 3.1.48–50  

 
Scheme 3.1. Illustration of the activation of a carboxylic acid with triphenyl phosphite and pyridine and subsequently 
its reaction with an amine. TPP is an oxo- and N-acceptor such that it deprotonates the acid, and accepts the 
oxalate together with the pyridine nitrogen, forming an unstable intermediate, which then facilitate the reaction of 
the amine with the carboxylate. 45,50 
 

The synthesis of ligands 1a-f in this study followed a method previously employed by Barnes et al., as 

outlined in (Scheme 3.2). All ligands were synthesised in a one-step route through a one-pot reaction, 

as depicted in (Scheme 3.2).51 Amines of interest were dissolved in pyridine along with pyridine-2,6-

dicarboxylic acid for 40 minutes at 40 °C. Following this, the activator TTP, shown in Scheme 3.1, was 

added dropwise over 10 minutes and the reaction refluxed at 90 ˚C for 4h. The reaction involved the 

amine, carboxylic acid, and the activator TTP in a 2.1:1:2 ratio, respectively, where two amine molecules 

reacted with one molecule of the acid. Excess amine was used to ensure the reaction reached 

completion. Ethanol was introduced to the resulting solution, and the mixture was left to precipitate 
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overnight at room temperature. While all starting materials were soluble in ethanol, the product was not, 

allowing for a clean product without the need for additional purification. The exception was 1f, which 

precipitated directly from the solution. White and cream precipitates were filtered under vacuum and 

washed with cold ethanol. Despite high yields ranging from 94-98%, the products exhibited poor 

solubility attributed to strong intermolecular interactions.  

 

Scheme 3.2. General synthetic scheme of the ligands 1a-f and their structures 
 

Computational studies, specifically Density Functional Theory (DFT) calculations, were implemented to 

gain a deeper understanding and elucidate the characteristics of the compounds. These calculations 

were carried out using Gaussian W09, and input structures were created or modified using GaussView 

6.0.16. Data interpretation was further facilitated using GaussSum 3.0. X-ray crystal structures were 

utilised as input data, while 1f, lacking an X-ray crystal structure, did not undergo computational studies. 

Geometric optimisations and frequency calculations were conducted using the HSEH1PBE method in 

the SDD basis set, and the energy of the orbitals was computed with the TD-SCF/HSEH1PBE method 

in the SDD basis set unless specified otherwise. The results from these computational studies are 

discussed whenever pertinent to the topic at hand.  

Only exemplary spectra are presented in this chapter, while the complete set of spectra can be found 

in the supplementary information provided in a separate document. Mass spectroscopic data is not 

discussed in this chapter; however, the data is available in Chapter 2 and in the supplementary 

information (Section 1.4, Figures S26-S35). 
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 Ligand characterisation 

3.2.1 IR spectroscopy 

The formation of the amide bond was a critical indicator of successful ligand formation, and 

consequently, changes in the NH and C=O bands were the primary characteristics in all spectra. The 

presence of a single N-H stretching peak on ligands 1a-f, which shifted downfield compared to the 

primary amine on the synthons, served as confirmation of amide bond formation. Additionally, the 

appearance of the amide C-N band in the spectrum further confirmed the formation of amide bonds 

(although the C-N is challenging to define as it is in the fingerprint region). According to Table 3.1, all 

significant bands were observed within the expected ranges from the literature,52,53 supporting the 

deduction that compounds 1a-f were successfully synthesised. Importantly, the spectra from 

experimental data were consistent with the calculated data for all ligands, as illustrated in Figure 3.1 

and Figure 3.1 

Table 3.1. Frequency of characteristic IR absorption bands for 1a-1f from the experimental data in cm-1. 
 C=O N-H stretch N-H Bend (In-plane bend) N-H Bend (Out of plane bend) C-N stretch 

1a 1677.07 3282.09 1540.63 745.68 1333.23 

1b 1682.70 3192.12 1592.96 744.92 1368.86 

1c 1677.70 3320.75, 3296.48 1531.13 746.77 1327.97 

1d 1690.98 3309.89 1583.04 731.58 1247.72 

1e 1695.07 3209.41 1510.09 740.69 1242.71 

1f 1675.65 3298.28 1500.65 738.39 1421.55/1382.56 

Since compounds 1a-1f share the same general functional groups, their spectra exhibit considerable 

similarity (Figure 3.1). The values obtained from the calculated data () closely align with the 

experimental data (Table 3.3), with differences potentially arising from variations in the physical 

conditions of the experiments. Notably, the most significant difference was observed in the amide 

nitrogen, which could be attributed to (i) intra- and inter-molecular hydrogen bonding and (ii) 

delocalisation across the O-C-N bond. These factors were challenging to fully consider in the 

calculations. Despite their overall similarity, the pincers exhibit different types of hydrogen bonding, as 

deduced from their crystallographic data, which may contribute to deviations in the calculated data. 

Hydrogen bonding also influences the delocalisation of electrons across the O-C-N bond, leading to 

differences in the frequencies of the amide bonds. 

Table 3.2. Calculated IR frequency for significant absorption bands of 1a-e in cm-1.  
 C=O stretch/ N-H in-plane stretch wagging N-H stretch  N-H out of plane wagging 

symmetric asymmetric symmetric asymmetric symmetric asymmetric 

1a 1706.40 1699.42 3621.51 3613.07 803.84 747.04 

1b 1706.71 1700.65 3599.02 3586.80 819.93 762.09 

1c 1667.76 1654.26 3501.68 3499.79 906.90 896.07 

1d 1717.39 1710.62 3618.89 3605.38 777.05 730.03 

1e 1694.61 1687.54 3378.11 3371.27 805.06 793.38 

1f - - - - - - 
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Figure 3.1. IR spectra of the synthesised carboxamide pincer ligands 1a-1f (left) in comparsion to the calculated 
data (right).  
 

 

Figure 3.2. A comparison of the IR spectra of 1d from the experimental work (blue), and the calculated data (pink)  
 

Table 3.3. The percentage difference between calculated and experimental IR data for 1a 
 C=O stretch N-H stretch N-H out of plane wagging 

Experimental 1677.07 3282.09 745.68 

Calculated 1706.40 3621.51 747.04 

% Difference 1.73 9.83 0.18 

Overall, the introduction of the amide NH spectroscopy peaks confirmed the synthesis of new 

compounds with an amide bond.  
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3.2.2 Nuclear Magnetic Resonance (NMR) spectroscopy 

Following the confirmation of all anticipated peaks, NMR was employed to elucidate the 2D structure of 

1a-1f. 1H, 13C and 2D NMR spectra were primarily used to characterise the pincers. The main 

characteristic of the pincers is the amide proton, which is signalised by a single peak downfield in the 

spectrum, between 9 and 13 ppm, Table 3.4 and Figure 3.3. The chemical shifts of the amide proton 

are highly influenced by the arms of the pincer since they are the only variable in the molecules. 

The pincer arms in 1a–1c comprise different structural isomers of quinoline. There is enhanced 

deshielding of the amide protons due to the proximity of the quinoline nitrogen atoms to the amide 

proton 2–3 atoms away; hence the proton signals are found further downfield in the spectrum in 

comparison to the proton signals in 1e and 1f. Of the three quinolines, 1c has the highest NH chemical 

shift, which is attributed to the proximity of the proton of interest to the adjacent molecule through space. 

The amide proton signal for 1d falls within a similar range for the same reason, although the chemical 

shift is higher due to the presence of the indazole ring. The amide proton in 1d has a higher chemical 

shift than the amide proton in 1e because the benzophenone group on the arms of 1e reduces the 

electron-donating capacity of the entire group when compared to the phenanthroline group in 1f. The 

same principles apply to the chemical shifts of the amide carbons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Ligand Synthesis and Characterisation 

60 

a) 

 
b) 

 
Figure 3.3. Illustration of the proton (a) and carbon (b) NMR spectra for 1a (maroon lines, main spectra). The inset 
figures, in each case, display the variation in the chemical shift of the amide NH protons and the C=O carbons for 
the pincer compounds 1b–1f.  
 

Table 3.4.Chemical shifts for selected atoms in the synthesised carboxamide ligands in ppm 
 Amide NH  Amide C Pyridine H (a) Pyridine H (b) Pyridine C (a) Pyridine C (b) Pyridine C (c) 

1a 11.43 163.46 8.38 8.48 140.39 125.72 148.56 

1b 11.45 162.82 8.33 8.43 140.30 125.66 148.37 

1c 12.36 164.27 8.27 8.59 139.63 125.44 148.70 

1d 11.80 161.85 8.34 8.46 138.24 125.49 148.55 

1e 12.24 161.89 8.04 8.35 139.28 125.12 148.56 

1f 11.61 163.53 8.43 8.53 140.82 126.13 148.98 

 



Chapter 3: Ligand Synthesis and Characterisation 

61 

Given that ligands 1a-1f share the same backbone motif, the signals for these atoms are expected to 

appear within a similar range on the spectrum, typically within ~2 ppm of each other. However, the 

chemical shifts of the protons and carbons of interest are significantly influenced by the type of 

intermolecular interactions present in the compound. Generally, 1a-c should exhibit similar chemical 

shifts, with the main differences likely residing in the aromatic region corresponding to the quinoline 

groups due to differences in the arrangement of atoms. 

In reference to the X-ray data in Section 3.2.5, 1c exhibits intermolecular hydrogen bonding, resulting 

in the amide protons shifting to a chemical shift as compared to 1a and 1b, which do not exhibit 

intramolecular or intermolecular hydrogen bonding. The amine protons in 1c are involved in hydrogen 

bonding, thus there is enhanced deshielding on those specific protons, thus the peaks are further 

downfield. The NH protons in 1e exhibit the same phenomenon as 1b, as the protons are also involved 

in hydrogen (intramolecular) bonding. For 1d, the chemical shift for the NH protons is slightly higher as 

it is involved in intermolecular hydrogen bonding. Overall the peaks for protons not involved in any form 

of hydrogen bonding appear at lower chemical shifts. 

In summary, NMR spectroscopy provided valuable insights into the structures of the synthesised 

carboxamide ligands, and confirmed the successful synthesis of the carboxamide pincer ligands 1a-1f. 

3.2.3 Melting temperatures 

The vast difference in the melting temperature ranges of the isomeric pincers (Table 3.5) is attributed 

to the structural differences in the pincer arms. The presence of the amide bond in the molecules 

facilitated intermolecular and/or intramolecular hydrogen bonding.26 This property influenced the 

solubility and melting temperatures of the compounds. Molecules with intermolecular hydrogen 

bonding, typically, exhibit stronger interactions between the molecules and hence have a higher melting 

point.26,54,55 The synthesised compounds 1a-f demonstrated high dissolution temperatures, particularly 

in solvents with moderate polarity. The polarity of the solvent played a crucial role in the solubility of 

these polar molecules. 

The nitrogen-containing heterocycles on the pincer arms contributed to the polarity of the synthesised 

compounds. Different orientations of these arms in various compounds exposed different groups, 

affecting the overall polarity of the complex. Exposing polar groups in the compound increased their 

polarity, rendering them soluble in polar solvents. Such compounds favoured intermolecular hydrogen 

bonding, leading to interactions between molecules through electrostatic forces, ultimately elevating 

their melting points. While these compounds could dissolve in other polar solvents at elevated 

temperatures, they tended to precipitate out of the solution at temperatures below 10 °C, posing 

challenges for tests at very low temperatures, such as temperature-variable NMR.26 

The reported melting temperatures of the pincers fall within the range of 207 C to 410 C (Table 3.5). 

These high melting temperatures demonstrate the enhanced stability of the compounds, which showed 

no decomposition at elevated temperatures (above 200 C). This presumably reflects strong 

intermolecular interactions, like hydrogen bonding, which requires more energy for melting relative to 

compounds bound by hydrophobic interactions and π-stacking. The extensiveness of π-stacking in 
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compounds, however, significantly affects the strength of the intermolecular interactions; the aromatic 

nature of 1a–1f likely enhances their stability further. 

Figures 3.8, 3.9 and 3.10, illustrate the type of hydrogen bonding in each compound. Pincer 1a has 

the highest melting point as it exhibits intermolecular hydrogen bonding, unlike the other pincers, which 

only exhibit intramolecular hydrogen bonding. The crystallographic data of 1b did not provide enough 

information on the type of intermolecular interactions between the molecules, as methanol co-

crystallised with the compounds. It is, however, assumed that the high melting temperature resulted 

from strong intermolecular interactions in the compound. Pincer 1c, which exhibits intramolecular 

hydrogen bonding, has the lowest melting temperature among the quinoline-based pincers, as the main 

forces of intermolecular interactions in the compound are π-stacking and hydrophobic interactions. 

Pincer 1d is an anomaly to this trend as it has a significantly lower melting temperature than 1c despite 

exhibiting inter-molecular hydrogen bonding. Pincer 1e has the lowest melting point of all the pincers. 

The pincer arms of 1e are flexible and do not allow for close packing, as there is additional distortion, 

which results in the arms losing their planarity. All the other pincers, however, π-stack to different 

degrees. 1f presumably exhibits the most π-stacking because of the three aromatic rings on each pincer 

arm, thus enhancing the interaction between its atoms. 

Table 3.5. Melting temperature of 1a-f, the type of interactions between molecules and their solubilities in different 
solvents. Information on this kind of bonding was extracted from the crystallographic data explained in Section 
3.2.5 
 1a 1b 1c 1d 1e 1f 

Melting Temperature 

range (°C) 

400-410 370-377 308-319 298-305 207-212 270-279 

Hydrogen bonding 

type 

Intermolecular Intermolecular Intramolecolar Intermolecular Intramolecular Intramolecular 

Intermolecular 

interactions 

Dipole-dipole 

attraction 

Dipole-dipole 

attraction 

Hydrophobic Dipole-dipole 

attraction 

Hydrophobic Hydrophobic 

Solvent with the best 

solubility 

DMSO DMSO Chloroform DMSO/ 

Acetonitrile 

Methanol DMSO 

Solubility conditions Very high 

temperatures 

>200 °C 

High 

temperature 

>150 °C 

Room 

temperature 

Slightly high 

temperature 

>50 °C 

Slightly high 

temperature 

>50 °C 

High 

temperature 

>200 °C 

 

3.2.4 UV-Vis Spectroscopy 

UV spectroscopy was used to calculate the molar attenuation coefficient of the ligands according to the 

Beer-Lambert law (Equation 3.1)  

𝐀 = 𝐥𝐨𝐠 (𝐈𝟎𝐈 ) = 𝛆𝐥𝐜         Equation 3.1 

Where  
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 A is absorbance,  

 I0 and I are initial light intensity and intensity of the light transmitted through respectively,  

 ε is molar absorption coefficient,  

 l is path length, and  

 c is concentration of solution. 

Changes in the concentration of the solution result in shifts of the bands of interest, either to the left or 

right, or up and down. Band shifts to longer wavelengths (red-shift) and shifts to shorter wavelengths 

(blue-shift) are termed bathochromic shifts and hypochromic shifts, respectively. Hyperchromism and 

hypochromism refer to changes in the absorption band's peak intensity, respectively.56 

Aromaticity (conjugation) in compounds 1a-1f reduces the energy between HOMO and LUMO, enabling 

the absorption of light measureable by spectrophotometers, which typically measure above 200 nm for 

organic molecules. This is attributed to the availability of π-electrons, allowing for π→π* transitions. 

These transitions occur below 400 nm with ε between 100 and10000 M-1 cm-1 (Table 3.6). An example 

of how this data was calculated is illustrated in Figure 3.4. 

The data was corroborated with the calculated data as illustrated in Figure 3.5a) and b). The 

experimental data showed that the main transitions were π→π* transitions, consistent with expectations 

for these aromatic compounds (Figure 3.5c)). 

Table 3.6. Extinction coefficients at λmax for π→π* transitions in ligands 1a-1f. 
 solvent λmax (nm) 

ε (M-1 cm-1) 
λmax (nm) 
ε (M-1 cm-1) 

λmax (nm) 
ε (M-1 cm-1) 

λmax (nm) 
ε (M-1 cm-1) 

1a DMSO 277 
1.0932 x 104 

309 
9.219 x 103 

323 
1.0513 x 104 

 

1b DMSO 275 
2.3626 x 104 

312 
1.7499 x 104 

324 
1.7699 x 104 

338 
1.5887 x 104 

1c DMSO 326 
8.6031 x 104 

   

1d MeCN 223 
1.8459 x 104 

285 
1.5214 x 104 

 

1e DMSO 330 
7.388 x 103 

   

1f DMSO 269 
7.5016 x 104 

315 
1.5699 x 104 
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a)        b) 

 

c)       d) 

 
Figure 3.4. (a) Experimental and (b) DFT-calculated electronic absorption spectra of 1d in DMSO. The 
absorption maxima are indicated for the experimental spectrum at 199, 222 and 285 nm. The absorption 
envelope for the DFT-calculated spectrum is plotted with a band width of 2200 cm-1 (full width at half maximum 
intensity, FWHM). (c) Absorption spectra at a concentration range between 3 and 38 µM, to calculate the 
extinction coefficients at the λmax in (d) (Beer-Lambert’s Law). 
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Figure 3.5. a) Experimental and b) DFT-calculated electronic absorption spectra of 1d in DMSO. The absorption 
maxima (λmax) are indicated for the experimental spectrum at 199, 223 and 285 nm, The absorption envelope for 
the DFT-calculated spectrum is plotted with full width at half maximum intensity (FWHM) of 3000 cm-1 adjusted by 
-80 nm; c) Molecular orbital involved in the three most intense bands in the DFT-calculated electronic spectrum of 
1d DMSO. The percentage contribution of the electronic transitions to each band is indicated. 
 

 
Figure 3.6. Experimental electronic absorption spectra of 1a-1f in different solvents.  
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The spectra of 1a-c are nearly identical, displaying numerous peaks in the range of 300-380 nm (Figure 

3.6). While the peaks in 1a and 1b are more resolved, there is a hint of bands in a similar range in 1c 

(with a shoulder at 310 nm).  

Based on the characterisation data, it was concluded that the desired products were successfully 

synthesised and subsequently utilised for the synthesis of the metal complexes. 

3.2.5 Xray crystallography 

There are more than 600 carboxamide pincer molecules recorded in the CSD, and none of them is 

being reported in this study, so it is certain that they are novel. It was mentioned in Chapter 2 that the 

2D structure of 1b has been reported, the absence of any records of the pincer in the CSD database 

implies that this X-ray crystal structure has not been studied before.  

Although pincer molecules do not have any stereogenic centres, flexibility and steric effects involving 

the pincer arms may induce axial chirality (helicity) in the nominally planar molecule, producing 

atropisomers.12,11 Helicity ensuing from the presence of a 2-fold rotation axis in the molecule, favors 

crystallisation in space groups containing 2-fold and 2-fold screw axes.14 Familiar examples of non-

pincer molecules which possess C2 symmetry and such chirality include the didentate ligand BINAP 

(2,2′-bis(diphenylphosphino)-1,1′-binaphthyl)15 and ortho-condensed poly-cyclic aromatic compounds 

(i.e., helicenes16,17). 

 

Scheme 3.3. An outline depicting the scenarios, which allow molecules to crystallize in the 65 Sohncke space 
groups, i.e., those containing only symmetry operations of the first kind (rotations, roto translations, translations).56 

Scheme 3.3 outlines how molecules with no stereocenters crystallise in Sohncke space groups. The 

molecules can be rigid, locking them in one conformer, or flexible, which allows them to interchange 
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between conformers. Pincer molecules are usually flexible as rotations are typically feasible about 

specific torsion angles (i.e., there are several internal degrees of freedom). Facile conversion to a mirror 

image conformer is typically allowed if the barrier to rotation of spatially separate groups (i.e., the pincer 

arms) in the molecule is low, as listed in scenario (iv) of Scheme 3.3. This normally requires that 

intramolecular nonbonded interactions remain above a distance threshold limit of ca. 1.5 Å for such 

rotations.57 Scenario (iii) prevails when this threshold cannot be met, and the molecule becomes locked 

in one conformation. Scenario (iii) results in spontaneous resolution and the compound crystallizes in 

only one conformer; the crystal structure then falls under a chiral Sohncke space group, usually P212121. 

This phenomenon is absent in scenario (iv), so the compound crystallizes as a racemate and its crystals 

will belong to an achiral Sohncke space group.57 

3.2.5.1 Ligands crystallographic data 

Crystals suitable for X-ray diffraction were grown for 1a–1e either by slow solvent diffusion or by slow 

evaporation. The diffraction data were collected at low temperature ( 173.15 K) to 2 > 56, even for 

the weakest diffracting samples. The structures refined to impressively low R-factors (typically 2% and 

5–9% better R1 and wR2 values, respectively) using non-spherical atom form factors (NoSpherA58 

implemented in Olex259) from electron density distributions calculated at the r2SCAN60/cc-pVTZ61 level 

of theory (DFT). 

The low-temperature X-ray structures of the five pincer compounds are shown in Figure 3.7, and their 

crystal and structure refinement data is tabulated in Table 3.7. All the compounds studied exhibit 

intrinsic C2 symmetry (or C2v symmetry in the case of 1d) in the gas phase or in solution (DFT 

simulations, vide infra) which hinges on each arm within the pincer having identical dihedral angles 

spanning the amide linker groups. Exact C2 symmetry is mainly feasible for relatively rigid, isolated 

structures. However, the mean conformation of a statistical ensemble of symmetrically substituted 

flexible pincers containing a 2-fold axis of rotation in solution may also display C2 point group symmetry 

if the planar C2v structure is a transition state between inverted C2 symmetry conformers and thus only 

transiently populated. In the crystalline solid state, and to allow for close packing, significant non-bonded 

packing interactions, hydrogen-bonding, and dimer or oligomer formation are likely to induce local 

twisting of the lowest energy C2 symmetry conformer or introduce an additional symmetry element such 

as a centre of inversion. Distortions will clearly destroy any intrinsic C2 symmetry, while the formation 

of dimeric inversion pairs (Ci symmetry) through hydrogen bonding between C2 symmetry monomers, 

would preserve the intrinsic C2 symmetry of each interacting moiety but ensure crystallization in a non-

Sohncke space group. Thus, the expectation is that flexible pincers with intrinsic C2 symmetry will rarely 

crystallize with exact crystallographic C2 symmetry in a Sohncke space group.  

From the X-ray structures of 1a–1e (Figure 3.7), only 1c crystallises as a monomer in the chiral 

Sohncke space group P212121; its conformation is, however, distorted by crystal packing interactions 

and thus lacks precise C2 symmetry (despite this being possible in the gas phase). Although uncommon 

in the literature, pincers based on a pyridine core that crystallize in chiral space groups are known and 

typically exhibit C1 point group symmetry due to deviations from ideal C2 symmetry engendered by 
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crystal packing forces. Three pertinent examples highlighting this general trend are N,N'-bis(2-

methoxyphenyl)pyridine-2,6-dicarboxamide (CSD code CABWUY, space group P212121),62 tetra-n-

butylammonium N,N'-bis(2,3-dimethyl-1H-inden-7-yl)-2,6-pyridinedicarboxamide fluoride (EDIKOS, 

P21),40 and 2,6-dicarbonyl-bis(2'-amino-2''-L-methylalaninebenzanilidyl)pyridine (GICKEY, P1).41 The 

latter pincer compound contains enantiopure pincer arms and possesses helical symmetry, making it 

suitable as a tridentate ligand for chiral induction in catalysis. Of the 250 bis(arylcarboxamide)pyridine 

pincers currently present in the Cambridge Structural Database (CSD),63 only 13 or 5% of the non-

macrocyclic structures crystallize in chiral space groups (P1 and P212121 being the most common). As 

might be expected, the structure of 1c reported here at 173 K is broadly similar to that reported at 294 

K (CSD code NIWNUD, P212121);64 the data quality is, however, superior. 
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Figure 3.7. Selectively labelled views of the X-ray crystal structures of 1a–1e refined with non-spherical atom form 
factors (NoSpherA2 within Olex2). Thermal ellipsoids are rendered at the 50% probability level (C, N, O). 
Hydrogen atom thermal ellipsoids are scaled to have the same equivalent isotropic displacement parameter, U(eq), 
as the attached heavy atom. H-bond distances and angles for 1b: N5H1S, 1.813(8) Å; H1O2S, 2.086(6) Å; 
H3O2S, 2.141(6) Å; H2SO1S, 1.744(9) Å; N5H1S–O1S, 168.3(7); N1–H1O2S, 133.5(5)N3–H3O2S, 
158.8(5)O2S–H2SO1S, 174.4(7). H-bond distances and angles for 1e: H1O3, 1.96(1) Å; H3O4, 1.86(1) 
Å; H22O2, 2.18(1) Å; N1–H1O3, 126(1); N3–H3O4, 137(1); C22–H22O2, 120.6(7). Space groups: P21/c, 
1a; P𝟏̅, 1b; P212121, 1c; P2/c, 1d; P21/n, 1e. Significant nonbonded crystal packing and hydrogen bonding 
interactions break the intrinsic C2 symmetry of 1a, 1b, and 1e, preventing their crystallisation in Sohncke space 
groups. Only 1d has exact C2 symmetry in the crystalline solid state; however, crystallisation as a Ci symmetry 
dimer restricts it to a regular space group. Compound 1c has C1 point group symmetry due to asymmetric packing 
interactions which break its C2 symmetry. Since higher-symmetry oligomer formation is absent, 1c is the only 
compound of the series that crystallises in a chiral space group. 
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Interestingly, pincers 1a and 1d form hydrogen-bonded dimers with Ci symmetry (i.e., inversion pairs) 

in the solid state, with the individual monomers making up each dimer exhibiting near (1a) or exact (1d) 

C2 symmetry (Figure 3.8a). These two structures are therefore achiral. Collectively, and considering 

the symmetry of the monomeric pincer ligands, only one of the five structures crystallized here (1d) 

displays crystallographic C2 symmetry.  

 

Table 3.7. Crystal data and structure refinement for 1a-1e.  
1a 1b 1c 1d 1e 

Empirical formula C25H17N5O2 C27H25N5O4 C25H17N5O2 C23H19N7O2 C33H23N3O4 

Formula weight 419.43 483.52 419.43 425.45 525.54 

Temperature/K 173.15 153 173.15 153.15 153.15 

Crystal system monoclinic triclinic Orthorhombic Monoclinic Monoclinic 

Space group P21/c P-1 P212121 P2/c P21/n 

a/Å 8.7392(4) 7.2743(3) 4.4778(2 10.4220(2)  8.4952(2)  

b/Å 14.6766(8) 11.3528(5) 16.9420(7) 11.8014(3)  18.3345(4) 

c/Å 15.2758(8) 14.9566(5) 25.8329(10) 8.6298(2)  16.2123(3)  

α/° 90 76.6050(10) 90 90 90 

β/° 102.656(2) 78.8710(10) 90 112.0760(10) 90.6890(10) 

γ/° 90 78.901(2) 90 90 90 

Volume/Å3 1911.70(17) 1164.76(8) 1959.76(14) 983.60(4)  2524.97(9)  

Z 4 2 4 2 4 

ρcalcg/cm3 1.457 1.379 1.422 1.437 1.382 

μ/mm-1 0.096 0.095 0.094 0.097 0.092 

F(000) 872 508 872 444 1096.0 

Crystal size/mm3 0.40 × 0.20 × 
0.20 

0.37 × 0.24 × 
0.10 

0.50 × 0.06 × 
0.02 

0.50 × 0.30 × 
0.13 

0.22 x 0.16 
0.14  

Radiation MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

2Θ range for data collection/° 5.526 to 66.466 5.778 to 66.428 5.526 to 66.466 4.218 to 63.288 3.354 to 56.762

Index ranges -13 ≤ h ≤ 13, -22 
≤ k ≤ 22, -23 ≤ l 
≤ 23 

-11 ≤ h ≤ 11, -17 
≤ k ≤ 17, -23 ≤ l 
≤ 22 

 -5 ≤ h ≤ 5, -22 ≤ 
k ≤ 22, -34 ≤ l ≤ 
34 

 -15 ≤ h ≤ 15, -17 
≤ k ≤ 17, -12 ≤ l 
≤ 10 

 -11 ≤ h ≤ 11, -2
≤ k ≤ 24, -21 ≤ l 
≤ 20 

Reflections collected 38057 85712 30791 23433 38759 

Independent reflections 7299 [Rint = 
0.0277,  
Rsigma = 0.0189] 

8894 [Rint = 
0.0459, Rsigma = 
0.0265] 

4830 [Rint = 
0.0305, Rsigma = 
0.0205] 

3319 [Rint = 
0.0293, Rs = 
0.0173]  

6322 [Rin  
0.0562, Rsigma 
0.0479] 

Data/restraints/parameters 7299/0/297 8894/0/343 4830/0/347 3319/0/151 6322/0/361 

Goodness-of-fit on F2 1.017 1.067 1.045 1.052 1.025 

Final R indexes [I>=2σ (I)] R1 = 0.0408, 
wR2 = 0.1152 

R1 = 0.0487, 
wR2 = 0.1225 

R1 = 0.0328, 
wR2 = 

R1 = 0.0429, 
wR2 = 0.1150 

R1 = 0.045
wR2 = 0.0944 

Final R indexes [all data] R1 = 0.0493, 
wR2 = 0.1246 

R1 = 0.0663, 
wR  = 0.1337 

R1 = , wR2 = 
0.0.0816 

R1 = 0.0517, 
wR  = 0.1230 

R1 = 0.080
wR  = 0.1098 

Å 3 5 
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Figure 3.8. a) (a) View of the Ci symmetry hydrogen-bonded dimers formed by monomers of 1a (top; symmetry 
codes x,y,z and 1-x,1-y,1-z) and 1d (bottom, exact C2 point group symmetry; symmetry codes x,y,z and 1-x,y,1/2-
z). The linear chain of dimers (1a) or evenly spaced monomers (1d), where assembly is about centres of inversion 
in the lattice, favours crystallisation in non-Sohncke space groups. Non-polar hydrogen atoms are omitted for 
clarity; atoms involved in hydrogen bonding are rendered as spheres (arbitrary radii). (b) Illustration highlighting 
the nonplanarity of pincer 1c and the dihedral angle (Δ2, 24.4°) between the planes passing through the central 
pyridine ring and the canted quinoline ring appended to the amide group containing carbonyl oxygen O2. Torsion 
angles defining the orientation of the second quinoline ring substituent (1–3) are defined; the equivalent torsion 
angles for the first quinoline ring (right side) are 1–3 (i.e., unprimed). 
 

The key questions are (i) how common are crystalline Ci symmetry dimers formed by 

bis(arylcarboxamide)pyridine pincers in the literature and (ii) how many of these comprise monomers 

with exact C2 symmetry?  

Inspection of the 250 structures available in the CSD for this class of compounds indicates that only 13 

(or 5%) of the compounds comprise C2 symmetry monomers within hydrogen-bonded or p-stacked 

inversion pairs (Ci symmetry dimers). Only one compound, N,N'-bis(2-((4-oxopent-2-en-2-

yl)amino)phenyl)pyridine-2,6-dicarboxamide; CSD code POHNOQ)65 crystallises in the space group 

P2/c (akin to 1d); the remaining 12 compounds crystallize in the related space group C2/c. Salient 

examples with similar structures to 1d include N,N'-bis(4-bromophenyl)pyridine-2,6-dicarboxamide 

(CSD code MEWNEJ),66 N,N'-bis(4-methylphenyl)pyridine-2,6-dicarboxamide (CSD code RABZUQ),67 

and more elaborate helical C2 symmetry derivatives such as N,N'-bis(2-{[(anthracen-9-

yl)methylidene]amino}phenyl)pyridine-2,6-dicarboxamide (CSD code WOMTOK).68 The remaining 

structures in the series (1b, 1e) have reduced molecular symmetry (C1) due to conformational 

distortions engendered by nonbonded crystal packing interactions and/or hydrogen-bonding 

interactions. In the case of 1b, hydrogen-bonding to the solvent methanol molecules significantly 

distorts the conformation from ideal (expected) C2 symmetry (Figure 3.7). For the above reasons, 1a, 

1b, 1d, and 1e, all crystallise in non-Sohncke space groups (the are flexible and belong to Group B (iv) 

in Scheme 3.3), despite their inherent propensity to adopt C2 molecular symmetry in the gas phase 

(DFT simulations, vide infra). 



Chapter 3: Ligand Synthesis and Characterisation 

72 

Clearly, the key conformational signature of structures 1a–1e is that none is planar; the substituent 

arms of the pincers are all canted relative to the mean plane of the pyridine core (Figure 3.8b, Table 

3.8). For 1b, the nonplanarity is particularly marked with the 10-atom mean plane of the quinoline ring 

containing N4 canted by 40.6° relative to the 8-atom mean plane of the central pyridine ring and the two 

carbonyl carbon atoms of the amide substituents. The distortion reflects the formation of a C–H×××N 

hydrogen bond between the quinoline ring’s nitrogen atom (N4) and the para-C–H group of the 

neighboring pincer’s central pyridine ring (Figure 3.8)). Nonbonded crystal packing interactions, which 

include hydrogen bonding to solvent methanol molecules, clearly perturb the conformation of 1b, which 

would otherwise be flat and have exact C2v symmetry (its ideal gas-phase geometry).  

Table 3.8. Selected geometric and conformational data for the low temperature X-ray structures of 1a–1e. Standard 
uncertainties (where relevant) for the least significant digit are given in parentheses. 

parameter 1a 1b 1c 1d 1e 

C=O ave (Å) 1.227(1) 1.223(4) 1.223(3) 1.2282(7) 
1.219(4), 
1.228(1)c 

(CO)–N ave (Å) 1.359(4) 1.356(3) 1.349(1) 1.3516(8) 1.356(5) 

1 ()a 10.6 40.6 9.0 1.6 37.9 

2 ()a 5.6 8.6 24.4 1.6 12.4 

1 ()b 156.63(3) 169.32(5) 174.75(5) 154.67(6) 166.29(9) 

1 ()b 155.95(3) 177.14(5) 167.56(5) 154.67(6) 169.98(9) 

2 ()b 175.34(3) 171.33(5) 173.83(5) 178.50(5) 179.8(1) 

2 ()b 175.89(3) 179.78(4) 178.69(6) 178.50(5) 172.9(1) 

3 ()b 159.67(3) 154.32(5) 177.65(6) 154.54(6) 156.3(1) 

3 ()b 155.44(3) 175.55(5) 164.34(6) 154.54(6) 174.7(1) 
a1 and 2 are dihedral angles between the mean plane of the central pyridine ring and the mean plane of the pincer aryl 
group appended to the amide groups containing O1 and O2, respectively (see Figure 5b). b The three torsion angles spanning 

the amide groups containing carbonyl oxygen atoms O1 and O2 are labelled 1–3 and 1–3, respectively (Figure 5b), and 

are measured by default as their obtuse angles. The torsion angles 3 and 3, for example, gauge the tilts of the aryl 
substituents (“arms”) relative to the pyridine ring core of the pincer. c Mean C–O bond distance for the two non-amide carbonyl 
groups. 
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Figure 3.9. View of a pair of neighboring molecules in the crystal lattice of 1b. The non-classical hydrogen bond 
C22–H22N4 (2.491(7) Å) tips the quinoline ring out of the mean plane encompassing the central pyridine ring of 
the pincer, with the dihedral angle C19–N1–C2–C1 measuring 162.87(5). The dihedral angle for the second 
quinoline group (C25–N3–C11–C10, 176.31(5)) is almost coplanar with the amide group and central pyridine ring. 
 

For 1a and 1d, the nonplanarity observed in the crystalline solid state reflects (i) the conformational 

adjustment made by each monomer to establish a Ci symmetry dimer (inversion pair) and (ii) canting of 

the resultant closely juxtaposed isoquinoline or indazole rings to avert a significant intramolecular steric 

clash (Table 3.8). For 1c, the intramolecular steric repulsion between what would amount to being 

substantially overlapped quinoline rings in a planar conformation is acute, such that only a nonplanar 

conformer is feasible. However, from Figure 3.8 and Table 3.8, the two quinoline rings are not canted 

equally relative to the plane of the central pyridine ring of the pincer, thereby obviating exact C2 point 

group symmetry for the molecule. The conformational perturbation evident for 1c mainly reflects 

sandwiching of the N4 quinoline ring between a pair of neighboring molecules by C–H----π hydrogen 

bond formation (Figure 3.11).  
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Figure 3.10. Space filling views of the hydrogen-bonded Ci symmetry dimer of structure 1a. The diagram at the left 
is a view from above the dimer perpendicular to the plane of the pincer’s central pyridine ring, while the diagram at 
the right is the same view rotated counterclockwise through 90 to highlight the out-of-plane arrangement of the 
two isoquinoline rings. The conformation of each monomer in the crystalline solid state is markedly different from 
the lowest-energy conformer in the gas phase (DFT simulation), which highlights the impact of crystal packing and 
dimer formation on the observed conformation. 
 

 
Figure 3.11. View depicting the short nonbonded interactions (blue stippled bonds) between the lower quinoline 
ring of 1c and neighboring molecule heteroaromatic rings (contact distances are given in Å). The highlighted 
contacts constitute C–H type hydrogen bonding interactions which planarise the amide group (N1) and quinoline 
substituent by neatly sandwiching the substituent group. The quinoline ring appended to the second amide nitrogen 
atom (N5) lacks short contacts involving its aryl ring carbon atoms and thus has a more canted dihedral angle 
relative to the plane of the central pyridine ring of the pincer. 
 

As summarised in Table 3.8 the structures of 1a–1e are all similar in terms of the geometry of their 

amide groups with the average C=O and (CO)–N bond distances falling tightly in the ranges 1.22–1.23 

Å and 1.35–1.36 Å, respectively, which are typical for metal-free amides.69 This observation is 

consistent with negligible perturbation of the electron delocalisation over the amide groups, irrespective 

of the nature of the appended aryl rings or the conformational distortion induced by crystal packing. The 

latter effect on the amide groups can be seen in the parameter Φ2 (or Φ2’), which deviates by ~9° at 

most from the ideal torsion angle of 180° in the case of 1b. From Figure 3.12, the three torsion angles 

for 1a–1e listed in Table 3.8, all fall within two standard deviations of the mean (180°) in each case and 
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display the same pattern of variance with Φ1 and Φ3 evidently more flexible and prone to out-of-plane 

distortions than the central torsion angle of the amide group itself (Φ2). In the case of structures such 

as 1c, and as noted above, intramolecular steric strain (repulsion between quinoline rings) is the main 

driving force for the observed nonplanar conformation especially since 1c exhibits few other short 

nonbonded contacts in the crystal lattice.  

 

 
Figure 3.12. Histograms displaying the distribution of the torsion angles 1–3 from an analysis of all available X-
ray structures with the same functional group components as 1c in the CSD. For 2 and 3 there are < 6 structures 
in each case with the torsion angle < 90 in contrast to 1 which, though still rare (0.37% of 3815 structures), has 
slightly more conformers with inwardly flipped amide C=O groups. 
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Figure 3.13. a) Potential energy surface (3D) for 1c calculated by rotations of 1 and 1 (see Figure 3.7 and Figure 
3.12) in the gas phase using the semi-empirical method PM6. The surface has 2-fold symmetry. b) The lowest 
energy barrier to rotation of 1 (23.11 kJ/mol) occurs at 1; 1 = 0; 180 (contour map). The pathway involves the 
flipping of one amide C=O group while the other substituent maintains coplanarity with the central pyridine ring. 
The location of the X-ray structure of 1c is indicated and the global minimum occurs at 1; 1 = 160; 160 (mirrored 
at 160; 160). 
 

The fundamental question is what happens to the conformation of each compound upon dissolution 

and solvation? Dissociation of any oligomers or dimers and the formation of a statistical ensemble of 

lowest-energy conformers dependent on the temperature and physical properties of the solvent would 

be expected. And only the most rigid conformers (those “locked in” by high steric energy barriers to 

inversion such as 1c) might retain solution conformations like those observed in their crystal structures. 

Conformational studies on these compounds were do to  attempt to delineate the solution behavior of 

1a–1f to shed further light on key aspects of the conformational dynamics of this class of pincers.  

 Conformational analysis 

3.3.1 X-ray crystallography and PM6 simulations 

Single crystal X-ray data provides key atomic-resolution insights on the stereochemistry and 

conformation of each pincer in the crystalline phase. Our structural study reveals that the ostensibly 

planar pincers in fact have notably different conformations and that lattice packing effects may confer 

chirality on a pincer with appropriately sized and shaped substituents.40,41,70 This is supported by our 

analysis of the spread in the torsion angles of this class of pincers in the CSD (Figure 3.12) which 

reveals that distortions up to 30 from planarity are experimentally observed. 

As mentioned earlier, 1c crystallised in a chiral space group, indicating chirality in the pincer compound. 

Upon further analysis, it was concluded that all compounds exhibit axial chirality due to the presence of 

a crystallographic 2-fold screw axis or molecular C2 axis passing through the molecules and should thus 

exist as atropisomers (Figure 3.7). The atropisomer enantiomer which crystallises in the case of 1c 

exhibited left-handed helicity and can be assigned as the M (minus) stereoisomer. The M-helicity 

assignment was unambiguously confirmed by the negative CD bands71 appearing in the CD spectra of 

solid 1c (Figure 3.15). 
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The conformational energy landscape of 1c was calculated by semi-empirical quantum mechanics (gas 

phase, Figure 3.13) and provides the appropriate 2-D and 3-D energy mapping to reveal that the X-ray 

structure is very close to the global minimum (a mildly nonplanar structure with 1 = 1  180 – 30 = 

150), despite being potentially subject to crystal packing effects. Interestingly, the calculated minimum 

energy conformation is not perfectly flat for 1c. Steric repulsion between the quinoline rings is clearly 

relieved by the compound adopting a nonplanar conformation with its quinoline rings tipped out-of-

plane. The energy perturbation required to tip the quinoline rings out-of-plane is, furthermore, 

surprisingly small. Specifically, only 5.0 kJ/mol is required to drive the torsion angle 1 for the quinoline 

ring from 180 to the perpendicular orientation at 90 relative to the central pyridine ring. This suggests 

(within the limitations of the computational method) that this class of pincer compounds is 

conformationally considerably more pliant than might be expected at first glance. 

Although all the crystallised pincers may populate two main atropisomer conformers, 1c was the only 

pincer that crystallised in a chiral Sohncke space group. Compound 1c thus fits criterion (iii) in Scheme 

3.3, and the remaining pincers fit criterion (iv). These pincers have flexible arms, which enables them 

to change their conformations through internal degrees of freedom. The barrier governing 

enantiomerisation determines whether the conformers can interconvert, and therefore directs the 

crystallisation of the pincers into chiral (enantiomorphic) or nonchiral (centrosymmetric) Sohncke space 

groups. It is likely that 1c becomes locked in one conformer because the distance between its two arms 

is small, culminating in a substantial barrier of enantiomerisation. The remaining pincers crystallised as 

racemates as their barriers of enantiomerisation are presumably and by comparison, relatively low. 

Racemisation and isomerisation of the present group of pincer compounds is seemingly required to 

achieve efficient close packing in the crystalline solid state. The principles governing efficient close 

packing in crystals72–74 evidently play a key role in determining the Sohncke space group into which 

compounds 1a–1e crystallise. All the current pincer compounds (except 1c) racemise during 

crystallization. However, as shown by our analysis of the bulk solids (vide infra), racemization is not 

quantitative and an enantiomeric excess of the P-type atropisomer (right-handed helicity) results in 

measurable negative intensity CD spectra to a lesser or greater degree (Figure 3.14). 

In addition to the “endo” 2-fold screw axis, and unlike the other pincers, the structure of 1e has a further 

two “exo” screw axes involving each of its substituent arms because of the flexibility of the 

benzophenone groups. Compound 1e thus has a total of three 2-fold screw (helical) axes, as depicted 

for the two most-easily visualized axes in Figure 3.14. Despite having several 2-fold screw axes, the 

overall conformation of 1e is determined by its endo 2-fold screw axis (i.e., its primary helical axis), 

which is a counterclockwise screw (right-handed helicity), thereby assigning the compound’s 

stereoisomer as a P-type enantiomer. Although the flexible pincer arms of 1e fit into scenario (iv) of 

Scheme 3.3, their exact conformation is influenced by packing interactions with neighbouring 

molecules, rendering them inflexible in the crystalline solid state and locked in one conformation. 
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Figure 3.14. Illustration of the different helicity found at two 2-fold screw axes for crystalline 1e. The central 
(intramolecular or “endo”) axis reflects a P-helical conformation (right-handed helicity). Left-handed helicity, i.e., an 
M-helical conformation, involves the 2-fold screw axis located “exo” to the pincer cavity. 
 

3.3.2 Circular Dichroism (CD) Spectroscopy 

It was expected that the compounds 1a-1f are planar (flat), but X-ray crystallographic data proved 

otherwise. These compounds exhibit chirality (atropisomerism) as previously stated in Section 3.3.1. 

In this study, CD spectroscopy was used to investigate the chirality of the carboxamide pincer molecules 

(1a-1f), for both solid samples and in solution.  

Chiral molecules have the ability to absorb circularly polarised light of a certain wavelength traversing 

through an isotropic medium, which reduces the intensity of the light emerging from the medium. 

Depending on their chirality, chiral molecules absorb Right Circularly Polarised Light (R-CPL) and Left 

Circularly polarised light (L-CPL). Circular dichroism spectroscopy is the difference in absorption of right 

and left circularly polarised light by chiral chromophores (chiral molecules containing light absorbing 

groups).53,75 

According to the light they absorb, the CD for chiral molecules can be either positive (L-CPL is absorbed 

to a greater extent as compared to R-CPL) or negative (RCP is absorbed to a greater extent as 

compared to LCP light). In compounds which exhibit atropisomerism or helicity, M or left-handed 

isomers yield positive CD, and P or right-handed isomers yield negative CD.76,77 Some compounds 

have both.78–80 

As explained earlier, molecules with a C2-symmetry, but without a stereogenic centre can exhibit axial 

chirality if there is a restriction of rotation about the axial axis,18 which is the case with the synthesised 

pincer ligands in this study. This means that these compounds absorb circularly polarised light, making 

CD spectroscopy an ideal technique to measure the polarity or chirality of the compounds 1a-1f. 

From the crystallographic data in Section 3.2.5, only 1c crystallized in a chiral Sohnke space group as 

an enantiomerically pure conformer, although individual molecules for all compounds possessed a 
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rotational axis, conferring the molecules with chirality, (helicity). As explained earlier, to aid in close 

packing the molecules would rotate between their atropisomers, contingent on the energy of the 

isomerisation barrier. 

The main questions to be answered with these conformational studies were, (i) Do the solvents used 

affect the chirality of 1a-1f, and (ii) Do the molecules exist as a racemate in nature, and if not, which 

one is dominant and to what degree? 

Solid and Liquid CD was measured for all compounds to investigate the dissolution of the compounds 

in a solvent that alters the ratio of the two atropisomers in the compound. The FDCD, FDLD and HT 

data (for solids) and CD, DC and absorbance data (in solution), were measured for each sample in 

triplicate on a Jasco J1500, with PM-539 and PML-534 detectors, between 200-600 nm, at a scan 

speed of 100 nm/min, data pitch 0.2 nm, and a bandwidth of 1.00 nm at 25˚C. The CD spectra for 1a-

1f are shown in Figure 3.15.  

Experimental solid-state and solution CD spectroscopic studies of 1a–1f (Figure 3.15) show that all 

pincers studied exhibited chirality as evidenced by their negative intensity CD spectral peaks. The CD 

data confirm the presence of an excess population of the M-helicity atropisomer in each sample. For 

1c, this obviously correlates with its X-ray structure and culminates in a strong bulk solid state CD 

spectrum (Figure 3.15a). For the remaining compounds, even if racemization has occurred, a slight 

excess of the M-helicity atropisomer can account for the CD spectra of the bulk solid. The present solid-

state CD spectroscopic analysis shows that the M-type atropisomer is the natural state for the pincers 

and that the CD signals are not spurious. The negative intensity CD spectra were, furthermore, 

corroborated by TD-DFT simulations in different solvents (Figure 3.16b) and using a single point 

calculation on the X-ray structure of 1c.  

a)                                                                                  b) 

 

Figure 3.15. CD spectroscopy spectra for (a) compounds 1a-1f in powder form (crystals of 1e were crushed into a 
powder, and the spectra was the same with the powder) (b) in solution, (1a-1b and 1f dissolved in 2-
methoxyethanol, 1c dissolved in Chloroform, 1e dissolved in THF). Resultant spectra were cleaned up using the 
Savitzky–Golay filter in Origin 2019b by 250 pts in (a) and 50 pts in (b).  
 

 



Chapter 3: Ligand Synthesis and Characterisation 

80 

a)        b) 

 
Figure 3.16. a) Experimental and DFT-calculated (insert) CD spectra of C2 symmetry 1c in chloroform. (b)The CD 
for the DFT-calculated spectrum is plotted with full width at half maximum intensity (FWHM) of 3000 cm-1. 
  

The electronic structures of the ligands 1a–1f were measuredsed to better understand the electronic 

structure of the compounds and their CD spectra. The UV-vis absorption spectra of the ligands can be 

found in the supplementary information (Section S1.3, Figures S19-S23). The predicted absorption 

maxima and the major contributors to each transition are given in Section S1.3, Table S1 in the 

supplementary information. Figure 3.16 showcases the experimental and predicted UV-vis spectra of 

1c, as well as the orbitals and transitions responsible for the major peaks. 

Two absorption bands at 310 nm (𝜀 = 7.4  104 M1 cm1) and 326 nm (𝜀 = 8.6  104 M1 cm1) were 

observed in chloroform, which correlates with data found in the literature.70 Only two peaks (one clear 

peak and a slight shoulder) were detected when the spectra were recorded in chloroform, as these were 

the only peaks within the instrument’s spectral range. The transitions in chloroform were assigned 

according to the TD-DFT calculations at the CAM-B3LYP/def2-tzvp level of theory. The DFT-calculated 

electronic spectrum of 1c in chloroform is shown in the inset of Figure 3.16a; the broad band centred 

at 300 nm matches the experimental band well (to within about 25 nm). 

Although our experimental CD data showed that the ligands 1a–1f generally exist in nature and in 

solution as an excess population of one chiral atropisomer (the M-helicity enantiomer), our DFT 

simulations on 1c predictably indicated that the two enantiomers have the same energy, confirming that 

the two stereoisomers are equally stable and that racemization (if feasible via a suitable internal reaction 

coordinate pathway and unrestricted by the molecule’s environment) might be observed. 

The purpose of this study was to establish if ligands 1a-f existed as racemates under physiological 

conditions, and if not, which atropisomer was predominant. Due to their difference in structures, there 

were different degrees of inhibition of rotation around the axial axis and hence 1c molecules crystallised 

in chiral space groups while the rest crystallised in achiral space groups. This phenomenon was mainly 

attributed to close packing in crystal structures. Liquid and solid CD proved that these compounds 

predominantly exist in one atropisomer. Because they have a certain level of freedom of rotation, some 

molecules could rotate to enable close fitting in the crystal cell. From the results of this study, it was 
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concluded that these compounds only exist as racemates in their crystal form, under the right 

conditions, but not in nature. 

3.3.3 NMR  

3.3.3.1 Temperature variable NMR 

Due to the poor solubility of the synthesised compounds, 1d was selected for variable temperature 

NMR analysis as a representative member of the compound group 1a–1f. Pincer 1d (5.2 mg) was 

dissolved in DMF-d7. NMR spectra were recorded at 10 K intervals from 223–363 K to gather 

spectroscopic evidence for dynamic conformational changes in the system. In the case of compound 

1d, the existence of atropisomers separated by a relatively large energy barrier can, in principle, enable 

full or partial chiral resolution of the enantiomers, with the compound becoming largely trapped in one 

conformer by virtue of intermolecular interactions or another imposed extraneous physical constraint. 

From Figure 3.17, it is evident that as the temperature increases from 323 to 343 K, changes in the 

signal multiplicities for the aromatic protons of 1d occur along with noticeable line broadening. While 

the spectral behaviour is not fully commensurate with a typical slow-to-fast exchange equilibrium 

process for amide rotamers wherein a properly coalesced signal or set of signals is seen between the 

exchange limits, the data for 1d at 333 K (broadened, partly coalesced signals) are not fully inconsistent 

with such a scenario either. Evidently, the temperature-increase within the upper bound of the range 

studied here allows 1d to cross one or more barriers, one of which might be the barrier for 

interconversion between its two symmetry-distinct atropisomers. 

To transition between the two atropisomers, molecules of 1d must pass through a planar geometry 

where Δ2 (mentioned in Figure 3.8 (b) for the related derivative 1c) is exactly 0). This rotamer would 

clearly allow for close interaction between the aromatic protons on the two indazole rings of the pincer 

arms, thereby perturbing the effective local magnetic field for the aromatic protons. Analysis of the likely 

transition state for compound 1c from the PES of Figure 3.13 suggests that one of the two torsion 

angles (say 1) will pass through an angle of 0 while the other stays fixed at 180. If pincer 1d behaves 

similarly and has a similar PES to 1c, then the transition state structure would favour perturbation of the 

aromatic proton resonances (notably, the multiplicities and linewidths of the indazole ring protons). The 

gas phase barrier calculated for 1c is 22 kJ/mol. However, a more thorough ab initio calculation of the 

PES for 1d with inclusion of the solvent would be needed to properly account for the dynamic NMR for 

this system, a study beyond the scope of the present report. 

Regarding the amide protons of 1d, Figure 3.17 indicates that the NH signal broadens (due to 

enhanced exchange) and exhibits an upfield shift (due to loss of deshielding by an H-bond acceptor). 

This is consistent with dissociation of H-bonded DMF solvent from 1d as a function of increasing 

temperature. The amide NH chemical shift thus correlates linearly (R2 = 0.996) with temperature in the 

region studied (Figure 3.17 (b)). 
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Figure 3.17. a) Illustration of the temperature-dependent changes in the 1H NMR spectrum for 1d between 303 K 
and 363 K in deuterated DMF. The inset figure showcases the changes in signal multiplicity (d = doublet, t = triplet 
and q = quartet) seen for the aromatic protons of compound 1d. (b) Plot of the amide proton chemical shift as a 
function of temperature. 
 

3.3.3.2 Variable concentration NMR study 

To evaluate how hydrogen bonding is affected by an increase in concentration, the 1H NMR spectrum 

of 1d was analysed at different concentrations (3.5 – 157 nM) in DMSO-d6. Self-association by hydrogen 

bonding with increasing [1d] shifts the singlet NH signal downfield with no detectible change in signal 
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multiplicity. The NMR data clearly reflect formation of H-bonded dimers and oligomers akin to the 

extended X-ray structure of 1d shown in Figure 3.8. Specifically, the pyridine and indazole protons do 

not show discernible chemical shift changes with increasing [1d] because their magnetic environment(s) 

remain relatively unchanged. This observation reflects the rather open arrangement (as opposed to a 

ring-stacked structure) for the H-bonded species seen in the X-ray structure of the compound, and such 

an arrangement is apparently also favoured in solution. From Figure 3.18 (b), the nonlinear 

concentration dependence of the NH proton resonance, while subtle, follows a simple polynomial 

relationship that is commensurate with weak dimer or oligomer formation.81,82 The relevant solution 

equilibrium is depicted by Equation 3.2 below.81,82 

2 A  ⇌  A2         Equation 3.2 
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Figure 3.18. (a) Selected NMR scans of the amide proton for 1d as a function of total concentration in DMSO at 
25°C. (b) ) Simple polynomial fit of the concentration dependence of the amide proton chemical shift. From the 
nonlinearity of the graph, 1d likely undergoes weak dimerization in DMSO in accord with the equilibrium depicted 
in Equation 3.2. 
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 Summary and conclusion 

In addition to the described characterisation, HRMS was also used and the spectra for all compounds 

are illustrated in the supplementary information (Section S1.4, Figures S26-S31). The compounds in 

this study were fully characterised, and the data was fully corroborated with calculated data.  

A group of related tridentate bis(carboxamide) pincer ligands was investigated. All are C2-symmetric 

chiral compounds, and all have the potential to populate a specific enantiomer under certain conditions 

(e.g., limited atropisomerism). Of the five compounds crystallographically characterized here, only the 

bis(isoquinoline) derivative 1c crystallised in a chiral Sohncke space group. The steric bulk and 

intramolecular juxtaposition of the peripheral isoquinoline rings in this system evidently lock in a single, 

chiral atropisomer in the crystalline solid state. The intrinsic chirality, coupled with the observed stability 

and flexibility of this group of C2-symmetric ligands suggests they might find utility, upon coordination 

with suitable metal ions, as catalysts suitable for chiral induction in asymmetric synthesis. 
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4. Gold(III) Complexes Synthesis and Characterisation  

Pincer-ligated metal complexes were first reported in 1976 by Moulton and Shaw, marking a significant 

development in,1,2 material science, and medicinal chemistry.3 Since gold(III) complexes are relatively 

scarce due to their high reduction potential, they typically require strong sigma-donor ligands for 

enhanced stability.4 Pincer ligands, especially those with monoanionic coordinating atoms or strong σ-

donors, have emerged as key stabilisers for gold(III) metal ions.5,6  

While carboxamide NNN pincer-type complexes have been reported, gold(III) complexes within this 

category remain relatively rare.7 Among them, cyclometallated complexes, where the gold ion is bound 

to one or more carbon atoms, are more prevalent.2,7,8 Despite advancements in the study of Au(III) 

complexes, further research is needed, particularly on pincer complexes, considering their stability and 

reactivity. The limited availability of these molecules in existing libraries underscores the potential for 

deeper exploration and understanding. 

 Gold(III) complexes chemistry 

The synthetic methods employed in this study were carefully selected, taking into account various 

factors, which will be thoroughly discussed in this chapter. Different spectroscopic techniques were 

utilised to characterise the synthesised compounds, with individual discussions on each method. 

The synthesis of the complexes 2d-f involved a direct reaction between the ligand and a gold(III) salt. 

Attempts were made to synthesise 2a-c, resulting in different products, which are not discussed in detail 

in this study. Before the successful synthesis of 2d, two other unexpected products were obtained, 

contributing to a better understanding of these complexes and the various factors affecting the reaction. 

Given the nature of the ligands in this study, their reaction with gold(III) metalions were influenced by 

factors such as type of reactants, catalyst, energy, solubility, and concentration, leading to the formation 

of kinetic or thermodynamic products.9–11  

As discussed in Chapter 1, gold(III) can be stabilised by strong σ-donor atoms or monoanionic atoms. 

Gold(III) also has a partial preference for neutral and ionic nitrogen atoms as well as ionic oxygen atoms. 

During a metalation reaction, the gold(III) metal ion will preferably coordinate with the ligand through 

these specified atoms. This aspect made it challenging to obtain the desired product in this study, as 

nitrogen atoms on the pincer arms were more easily accessible than the desired nitrogen atoms.  

To achieve the desired product during the metalation of the ligands, the amides had to be 

deprotonated.7 Typically, this process would require a mild base, as strong bases could reduce the 

gold(III), and weak bases might not be sufficiently strong.7 The choice of base would depend on the 

structure of the pincer, including the groups within the molecules and their proximity to the proton to be 

deprotonated. Strong electron-withdrawing groups close to the proton to be deprotonated weaken the 

N-H bond, making it easily deprotonated with a weak or no base. Conversely, weak electron-

withdrawing groups may require strong bases.12–14  
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The conditions for the metalation reaction depend primarily on the nature of the ligand, considering 

factors such as the ease of deprotonation and the negative charge on the reacting atoms (anionic or 

neutral nature and electronegativity). In some cases, it is necessary to dechlorinate the gold(III) ion by 

replacing the chloride (Clˉ) with water molecules or other readily replaceable molecules/atoms to 

enhance its reactivity toward the pincer ligands. For reactions involving gold salts, silver phosphorous 

hexafluoride is often used to dechlorinate the gold salt to replace the Clˉ with the weakly coordinating 

hexafluorophosphate anion, especially in dry conditions.15 Reactions with highly reactive ligands that 

are not sensitive to water can be performed in water, where the Clˉ ions are easily displaced by water 

molecules due to the higher concentration of water. 

Apart from the nature of the reactants, solubility plays a crucial role in determining the availability of 

reacting groups and this affected the reactivity of ligands in this study, which lead to side reactions, 

especially since alternative reactive groups were present. The desired product could be obtained if the 

reactive groups were on the surface of the molecules and the product was soluble in the reaction 

solution. In such cases, the product formed dissolved, exposing more of the reactive group, and 

facilitating the completion of the reaction. 

Solvents had a significant impact on the reaction rate by either dissolving reagents, participating as a 

reagent, or acting as a catalyst that differentially stabilised the ground and transition states. Therefore, 

selecting the appropriate solvent was essential. 

Since only certain solvents could be used, heating increased the soluble of the ligands,16 and in addition 

to improving solubility, the heat facilitated the endothermic reaction. The temperature was optimised 

such that the reagents did not decompose, but could still dissolve. 

 Gold(III) complexes synthesis 

In this study, the six pincer ligands 1a-1f were to be used as precursors to the synthesis of gold(III) 

pincer complexes. Various methods were applied for all complexes, sometimes yielding different 

products than expected. Despite the diversity in methods, all reactions involved the direct metalation of 

the pincers in one-pot reactions. 

The gold(III) complexes 2d-2f (Scheme 4.1) were synthesised by reacting the appropriate ligands, with 

the gold salt, potassium tetrachloroaurate (KAuCl4), in a solution of water and acetonitrile in a 1:3 ratio 

under reflux for 8-15 h. Due to the structure of the pincer ligands, the amide was easily deprotonated 

with water acting as a weak base. Since the reaction occurred in excess water, the tetrachloroaurate 

was readily solvated (displacing the four Clˉs coordinated to gold(III) with H2O molecules), forming HCl 

in solution with the protons from the amide. Typically, a red solution was observed, and after cooling 

down and evaporating the acetonitrile from the solution, a red or orange crystalline powder was filtered 

off, washed with 10% cold ethanol-water and dried under vacuum. As the resultant products were 

neutral, there were no counter ions.  
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The high temperature during reflux was sufficient to dissolve all reagents, and thus solubility did not 

affect the reaction. Compounds 2d-2f were the thermodynamic products of this reaction, and they are 

all stable under high temperatures, air, and light. 

 
Scheme 4.1. General synthetic scheme of the complexes 2d-f and their structures. 

 Complex Characterisation 

4.3.1 IR Spectroscopy 

In the synthesis of the metal complexes, the deprotonation of the amide N-H occurs as gold(III) exhibits 

a preference for binding to the ionic amide N, known for its stronger δ-donor properties compared to 

the neutral amide N. This deprotonation process leads to the disappearance of the NH bands, serving 

as a definitive indicator of the successful complexation of the ligands with the gold(III) metal. Chelation 

of the gold(III) ion by the ligands results in a reduction of electron density on the amide N, rendering its 

lone pair of electrons less readily available. Consequently, electron density on the C=O bond is 

diminished, causing a shift in the C=O peak in the up-field direction. The vanishing NH bands and the 

shift in the C=O bands collectively constitute the primary features observed in the spectra of the metal 

complexes. The alterations in the spectra of 2d, when compared to 1d, are visually represented in 

Figure 4.1.  
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Figure 4.1. An illustration of change in the IR spectra of 1d upon metalation with gold(III) (left), and the 
comparison between the experimental and calculated IR spectra of 2d (right). 
 

The recorded significant bands from both experimental and calculated data for the metal complexes at 

selected wavenumbers are presented in Table 4.1. Table 4.2 outlines that all values fall within the 

anticipated ranges from literature,17,18 with marginal percentage differences from the calculated data. 

This concurrence led to the deduction that the complexes 2d, 2e and 2f were successfully synthesised. 

The observation of the anticipated changes in the bands, coupled with robust corroboration with the 

calculated data, further supports this conclusion. 

Table 4.1. Wavenumbers for significant experimental and calculated IR absorption bands for the synthesised 
gold(III) complexes 2d-2f. 

 

Experimental Calculated 

C=O C-N stretch 
C=O stretch 

symmetric asymmetric 

2d 1677.07 1333.23 1662.43 1669.92 
2e 1682.70 1368.86 1677.68 1703.64 
2f 1671.78 1390.56 - - 

Table 4.2. The percentage difference between calculated and experimental IR data for 2d 
 C=O  stretch 

Experimental 1677.07 

Calculated 1662.43 

% Difference 0.0088 

Data obtained from the IR experiments revealed that crucial bands (C=O, 1680-1630 cm-1) were 

effectively accounted for and fell within the anticipated range. While this method may not be deemed 

conclusive for compound characterisation, it played a vital role in assigning new bands and discerning 

the shift or disappearance of original bands, all aligning with expectations (Figure 4.1). Confidence in 

the successful synthesis of the compounds was bolstered by the comprehensive disappearance of NH 

bands, indicative of complete metalation in the reported metal complexes. Theoretical calculations on 

these compounds exhibited a strong correlation with the experimental data, with a percentage 

difference of less than 2%, further elevating our level of confidence. 
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4.3.2 NMR Spectroscopy 

Upon complexation, the deprotonation of amide nitrogens resulted in the disappearance of the singlet 

peak corresponding to the NH proton (e) in the 1H NMR spectrum. Simultaneously, the amide carbonyl 

C (d) exhibited a further downfield shift in the 13C NMR spectrum (Figure 4.2, Table 4.3). 

 

 

a) 

 
b) 

 
Figure 4.2. An illustration of the changes in the 1H (a) and 13C (b) NMR spectra in DMSO upon chelation of 
1d with gold(III) to yield 2d. 
 

Table 4.3. Chemical shifts in ppm for selected atoms in the synthesised gold(III) complexes 2a-2f. 
 Amide C Pyridine H (a) Pyridine H (b) Pyridine C (a) Pyridine C (b) Pyridine C (c) 

2d 170.36 8.75 8.29 147.20 129.25 144.93 
2e 169.24 8.62 8.30 143.23 127.42 143.66 
2f 170.65 8.93 8.52 144.83 128.12 144.91 
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Similarly, since compounds 2d-2f share the same backbone motif, the signals for these atoms appear 

within the same range on the spectrum, approximately 4 ppm of each other. The changes observed 

after complexation with the metal followed a similar trend (Table 4.3). The discussion will focus on the 

detailed trends observed in 2d, as the same trends were observed in all the complexes. 

The indazole protons h, i, j and k were not significantly affected by the complexation of 1d. This lack of 

significant impact can be attributed to the indazole ring not actively participating in coordination with the 

gold metal centre. As these protons are situated on the benzene ring of the indazole, they are positioned 

sufficiently far away from the metalation site to be significantly influenced by the complexation process. 

This observation is consistent with the findings in 2e and 2f, where there was no significant change 

observed in the chemical shifts of the atoms on the pincer arms. 

On the other hand, the pyridine protons a and b underwent notable changes. This can be attributed to 

the nature of the pyridine ring and its resonance structures (Scheme 4.2. During transitions between 

resonance structures, electrons are withdrawn either from the ortho- or para-positions, centralising the 

positive charge on these specific positions. The pyridine nitrogen, functioning as an L-type ligand, binds 

to the gold metal through dative bonding. This leads to a shift in the electron cloud from the nitrogen 

towards the metal centre. Consequently, the electron density around the nitrogen is reduced, causing 

it to draw electrons from the ortho-C. In turn, this influences the electron cloud around the para-position. 

The result is a downfield shift of the signal for proton a upon complexation, indicating reduced electron 

density on this carbon and proton (deshielding). Simultaneously, during this process, the electron 

density on the meta-position slightly increases, leading to the upfield shift of the signal for proton b due 

to increased shielding.19,20 

 

The 13C NMR spectra provide a more comprehensive insight into the impact of metalation on the 

electron density of atoms within the synthesised compounds. Carbons h, i, j and k are minimally or not 

affected at all, consistent with their locations on the indazole ring, which does not participate significantly 

in metal binding. 

 

Scheme 4.2. An illustration of the resonance in the pyridine molecule before and after metallation.20 
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Notably, signals for carbons a and c are more significantly affected than carbon b, despite their positions 

on the same ring. This differential effect can be attributed to the nature of resonance structures, where 

electron densities are withdrawn from the para- and meta-positions, as explained earlier. 

Upon complexation, the substitution of hydrogen on the amide nitrogen (proton e) by the cationic Au(III) 

results in a stronger electron-withdrawing effect due to the highly electron-deficient nature of the gold(III) 

ion. Consequently, the electron density of nitrogen is reduced. As the lone pair of electrons on nitrogen 

is delocalised across the amide bond, the electron density on carbon d is dramatically decreased, 

leading to its pronounced deshielding and a substantial downfield shift in the carbon signal.  

In summary NMR spectroscopy, by reflecting the changes in chemical shifts upon complexation, 

provides valuable insights into the structures of the synthesised carboxamide ligands. The observed 

shifts align with the anticipated changes, confirming the successful synthesis of the metal complexes 

2d-2f.  

4.3.3 UV-vis Spectroscopy 

Upon complexation of the ligands, a metal charge transfer and ligand field transitions occur, leading to 

the introduction of new bands in the spectra of the compounds. This phenomenon was observed for all 

complexes 2d-f, although only 2d is discussed in detail in this section. The spectra for 2e and 2f can 

be found in the supplementary information (Section S1.1.3, Figures S19 and S21). 

Due to the occurrence of multiple transitions in the same region, there is a tendency for overlap, making 

it challenging to distinguish between different types of transitions. However, an additional transition at 

439 nm observed in the UV spectrum of 2d is characteristic of the gold(III) band as reported in the 

literature, indicating a metal-ligand transition.4,21 This is illustrated in Figure 4.3, where. The extinction 

coefficients for 2d-2f are recorded in Table 4.4. Figure 4.3 provides an example of how these data 

were calculated.  

The solution electronic absorption spectra of the metal complexes displayed intense bands at 267 nm, 

and 296 nm for 2d, 335 nm for 2e and 269 nm and 315 nm for 2f. All these were attributed to intra-

ligand (π → π*) charge transfer transitions.22,23 With reference to the previous spectroscopic studies of 

Au(III) complexes,23,24 the high energy transitions gave absorption bands in the region 430-460 nm, 

which corresponded to the ligand-to-metal charge transfer (LMCT) occurring between the chloride 

ligand and the gold(III) center.  

 

Table 4.4. Extinction coefficients at λmax for compounds 2d-2f. 
 solvent Λmax (nm) 

ε (M-1 cm-1) 
Λmax (nm) 
ε (M-1 cm-1) 

Λmax (nm) 
ε (M-1 cm-1) 

Λmax (nm) 
ε (M-1 cm-1) 

2d DMSO 267 
3.674 x 103 

296 
8.247 x 103 

439 
8.169 x 103 

 

2e DMSO 335 
5.298 x 103 

429 
7.321 x 103 

  

2f DMSO 269 
7.5016 x 103 

315 
1.5699 x 103 

455 
9.772 x 103 
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a)                                                                              

 
b)                                                                              

 
c)                                                                                    

 
Figure 4.3. (a) Comparison between 1d (left) and 2d (right), illustrating the shift in the indazol bands, below 
350 nm and the introduction of the bands at 439 nm, which is d-d transitions, (b) Experimental (left) and DFT-
calculated (right) electronic absorption spectra of 2d in DMSO. The absorption maxima are indicated for the 
experimental spectrum at 267, 296 and 439 nm. The absorption envelope for the DFT-calculated spectrum is 
plotted with a bandwidth of 2200 cm-1 (full width at half maximum intensity, FWHM). (c) Absorption spectra at 
a concentration range between 172 and 357 µM, to calculate the extinction coefficients at the λmax using the 
Beer-Lambert’s Law. 
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The molecular orbitals in Figure 4.3 showcased that there were electron transitions in the d-orbitals of 

the orbitals at high energy levels. This is due to the availability of the empty d-orbitals in the LUMO. 

This behaviour is typical of transition metal complexes.25–28 

 

The synthesised compounds exhibited electronic transitions that align with the expected transitions 

reported in the literature, 4,21–23 and these findings were further supported by computed data as 

discussed in this section. This provides evidence for the successful metallation of the complexes 2d-f. 

4.3.4 Unexpected metal complexes 

The unexpected metal complex discussed in this section are illustrated in Figure 4.5. 

 
Figure 4.4. Molecular orbitals involved in the three most intense bands in the DFT-calculated electronic 
spectrum of 1d in DMSO. The percentage contribution of the electronic transitions to each band are indicated.  
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The atypical complexes of 1d (2di and 2dii) consequence of the distinctive behaviour of the indazole 

groups on the arms of the pincer molecule. The indazole nitrogen (N2) (Scheme 4.3) on the 1H-methyl-

indazole is a relatively reactive nucleophile, facilitated by the enhanced nucleophilicity of N2 due to the 

presence of the methyl group on N1.  

Compound 2di was synthesised through a one-pot reaction. Ligand 1d was dissolved in acetonitrile, 

and the gold salt KAuCl4, dissolved in acetonitrile was slowly added to the ligand mixture and stirred at 

room temperature for 5 minutes. Silver hexafluorophosphate (AgPF6) dissolved in water, was added to 

the mixture, and the reaction was refluxed for 15 hours, yielding a red precipitate upon cooling. The 

ratio of acetonitrile to water in the resultant solution was 2:1. Subsequent filtration, acetonitrile 

evaporation, and washing steps resulted in a red crystalline powder.  

2dii was also synthesised in a one-pot reaction. Ligand 1d was dissolved in acetonitrile, and the gold 

salt dissolved in acetonitrile was slowly added to the ligand mixture and stirred a room temperature for 

5 minutes. Sodium tetrafluoroborate (NaBF4), dissolved in water was added to the mixture and the 

reaction was refluxed for 15 hours, yielding a red precipitate upon cooling. The ratio of acetonitrile to 

water in the resultant solution was 2:1.  

The Ag+ ion in AgPF6 played a crucial role in dechlorinating the AuCl4ˉ anion, forming a white precipitate. 

The PF6ˉ anion then acted as a weak base, deprotonating the amide protons, and forming HPF6 acid 

and an anionic ligand. The AgCl precipitate was filtered before the product precipitation to prevent 

contamination. 

AgPF6 was selected for its inert nature, being chemically inert. The PF6ˉ anion is considered non-

coordinating, interacting weakly with cations due to its poor nucleophilic nature.29,30 Although generally 

 

Figure 4.5. 2D Structures of the unexpectedly synthesised pincer complexes according to X-ray 
crystallography (2di, 2dii and 3diii) and the proposed structure of 2diii. 
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considered chemically inert, AgPF6 can undergo decomposition at elevated temperatures (>60°C) to 

form PF5 and Fˉ in water (Scheme 4.3a).26,31–34 Unexpectedly, this decomposition occurred during the 

reaction, leading to the production of Fˉ ions.  

The Ag metal centre, possessing empty d orbitals, demonstrated reactivity toward z-type ligands (N2). 

This facilitated the reaction of Ag+ with the N2 on the indazole rings. The N2 nitrogen, being nucleophilic, 

formed a dative bond with the electron-deficient Au and Ag metal centres. This nitrogen functioned 

similarly to the pyridine nitrogen, while N1 behaved akin to the pyrrole nitrogen with its lone pair of 

electrons being delocalised in the aromatic ring. 

The N2 nitrogen, with its high electron density and nucleophilic nature due to the availability of its lone 

pair of electrons, formed a dative bond shared with the metal centres. On the other hand, chloride and 

fluoride ions acted as x-type ligands, providing one of the shared pairs of electrons. Possessing high 

electronegativities (2.83 and 4.10 Å respectively)35, chloride and fluoride ions served as strong electron-

withdrawing groups, rendering them highly nucleophilic. The electron-deficient Au and Ag metal 

centres, with their positive charge, exhibited electrophilic reactivity, making them responsive to x-type 

and z-type ligands.  

The resulting AgF reacted with one of the indazole N2 nitrogens, facilitated by the electron-donating 

nature of the methyl group on N1, enhancing the reactivity of nitrogen N2. 

Crystallographic data presented later in this chapter provides information about this product. However, 

NMR studies revealed that the indazole hydrogen peaks integrated for 2 equivalents each, implying the 

similarity of both rings on the molecule. Consequently, it was concluded that the presence of AgF was 

negligible and not detectable through NMR spectroscopy and FTIR.  

An adjustment in the synthetic method of 2di by replacing AgPF6 with NaBF4, aimed to avoid the 

formation of the AgF, as observed in 2di. X-ray crystallography data indicated that AgF was replaced 

by AuCl with 35% occupancy. NMR spectroscopy data showed that similar protons on two arms of the 

pincer complex were equivalent, suggesting that a negligible amount of 2di was present. As a result it 

was concluded that gold(III) (Au3+) was reduced to gold(I) (Au+), albeit in small amounts and reacted 

with the preformed 2d. Similar to 2di, the quantity of the compound reacting with AuCl was too small to 

be accounted for by NMR spectroscopy, resulting in spectra identical to that of 2d. 

The proposed mechanism for the formation of 2di and 2dii is illustrated in Scheme 4.3. 
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To prevent potential side reactions, the method employed for the synthesis of 2d ensured the absence 

of excess gold(III), which could potentially be reduced to gold(I). Additionally, no silver ions or any other 

foreign cations and anions were introduced, mitigating the risk of unintended reduction of gold(III). 

If 2d, 2di, and 2dii are considered thermodynamic products, in contrast, 2diii and 3diii were identified 

as kinetic products in the reactions of 1d with AuCl4ˉ and PdCl2, respectively (Scheme 4.4). While 3diii 

is a palladium(II) complex and may not be directly relevant to this study, its crystal structure provided 

insights into the reactivity of the carboxamide pincer molecules based on their structure. It was inferred 

that 2diii would yield a similar product to 3diii under similar conditions, as characterisation data (NMR) 

suggested the presence of NH bonds in the molecules. These reactions were conducted at room 

temperature, and thus there was not enough energy to compel the metal ions to react with the central 

pincer pockets, but they instead reacted with the more easily accessible indazol nitrogens N2 and N6 

(Scheme 4.4).  

a) 

 
b)  

 
c) 

 
Scheme 4.3. The illustration of the proposed mechanism for the formation of the a) AgF from AgPF6 and the 
decomposition of the PF6

24,25
  and b) AuCl from AuCl4 from the reduction of Au(III) to Au(I) in the presence of 

NaBH4, at high temperatures, and c) the reaction of AgF and AuCl with the 2d resulting in 2di and 2dii 
respectively. 
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The indazole rings, particularly at N1 and N7 where a methyl group is attached, are electron-rich, 

exhibiting an enhanced electron-donating capacity. This increased electron density on N2 and N6, 

which are equivalent atoms, enhances their nucleophilicity. Consequently, both N2 and N6 actively 

participate in forming dative bonds with gold(III) and palladium(II) metal centres.  

Ultimately, it was also inferred from this information that although under different conditions metalation 

reactions of 1a-1c yielded similar products. The complexes were, however, unstable and dissociated in 

solution and could not be characterised. 

4.3.5 X-ray Crystallography 

X-ray crystal data were collected for complexes 2d, 2e, 2di, 2dii, 3d and 2dT (Figure 4.6, Table 4.5). 

These complexes were crystallised by slow liquid-to-liquid diffusion method, wherein ethanol (2dii, 

2dT), methanol (2e, 3d), t-butanol (2dii), or water (2d) was gradually diffused into DMSO by layering 

the solvents on the DMSO solution of the respective complex. Crystals obtained from these processes 

exhibited various shades of red.  

 
Scheme 4.4. Illustration of the synthesis of 2diii (MS = KAuCl4; (I) = ACN at 40 °C, 15 h; n=+1) and 3diii 
(Metal salt = PdCl2, (I) = THF at room temperature °C, 10 h; n=0)  
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There was no existing crystallography data for all crystallised complexes in the CDS database, which 

implies that. X-ray crystallography had not been previously employed to study these complexes. 

Notably, only three carboxamide pincer gold(III) complexes were found in the CDS database, 

suggesting that this particular class of compounds is not widely explored.7,36  

 

Figure 4.7. Selectively labelled views of the X-ray crystal structures of 2d, 2di, 2dii, 2dT, 2e, 3d. Thermal 
ellipsoids are rendered at the 50% probability level and H atoms are drawn as spheres of an arbitrary radius. 
Space groups: P𝟏̅, 2d, 2di, 2dii, 2dT; P21/n, 2e, 3d. Complexes 2d, 2di, 2dii, 2dT, 2e have Ci symmetry, but 
3d maintains the C2 symmetry, and none of them crystallise in a Sohncke space group. The indicated bonds 
and molecules in 2d, 2di, 2dii and 2dT were used as references when discussing the change in the molecules. 
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Unlike the carboxamide pincer ligands, these complexes lose their chirality upon complexation. The 

metal ions hold the molecules, which are initially non-planar, in a relatively planar configuration around 

the metal centre (Figure 4.6). While the anchoring site remains planar, the presence of a dihedral bond 

allows the arms to rotate. As a result, the complexes crystallise with Ci symmetry. The rigidity imposed 

on the anchoring site reduces the flexibility of the compounds, leading to the loss of atropisomerism. 

Table 4.5 Crystal data and structure refinement for the synthesised gold(III) complexes 2d, 2e, 2di, 2di, 2dT and the 
palladium(II) complex 3d.  

2d 2e 2di 2dii 2dT 3d 

Empirical formula C23H17AuClN7O2 C33H21AuClN3O4 C23H17AgAuClFN7O2 C23H17Au1.35Cl1.35N7O2 C28H25AuN9O5.5 C23H19Cl2N7O2Pd 

Formula weight 655.85 755.94 782.72 737.99 772.54 602.75 

Temperature/K 153.15 173.15 173.15 153.2 173 152.95 

Crystal system triclinic monoclinic triclinic triclinic triclinic monoclinic 

Symmetry Ci Ci Ci Ci Ci C2 

Space group P-1 P21/n P-1 P-1 P-1 P21/n 

a/Å 8.8115(3) 13.3998(5) 8.670(3) 8.5381(4) 10.3116(7) 8.4125(4) 

b/Å 10.4987(3) 12.9269(5) 11.448(4) 11.3000(5) 11.8798(7) 14.3306(7) 

c/Å 12.0821(4) 15.8441(6) 13.101(5) 13.1055(6) 13.2653(8) 18.7046(9) 

α/° 82.449(2) 90 105.909(19) 104.735(2) 69.269(2) 90 

β/° 74.233(2) 96.1180(10) 97.97(2) 97.970(3) 68.398(2) 95.258(2) 

γ/° 81.344(2) 90 97.98(2) 98.032(3) 86.901(2) 90 

Volume/Å3 1058.58(6) 2728.85(18) 1216.9(8) 1190.65(10) 1407.59(15) 2245.47(19) 

Z 2 4 2 2 2 4 

ρcalcg/cm3 2.058 1.84 2.136 2.059 1.823 1.783 

μ/mm-1 7.114 3.021 6.979 8.542 5.285 1.103 

F(000) 632 1472 744 699.9 758 1208 

Crystal size/mm3 0.161 × 0.094 × 
0.08 

0.332 × 0.223 × 
0.21 

0.18 × 0.05 × 0.044 0.05 × 0.035 × 0.01 0.18 × 0.15 × 
0.12 

0.334 × 0.204 × 
0.154 

Radiation MoKα (λ = 
0.71073) 

AgKα (λ = 
0.56086) 

MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

2Θ range for data 
collection/° 

3.518 to 66.494 4.778 to 61.356 3.29 to 56.89 3.268 to 58.068 5.874 to 61.17 5.632 to 59.296 

Index ranges -13 ≤ h ≤ 13, -
16 ≤ k ≤ 16, -18 

≤ l ≤ 18 

-24 ≤ h ≤ 24, -
23 ≤ k ≤ 23, -28 

≤ l ≤ 28 

-11 ≤ h ≤ 11, -15 ≤ k 
≤ 15, -17 ≤ l ≤ 17 

-11 ≤ h ≤ 11, -15 ≤ k 
≤ 15, -17 ≤ l ≤ 17 

-14 ≤ h ≤ 14, -
16 ≤ k ≤ 16, -

18 ≤ l ≤ 18 

-11 ≤ h ≤ 11, -19 
≤ k ≤ 19, -26 ≤ l 

≤ 25 
Reflections collected 59569 323126 33090 32923 86111 43715 

Independent reflections 8133 [Rint = 
0.0387, Rsigma = 

0.0240] 

17190 [Rint = 
0.0583, Rsigma = 

0.0190] 

6077 [Rint = 0.0829, 
Rsigma = 0.0654] 

6309 [Rint = 0.0476, 
Rsigma = 0.0405] 

8626 [Rint = 
0.0366, 
Rsigma = 
0.0188] 

6314 [Rint = 
0.0344, Rsigma = 

0.0236] 

Data/restraints/parameters 8133/0/309 17190/0/379 6077/0/327 6309/0/327 8626/0/394 6314/2/326 

Goodness-of-fit on F2 1.069 1.086 1.112 1.334 1.108 1.069 

Final R indexes [I>=2σ (I)] R1 = 0.0194, 
wR2 = 0.0423 

R1 = 0.0220, 
wR2 = 0.0416 

R1 = 0.0532, wR2 = 
0.1244 

R1 = 0.0569, wR2 = 
0.1329 

R1 = 0.0198, 
wR2 = 0.0404 

R1 = 0.0292, 
wR2 = 0.0639 

Final R indexes [all data] R1 = 0.0241, 
wR2 = 0.0437 

R1 = 0.0322, 
wR2 = 0.0449 

R1 = 0.0811, wR2 = 
0.1381 

R1 = 0.0728, wR2 = 
0.1394 

R1 = 0.0259, 
wR2 = 0.0433 

R1 = 0.0406, 
wR2 = 0.0685 

Largest diff. peak/hole / e Å-3 2.51/-1.09 0.80/-1.48 3.55/-2.86 3.98/-3.70 1.94/-1.21 0.52/-0.52 

 

Crystals of 2d were grown by slow diffusion of water into its DMSO solution. 2d crystallised in the P-1 

space group due to the centre of inversion induced by the indazole arms of the pincer. In comparison 

to its ligand 1d, the C=O and (CO)–N bond distances of 2d decreased from 1.231 Å to 1.219 Å and 

increased from 1.353 Å to 1.378 Å, respectively, and significantly. One explanation is that the Au(III) 

ion is more electronegative and bigger than the H+ ion, and has empty d orbitals, all of which reduce 
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the electron density on the nitrogen, weakening the π bond, and making it longer. Another explanation 

could be that the C–N bond elongated to an optimum length to accommodate the metal binding (the 

amide N and the pyridine N form a five-membered ring with the metal ion centre, and the bonds should 

be long enough for the compound to be stable). This, in turn, shortens the C=O bond. The complex is 

planar around the gold metal ion but loses planarity in the indazole arms. This makes the complex 2d 

to lose its chirality as well as its symmetry compared to 1d.  

Complexes 2di and 2dii are derivatives of 2d, crystallised by slow diffusion of ethanol and t-butanol, 

respectively, in the complex-DMSO solution. They both crystallised in the triclinic space group P-1 which 

only has a centre of inversion, just like 2d.  

Complex 2dii has two types of Au–Cl bonds (Au(III)–Cl and Au(I)–Cl) and Au–N bonds (Au(III)–N and 

Au(I)–N). It is not easy to compare Au(I)–N and Au(III)–N bonds as the Au(III)–N bond length is 

governed by the pincer framework, and the Au(I)–N can be considered as freestanding, with minimal 

interference.  

The bond lengths for Au(III)–N are at an optimal length, such that the metal forms stable five-membered 

rings with the pincer nitrogens (Au(III)–Namide is 2.037 Å and Au(III)–Npyridine is 1.945 Å). Because of the 

restriction in the Au(III)–N (1.945 Å), there is a difference of 0.007 Å in comparison to the Au(I)-N e 

(1.953 Å). which is an insignificant amount compared to the Au–Cl (2.264 Å for Au(III)–Cl and 2.240 for 

Au(I)–Cl f ), which has a length difference of 0.024 Å. Since there was a negligible difference in the Au–

N bond length, it could be deduced that the charge on the metal atoms did not affect their bond lengths 

significantly. This is in correlation with some studies in the literature.37 

The Ag–F bond length in 2di is 2.200 Å, (Table 4.6, (bond f)), which is 0.217 Å longer than the free Ag–

F bond in literature,38–40 and the Au(I) –Cl bond length in 2dii is 2.239 Å, (Table 4.6, (bond f)), which is 

0.047 Å shorter than the free Au–Cl bond in literature.21,37,41 This could be attributed to the difference in 

electronegativities of the individual halides bound to the metal centres. 

 

Table 4.6. Bond lengths of selected bonds in the analogues of 2d. The labels are indicated in Figure 4.6. 
 2di 2dii 2d 

Bond  Bond length / Å Bond length / Å Average bond length/ Å 

a 1.214 1.225 1.121 
a’ 1.244 1.226  
b 1.397 1.367 1.372 
b' 1.354 1.359  
c 1.410 1.427 1.410 
c’ 1.392 1.412  
d 1.325 1.313 1.323 
d' 1.341 1.326  
e 1.974 1.953  
f 2.200 2.239  

X AuIII–X bond length (Å) AuI–X bond length (Å)  

Cl 1.946 1.953  
N 2.265 2.239  
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From the structures in Figure 4.6, it was noted that the introduction of a metal ion on the indazole 

nitrogen, N4 or N6 induced changes in bonds indicated in Figure 4.6.  

According to literature, the difference in electronegativity of atoms participating in a bond affects the 

bond polarity and bond length.42,43 Chlorine and fluorine have high electronegativities of 3.50 and 4.00 

Å respectively.35,44 In comparison to Au (2.81) and Ag (2.88),44 this results in a difference of 0.69 

between Au and Cl, and 1.12 between Ag and F. The Ag-F bond is more polar than the Au-Cl bond,and 

thus the Ag-F bond in 2di should be shorter than the Au-Cl bond in 2dii, which is what was observed 

on bond f in 2di and 2dii. Apart from the polarity of the bonds, the Ag and F are smaller in diameter as 

compared to the Au and Cl atoms, making the Ag–F bond shorter than the Au–Cl bond. 

The high electronegativities of chlorine and fluorine make their anions strong withdrawing groups, and 

consequently very nucleophilic. On the other hand, the Au and Ag metal centres are electron deficient 

(have an overall positive charge), which makes them very electrophilic. This is expected to increase the 

polarity in the metal–halide bond (bond f in Figure 4.6), consequently decreasing its bond length. The 

nitrogen, however, has a lone pair of electrons, which binds datively to the metal centre, reducing the 

overall positive charge around the metal centre, and ultimately reducing the polarity of the bond, and 

increasing the bond length, which is what was observed in complexes 2di and 2dii.  

The bond Ag-N (bond e) in the 2di bond is longer than the Au–N (bond e) bond in 2dii (1.974 and 1.953 

Å respectively). These two bonds are both dative covalent bonding as the N is an L-type ligand (donate 

a pair of electrons to the metal centre) in this case. Because the Au–Cl bond is longer than the Ag–F 

bond, the Au is more electron deficient than the Ag, which makes the Au more electrophilic, thus the 

Au–N bond is shorter than the Ag–N bond.  

Previous studies have shown that an electrophilic addition reaction on the pyridine-like nitrogen of the 

indazole, decreases the bond length of c.45 This was also evident in complexes 2di and 2dii, where the 

bond c’ is shorter than the bond c. 

Bonds c’ (N bound to a metal centre) are longer than c (free N), and d’ is shorter than d because bond 

lengths decrease with an increase in bond order, (double bond > pseudo double bond > single bond).46–

48 c’ and d’ are pseudo double bonds, and compared to the N=C and C–N bonds, which have bond 

orders of two and one respectively, c’ has to be longer than c, and d’ shorter than d.  

2dT was very useful in determining how the thymine base binds to the metal centre. The thymine binds 

to the metal center in its ionic form, as it is deprotonated. The resultant compound is still neutral. The 

introduction of this aromatic group changed the orientation of the indazole arms of the complex, and 

they now face the same side. While all other analogues of 2d exhibit nearly similar bond lengths for 

both Au–Namide bonds, 2dT behaves differently, showing a difference of 0.015Å (Figure 4.7). 

The bonds around the metal centre in 2dT shorten in comparison to the ones in 2d. The most notable 

change in these bonds is the difference between the Au–NThymine (2.014 Å) and Au–Cl (2.264 Å) bonds. 

The bond is reduced by 0.25 Å upon the substitution of Clˉ with thymine. Thymine is bulkier than Clˉ, 

causing the angle between the two indazole arms in 2dT to increase to 90° from 65° in 2d (Figure 4.7). 
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Due to less repulsion of the molecule from steric hindrance, thymine has better access to Au than Clˉ, 

resulting in the Au–NThymine being stronger and shorter than the Au–Cl bond. 

 

Crystals of complex 2e were grown by slow diffusion of methanol into its solution with DMSO. Complex 

2e crystallised in the P21/n space group, which is a chiral space group. There are likely cation-π 

interactions in the molecule, as for each arm, one phenyl moiety is directly above and below the Au 

metal ion. In comparison to ligand 1e, there was a significant decrease in the C=O bond distance and 

an increase in the (CO)-N bond distances. 

 

 

Figure 4.8. Illustration of change in plane angles between (a) the two arms of the pincer complexes with the 
Cl (2d) displaced with the Thymine (2dT), due to their difference in size. (b) the Clˉ ions and the plane of the 
pincer molecule in 3d.  
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Complex 2e crystallised in methanol at room temperature to form deep red crystals. However, it was 

not very stable in solution and decomposed fairly quickly, with plenty of free ligands surrounding the 

crystal structures.  

 

Hydrogen bonding is well-known for stabilising crystal structures, according to the literature, especially 

when there is more than one molecule in the structure.49 Au-Au interactions are on par with hydrogen 

bonding in stabilising crystal structures, as are Au-π (cation-π) interactions.50 Due to the high relativistic 

effect in Au, the distance between the Au ion and the π system is shortened, allowing for stronger 

interaction between them.51,52 

Although there has not been much focus on this type of interaction in crystallography, surveys have 

been conducted in the CSD database to study how often this interaction occurs. From the studies, it 

was shown that if the gold(III) or gold(I) metal centre is within 4.0 Å of an aryl ring, at an angle of not 

more than 20° from the centre of the ring, then there is a very high possibility of an Au-π interaction.50,53  

From the 45 structures that possibly exhibit Au-π interactions in the CSD database, 22 had gold(III) 

metal centres, and of these, none were intramolecular. However, some exhibited intermolecular Au-π 

interactions for Au(I) metal centres. 2e showcased intramolecular Au-π interactions between one 

gold(III) metal centre and two C6 rings on each side. From Figure 4.8, the average distance between 

the metal centre and the C6 rings is 0.563 Å, and the ring centres have an average of 12.49° off from 

the Au(III) metal centre plane, which is well within the range allowed for in literature. 50,53  

Since the arms for this molecule are flexible on the carbonyl bridges, the arms tend to “coil” around the 

metal centre and the only possible interaction that could stabilise the crystal structure is the Au-π 

interaction. This is an inference, as this interaction does not show on the 3D crystal structure, but a form 

of interaction has to hold the structure together.  

 
Figure 4.9. X-ray crystallography structures of 1e show casing (a) the cation π interactions in the molecule. 
The molecule is in three planes, which are 14.20° (pink) and 23.02° (blue) relative to the main plane (green), 
and 23.19° of each other. (b) The distance between the sandwiched gold(III) metal ion centre and the two 
sandwiching C6 rings 3.596 Å and 3.530 Å, at an angle of 166.83° of each other. 
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Complex 3diii is the only complex which has a perfect C2 symmetry. Palladium reacted with the indazole 

nitrogens N4 and N6 as indicated in Figure 4.5. The conformation around the palladium metal centre 

is planar, but the whole molecule is not planar, as the chloride ions are almost perpendicular (~80 °) to 

the pincer ligand. Although we did not have a crystal structure to prove this, as discussed in Section 

4.3.4, gold(III) probably reacted in the same way when there was poor solubility and at low 

temperatures, and it is the kinetic product of this reaction. 

 Conclusion 

The structure elucidation in this chapter was crucial in the determination of the conformation of the 

compounds. The conformational structure of the gold(III) complexes is essential in predicting the binding 

of the complex to DNA as a base binder, groove binder or intercalator. From these studies, these metal 

complexes have the potential to bind to DNA by base binding, groove binding or intercalating to DNA. 

Due to the stability of 2d, was selected for biochemical and biological studies. This is discussed in detail 

in the next chapter. 2dT was also pivotal in determining the binding of 2d to DNA bases. 
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5. Biochemistry and Cellular Biology 

As outlined in Chapter 1, DNA stands out as a primary molecular target in cancer therapy due to its 

central role in cellular functions. 1 Disrupting DNA functions can lead to the impairment of cancerous 

cellular activities, making it a potent target for cancer treatment. 1–3 Ultimately, binding drugs to DNA 

and influencing its secondary and tertiary structures is crucial for halting uncontrolled cell replication. 

This is achieved through mechanisms such as base binding/displacement, intercalation, or groove 

binding.  

Considering that drug administration occurs externally to cells, the drug must be transported to the 

target cells. This requires interactions with specific proteins, such as Human Serum Albumin (HSA). 

Additionally, the drug should have the capability to traverse cellular barriers like the phospholipid bilayer 

and nuclear membranes. Solubility in both aqueous and non-polar mediums is vital for efficient drug 

uptake into cells and, consequently, its efficacy.  

Studies have indicated that covalently binding a metal complex to HSA can enhance its tumour-

inhibiting properties, potentially leading to improved accumulation in tumours with reduced side 

effects.4–6 This underscores the significance of HSA as an effective transport protein for drugs.  

A crucial consideration is comparing the affinity of drugs to DNA against HSA (or transport proteins) to 

ensure that the compound is efficiently transferred from the transport protein to the target DNA. In other 

words, the compound must exhibit a higher affinity for the ensuing carrier compound compared to the 

subsequent carrier for easier transportation to the final target. 

The compound 2d was synthesised to target cellular DNA or other components essential for cell 

replication, ultimately inducing apoptosis. The DNA binding studies were conducted to assess the mode 

and extent of binding to DNA and its components. Due to its structure, 2d has the ability to interact with 

DNA through, intercalation (given its flat structure around the metal centre with a distorted square planar 

configuration), minor groove binding and base binding (facilitated by its labile Cl, which can easily be 

substituted with DNA bases). The interaction of 2d with HSA, a transport protein was also studied to 

evaluate its binding parameters, pharmacodynamics and pharmacokinetics. Its cytotoxicity in vitro was 

assessed against cancer cell lines MCF-7 (a breast cancer cell line) and HT-29 (a human colorectal 

adenocarcinoma cell line). 

In this part of the study, various experimental techniques were employed to investigate the stability of 

2d to reduction, the species active in biological media and its effects on ct-DNA, HSA, and cells, all 

aimed at predicting the extent of its toxicity to cancer cells in the human body. 

 Instrumentation and Methods 

All experiments were done at the University of the Witwatersrand. Stability studies, pKa determination 

and DNA binding studies were carried out in the School of Chemistry, and cytotoxicity assays were 

conducted in the School of Molecular and Cell Biology with the assistance of Ruth Aronson.  
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Spectra for all experiments were acquired using an AnalytikJena Specord 210/plus, double-beam 

UV/Vis spectrophotometer equipped with single-cell holders. Alternatively, spectra were recorded on a 

Perkin Lambda 365 Spectrometer featuring multiple cell holders. The spectrophotometers employed a 

double-beam configuration, where each beam ran parallel to the other, with one beam measuring the 

sample and the other serving as the reference (blank) solution. A 1 cm path length was maintained for 

all samples. To ensure precision and reliability, data were collected in triplicate. 

The pKa values were determined through pH spectrophotometric titration of 2d. This experiment was 

conducted at a temperature of 310.15 K in a multicomponent buffer, maintaining a constant ionic 

strength. The buffer consisted of 10 mM each of potassium dihydrogen phosphate, MES, MOPS, TRIS, 

and CHES buffers, along with 1.0 M KCl, and 5% DMSO. pH measurements were carried out using an 

OHAUS STARTER 5000 Bench pH Meter. Before initiating the titration, the pH was adjusted to 

approximately 2 using concentrated HCl. NaOH was then incrementally added to the 2d-buffer solution 

while simultaneously measuring its absorbance across the spectral range of 200 - 900 nm. Absorption 

values at wavelengths displaying significant shifts in the spectra were utilised to construct the titration 

curves. 

Reduced L-Glutathione (GSH) binding experiments were conducted in a 0.10 M TRIS-HCl buffer 

containing 10% DMSO, maintained at 37 °C and pH 7.4. To identify the appropriate wavelength for 

monitoring kinetic measurements, the absorption spectral changes between 200-700 nm were 

recorded, and the kinetic measurements were specifically performed at 354 nm. The observed spectral 

changes were attributed to the binding of GSH to 2d, and the spectra were corrected for dilution effects. 

All reactions were continuously monitored for a minimum duration of 6000 seconds at 15, 20, 25 and 

30 °C. 

Electrophoretic mobility shift assays (EMSA) were conducted using hand-cast 1.25% agarose gels 

dissolved in 1x TAE buffer (Sigma-Aldrich, 10x, diluted with Type 1 ultrapure water, containing 40 mM 

Tris-acetate and 1 mM EDTA, pH 8.3) within a Mini-Sub-Cell GT® Agarose Gel Electrophoresis System 

(Bio-Rad). The gels underwent staining with an Ethidium Bromide solution (0.5 mg/L in Type 1 ultrapure 

water) for 30 minutes, followed by a 20-minute wash in Type 1 ultrapure water. The visualisation was 

performed using a G: Box Chemi XRQ gel doc system (Syngene) with mid-wave transillumination and 

a UV filter (GeneSys 1.4.6.0). The agarose gels were prepared by dissolving agarose (1.2 v/w, 0.437 

g) in 37 ml boiling TAE buffer (40 mM Tris-Acetate, 1 mM EDTA, pH 7.4). After cooling to 60°C, the 

solution was poured onto a well-balanced mould, the comb was inserted, and the mixture was allowed 

to cool down and solidify for at least 30 minutes. Various sample solutions, including different 

concentrations of 2d, control Ethidium Bromide (EB) and Hoechst stain (HS), and a blank, were 

prepared in a solution of TEA buffer, 5% v/v DMSO, and water. The samples underwent a 30-minute 

incubation with ct-DNA at 37 °C before being loaded into wells on the agarose gel, fully immersed in 

TEA buffer. 

UV-vis absorption titration experiments were carried out in 0.10 M TRIS-HCl buffer (10% DMSO for 

solubilising 2d) under physiological conditions (37 °C, pH 7.4). The DMSO concentration was 
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maintained at 10%, which is the maximum acceptable concentration for DNA binding tests and 

biological studies with minimal interference.7,8 Deionised water was used for preparing buffers and 

solutions. The buffer temperature was kept below 37 °C, and reactions were conducted at 37 °C and 

pH 7.4. TRIZMA base from Sigma-Aldrich was used, and calf thymus DNA (ct-DNA) in its soluble 

sodium form, along with DMSO solvent, was sourced from Sigma. Absorbance measurements of all 

solutions were performed on a double-beam UV-vis spectrometer using a 1 cm quartz UV-vis cuvette 

in the range of 200-700 nm. The ct-DNA salt was dissolved in premade TRIS-HCL buffer, and the DNA 

stock solution's final concentration (2.15 mM) was determined using the Beer-Lambert law from 

absorbance measurements at 260 nm. The absorptivity constant of ct-DNA (13200 bp M-1)9,10 was 

employed for this calculation. The 2d stock solution was prepared in DMSO, with the DMSO 

concentration maintained at 10%. Complex-DNA solutions were created by adding and mixing aliquots 

(1-30 µL) of concentrated ct-DNA standard solutions to a fixed concentration of 2d solution (117 µM - 

99 µM). This process resulted in increments of DNA solution ranging from 0.11 nM to 2.63 µM, achieving 

a total concentration of 37 µM. Precipitation of DNA occurred at concentrations above this level, 

rendering the results invalid. The highest [ct-DNA]:[2d] ratio before precipitation was approximately 2:3. 

During the experiments, 2d was added only to the measurement cell (cuvette), while ct-DNA was added 

to both the reference and measurement cuvettes. Absorption spectra were recorded after each 

increment in the 200-700 nm spectral region following a 10-minute incubation period at 37 °C. 

The viscosity of a DNA solution was determined in the presence of varying amounts of complex 2d. 

Flow time was measured using a digital stopwatch, with each sample measured six times to calculate 

the average flow time. The data is presented in Figure 5.8(a) as (η-η0/η0)1/3 against r, where η0 and η 

represent the viscosity of DNA alone and in the presence of complex DNA in the buffered solution, 

respectively, and r is the ratio of the concentrations of 2d to ct-DNA ([2d]/[ct-DNA]). Viscosity values 

were measured using an Anton Paar Lovis 2000 M Microviscometer, employing a Lovis Low Volume 

Filling set made of 1.62 PCTFE. 

The melting temperatures of DNA were measured in the presence of increasing concentrations of 

complex 2d (0 – 25 µM) using a Perkin Lambda 365 Spectrometer. The measurements were taken at 

5 °C intervals from 20–60 °C and 2 °C intervals between 60–95 °C.  

The HSA-binding study of 2d involved UV-vis absorption titration experiments conducted under 

conditions similar to DNA titration experiments, with the additional inclusion of multiple temperatures. 

HSA, sourced from Sigma, was dissolved in premade TRIS-HCL buffer to achieve a final concentration 

of the HSA stock solution (1.6 mM). The 2d stock solution, prepared in DMSO, maintained a DMSO 

concentration of ~10%. Using the AnalytikJena Specord 210/plus UV-vis spectrometer, absorbance 

measurements were taken between 200-700 nm. For the preparation of complex-HSA solutions, 

aliquots (1-20 µL) of concentrated ct-DNA standard solutions were added and mixed with a relatively 

fixed concentration of 2d solution (156 µM – 151 µM) to achieve incremental concentrations of HSA, 

totalling 50 µM. Beyond this concentration, HSA precipitation occurred, rendering the results invalid. 

The highest achievable ratio of [HSA]:[2d] before precipitation was approximately 1:3. In the 

experimental setup, 2d was exclusively added to the measurement cell (cuvette), while HSA was added 
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to both the reference and measurement cuvettes. Absorption spectra were recorded in the 200-700 nm 

spectral region following a 10-minute incubation period at 37 °C, 25 °C, and 15°C. 

For cytotoxicity experiments, cells were seeded in 96-well plates with media. Test compounds, including 

2d, cisplatin, and topotecan hydrochloride, were diluted in DMEM (Dulbecco's Modified Eagle Medium), 

and solutions at different concentrations were added to the wells. 

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] assays were conducted on these 

cells following 24, 48, or 72 hours of incubation. Sterile MTT in PBS was added to the cell culture, and 

after a 2-hour incubation, a solution of 10% SDS in 10 mM HCl was added to dissolve the resulting 

formazan. Incubation continued for an additional 16 hours. The optical density (absorbance) of each 

well at 570 nm was measured using a microtiter plate reader (Multiskan GO Microplate Reader) with 

Thermo Fisher Scientific SkanIt™ software. The percentage cell inhibition/viability was determined 

using Excel, and graphs were generated with OriginPro 2023b software.11 These assays were 

performed in biological duplicates and technical triplicates. All experiments were conducted in biological 

triplicates in each 96-well plate. The cell viability of HT-29 and MCF-7 cell lines in the presence of 2d 

was measured at 24, 48, and 72 hours after treatments with 2d, cisplatin, and topotecan hydrochloride, 

separately, at low (0.1, 0.2, 0.5, 1, and 5 μM) and high (5, 10, 20, 50, and 100 μM) concentration ranges. 

For the APOPercentage assay, following a 24, 48, or 72-hour incubation period, APOPercentage™ Dye 

was added to each well, and the samples were incubated for 30 minutes. Cells were then washed with 

PBS until the resulting PBS was clear. Images of the wells were captured using a microtiter plate reader 

(Multiskan GO Microplate Reader). The apoptosis assays were performed once in technical triplicates 

on each plate. 

 pKa determination 

The identification of distinct chemical species at various pH levels is a crucial aspect of understanding 

the behaviour of a compound in solution. In the context of 2d, the number of species often corresponds 

to the number of pKa values, where each pKa represents a point of transition between two species, 

which indicative of an equilibrium shift. 

The primary goal of this study was to discern the specific species of 2d at physiological pH, particularly 

at pH 7.4.12,13 Figure 5.1a provides insights into the presence of five different species in a solution of 

2d at different pH values. This observation led to the formulation of an equation to describe the 

speciation of 2d, emphasising its behaviour at pH 7.4.  

The study's focus on physiological pH (pH 7.4) is particularly relevant as it aligns with the conditions 

encountered in biological systems. The derived equation contributes to the comprehension of the 

speciation behaviour of 2d under these physiological conditions, offering valuable insights for further 

interpretation of experimental data. 

The resulting equation (Equation 5.1) reflects the equilibria of different species of 2d. It is a 

mathematical representation that accounts for the transitions between these species, capturing the 
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dynamic nature of the system under different pH conditions. This equation allows for a quantitative 

understanding of how the concentration of each species changes with variations in pH. 

[2dH2]2+ ⇌ [2dH]+ ⇌ [2d] ⇌ [2dH2O]+ ⇌ [2dOH],         Equation 5.1 

where the equilibrium constants for the forward reactions are K1, K2, K3 and K4 from left to right. 

Equation 5.2 delineates the relationship between the molar concentrations of different species [2dH2]2+, 

[2dH]+, [2d], [2dH2O]+ and [2dOH] and their respective contributions AA, AB, AC, AD and AE, to the total 

absorbance (AT) in a solution at various pH levels. The fractional contributions of each species to the 

total absorbance are therefore represented by the terms AA, AB, AC, AD and AE. 

The equation is expressed as follows: 

AT = A×AA + B×AB + C× AC + D×AD + E×AE        Equation 5.2 

In this equation: 

 AT is the total absorbance of the solution, 

 A, B, C, D, and E are the molar concentrations of [2dH2]2+, [2dH]+, [2d], [2dH2O]+ and [2dOH] 

respectively. 

 AA, AB, AC, AD and AE represent the fractional contributions of each species to the total absorbance. 

This equation provides a means to correlate the concentrations of different species in the solution with 

the overall absorbance, allowing for a quantitative understanding of the distribution of species at various 

pH levels. The coefficients (AA, AB, AC, AD, AE) are influenced by the equilibrium constants (k1, k2, k3, 

k4) and the pH-dependent terms in the numerator and denominator of Equation 5.3 (full derivation is in 

Section S7.2 of the supplementary information). The complexity of these relationships underscores the 

dynamic nature of the speciation of 2d in response to changes in pH. 

AT = (AA×10-4pH + K1AB×10-3pH + K1K2 AC×10-2pH+ K1K2K3 AD×10-pH + K1K2K3K4AE)/( 10-4pH + K1×10-3pH + K1K2×10-

2pH + K1K2K3×10-pH + K1K2K3K4)        Equation 5.3 

The pH speciation titration curves presented in Figure 5.1 b-d revealed four distinct transition points 

over the pH range of 2–13. These transition points correspond to five ionisation states of compound 2d 

within this pH range. The calculated pKa values associated with each ionisation state are 3.2, 5.8, 11.0, 

and 12.3. These values were determined using Equation 5.3 and calculated in OriginPro 2023b.11 
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DFT (Density Functional Theory) calculations were employed to predict the most likely species formed 

at different pH values, and a proposed scheme is illustrated in Figure 5.2b, derived from computational 

studies on various possible states of 2d. The species exhibiting calculated electronic spectra closest to 

the experimental UV spectra at specific pH values were then selected for comparison. The 

computational insight complements the experimental data, providing a more comprehensive 

understanding of the molecular behaviour of 2d under different pH conditions. 

At acidic pH’s, the indazole rings undergo protonation, with one of the protons forming a hydrogen bond 

with water molecules, which further interacts with the Cl on the metal centre. The resulting species 

carries an overall charge of +2. As the pH increases to 3.2, the free indazole becomes deprotonated, 

altering the molecule's charge to +1. At pH 5.8, the water molecule undergoes deprotonation, yielding 

a neutral compound. At pH 11.0, an ion exchange occurs between Clˉ and OHˉ, resulting in a neutral 

molecule. Finally, at pH 12.3, the remaining indazole is deprotonated, restoring the complex to a neutral 

state.  

 
Figure 5.1. UV-Visible spectra for a) 2d (1.52 × 10−4 M) at pH range of 1–13, T = 37 ◦C, and b), c), d) plots of 
absorbance vs. pH at 292 460 and 330 nm respectively.  
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Based on the collected data, it can be inferred that under physiological conditions, 2d predominantly 

exists as species 3 in Figure 5.2b. However, it could be argued that the neutral water molecule forms 

hydrogen bonds with the indazole nitrogen, potentially eliminating charge separation between O and N.  

 
 

a) 

 

b) 

 

Figure 5.2. Illustration of a) Limiting spectra for reproduction and species assignment by TD-DFT Simulations 
and the insert is the spectrum calculated for all the species at different pHs. b) is the proposed speciation 
mechanism of 2d with the increase in pH as per calculated data. 
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 GSH binding studies (stability studies) 

Glutathione (GSH) serves a crucial role as the major component of the intracellular antioxidant 

system.14 One of its main functions is the detoxification of heavy metal complexes within cells. With 

GSH concentrations ranging between 1 and 20 mM in cells, it is imperative to assess the stability of 2d 

in the presence of the intracellular reductant GSH. In this study, the kinetics of the reaction between 

GSH and 2d were investigated.15,16  

The kinetics measurements were conducted under pseudo-first-order conditions ([2d]:[GSH] ≥ 10) with 

2d used in excess due to its precipitation in excess GSH. While this condition may not precisely replicate 

physiological conditions within cells, it allowed for the delineation of how 2d binds to GHS without being 

reduced.  

Time-dependent UV-vis absorbance spectra for the reaction of 2d with GSH revealed that the Au(III) 

metal ion is not reduced (i.e., from Au(III) to Au(I)/Au(0)), as confirmed by the lack of colour change in 

the solution (maintaining its red hue rather than turning purple). However, there was an introduction of 

a new band, indicating a change likely due to the binding of GSH to 2d. The resultant spectra for all 

reactions exhibited distinctive differences from that of the starting chlorinated complex 2d, and 

isosbestic points were observed. These observations collectively suggested an interaction between 2d 

and GSH, leading to the proposal of chemical Equation 5.4. 

2d + GSH ⇌ 2d-GSH + Clˉ         Equation 5.4 

Representative spectra indicating the change in absorbance over time are presented in Figure 5.3a. 

Pseudo-first-order rate constants (kobs) were determined for each concentration ratio (10, 20, 40, 80, 

160) at various temperatures (15, 20, 25, 30 °C). The analysis involved fitting the kinetic data with a 

single-exponential fit, as described by Equation 5. 5, where Ao, At and A represent the absorbances 

of the solution initially, at time t, and at the end of the reaction, respectively.  𝑨𝒕 =  𝑨𝒐 + (𝑨𝒐 − 𝑨)𝒆(−𝒌𝒐𝒃𝒔 𝒕)        Equation 5.517 𝒌𝒐𝒃𝒔 =  𝒌𝟐 [𝟐𝒅]         Equation 5.617 

The second-order reaction constant (k2), illustrated in Figure 5.3b, was calculated at each temperature 

using Equation 5.7. The resulting k2 values were used for the Arrhenius plot (Figure 5.3c and the 

Erying plot (Figure 5.3d) following Equations 5.8 and 5.11, respectively. These plots were used to 

determine the activation parameters, including activation energy (Ea), the enthalpy change of activation 

(ΔH‡), the entropy change of activation (ΔS‡) and the Gibbs free energy of activation (ΔG‡). The detailed 

data analysis results are presented in Tables 5.1 and 5.2.  

𝒌𝟐 = 𝑨𝒆−𝑬𝒂𝑹𝑻         Equation 5.717,18 𝑙𝑛𝑘2 = 𝑙𝑛𝐴 +(
−𝐸𝑎𝑅𝑇 ) ∙ 1𝑇        Equation 5.818 

𝒌𝟐 = 𝒌𝒃 𝑻𝒉 ∙ 𝒆−𝜟𝑮∕𝑹𝑻 =  𝒌𝒃 𝑻𝒉 ∙ 𝒆−(𝜟𝑯−𝑻𝜟𝑺)∕𝑹𝑻      Equation 5.9 

where  
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 kb is the Boltzmann constant (1.381 ×10-23 J K-1),  

 h is Planck’s constant (6.626 x10-34 s), 

 R is the gas constant (8.315 J mol-1 K-1). 

𝒍𝒏𝒌𝟐 = 𝒍𝒏 𝒌𝒃𝒉 + 𝒍𝒏𝑻 − 𝜟𝑮‡𝑹𝑻 =  𝒍𝒏 𝒌𝒃𝒉 + 𝒍𝒏𝑻 − 𝜟𝑯‡𝑹𝑻 + 𝜟𝑺‡𝑹      Equation 5.1018 

such that  
𝑙𝑛 𝑘2𝑇 = 23.76 + 𝛥𝑆‡𝑅 − 𝛥𝐻‡𝑅  ∙ 1𝑇       Equation 5.1118 

 

Figure 5.4. Time dependence of the binding of GSH to 2d with ratios of [2d]:[GSH] between 10 and 160. a) shows 
first-order exponential fits of the kinetics at 15 °C as plots of absorbance against time, b) plots of kobs against [2d], 
c) is the  Arrhenius plot and d) is the Erying plot  for the reaction of 2d with GSH. 

 Table 5.1. The kobs for the reaction of 2d with GSH at different temperatures and concentration ratios 

[2d] x10-5 (M) Ratio, [2d]:[GSH] 
kobs x10-4 

288.15 K 293.15 K 298.15 K 303.15 K 

3.11 10 3.11 5.50 7.55 15.00 
6.22 20 8.05 12.90 18.70 29.40 
12.44 40 16.50 28.80 43.80 50.50 
24.88 80 33.55 45.53 151.00 123.00 
49.76 160 66.67   326.20 

 

(a)         (b) 

 
(c)        (d) 
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Table 5.2. k2, ΔG‡, Ea, ΔH‡ and ΔS‡ for the reaction of 2d with GSH at diffierent temperatures 

Temperature (K) k2 (M-1 s-1) ΔG‡ x104 (kJ mol-1) Ea ΔH‡ ΔS‡ 

288.15 13.39 4.649 65.03 kJ mol-1 48.22 kJ mol-1 -54.75 J mol-1 K-1 
293.15 19.34 4.643    
298.15 33.71 4.640    
303.15 49.51 4.637    

 

The thermodynamic analysis presented in Table 5.2 suggests that the formation of the transition state 

is endothermic, as evidenced by the ΔH‡. With an increase in temperature, there is a corresponding 

reduction in ΔG‡ for the reaction, suggesting that the stability of the transition state improves at elevated 

temperatures.18 This implies that the stability of the transition state increases with higher temperatures. 

Furthermore, The negative ΔS‡ value implies an associative mechanism in the formation of the 

transition state, albeit one that is highly unstable.19  

Based on this thermodynamic data, the proposed mechanism suggests that GSH binds to 2d without 

demetalation of 2d. The isosbestic points in the spectra further support this proposal, suggesting that 

Clˉ is replaced by GSH, signifying covalent bond formation during the reaction.20,21 It was however 

impossible to determine if GSH binds to 2d through one of the amines or the thiolate anion. 

In conclusion, complex 2d appears to be stable in the presence of the reducing agent GSH. 

Furthermore, given that GSH is a crucial component of the antioxidant system in cells, there is a high 

probability that complex 2d will not be reduced in vitro. The only potential concern is the competition for 

binding to 2d between the target DNA and GSH. 

 DNA binding studies 

The binding affinity of complex 2d to ct-DNA was comprehensively investigated using multiple 

techniques, including EMSA, viscometry, DNA melting studies, and UV–vis spectroscopic titrations. The 

integration of these methods aimed to ensure the reliability of the observed results and provide a 

comprehensive understanding of the interaction between 2d and DNA.  

5.4.1 EMSA 

The alterations in the tertiary and secondary structure of ct-DNA were evaluated through electrophoretic 

mobility shift assays (EMSA) as a function of concentration. Figure 5.4 illustrates the results of the 

EMSA conducted on 2d.  
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The reference lane exclusively contained native DNA, representing the mobility of untreated ct-DNA. 

Ethidium bromide (EB) served as the intercalator control, while Hoechst 33258 (HS) was employed as 

a control for a minor groove binder. The well-defined binding modes of both EB and HS to ct-DNA made 

them suitable controls, with their migration in the EMSA gel helping to assess the binding mode of 2d 

to ct-DNA.22–25  

In the EMSA gel, linear ct-DNA is unaffected by the binding of either the intercalator or the minor groove 

binder. The binding of EB tends to reduce the mobility of supercoiled DNA and nicked-open circular ct-

DNA on the agarose gel.22 This reduction in mobility occurs because intercalation partially unwinds the 

supercoiled ct-DNA, increasing steric bulkiness in the nicked-open circular ct-DNA. there is enhanced 

unwinding of the ct-DNA, leading to a further reduction in the mobility of supercoiled (SC) and nicked-

open circular (NOC) ct-DNA (due to increased hydrodynamic drag).22 On the other hand, the minor 

groove binder HS results in an increase in the mobility of DNA molecules along the gel, as the DNA 

molecules become more compactly packed.24 Although the change is not as pronounced as the EB, an 

increase in HS concentration enhances the supercoiling in the supercoiled ct-DNA, causing the DNA 

sample to exhibit increased mobility across the agarose gel. From Figure 5.4, EB leads to reduced 

mobility in the DNA, with concentration being directly proportional to this reduced mobility shift, while 

the opposite is observed for HS.  

Complex 2d exhibited an exaggerated reduction in the mobility shift of the SC and NOC ct-DNA. This 

suggests a robust interaction between 2d and ct-DNA, likely involving intercalation and/or base binding. 

If 2d binds to the ct-DNA bases, it increases the bulkiness of the ct-DNA (resulting in kinking), leading 

to higher dynamic drag and reduced mobility on the gel. The observable reduction in ct-DNA mobility is 

evident even at low concentrations, starting from 10 µM, making 2d a highly promising DNA base-

binder. To strengthen the findings from the EMSA results, additional experiments were undertaken. 

 

Figure 5.5. EMSA agarose gel for 2d with calf thymus DNA (2.5 ng/well, 1x TAE buffer, 5% v/v DMSO). The 
DNA peaks formed are for supercoiled (SC), nicked-open circular (NOC), and linear (Lin). Lane 1 is the control 
lanes containing ct-DNA only. Lanes 2-14 has increasing concentrations of ethidium bromide (EB, 2–4), 2d (5–
11), and Hoechst 33258 (HS, 12–14), and they compare the behaviour of a DNA intercalator, EB, the gold(III) 
complex, and a DNA minor groove binder, HS respectively. Experiments were done in triplicates and a 
representative assay is shown. 
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5.4.2 UV-vis titration experiments (ct-DNA, nucleobases, nucleosides and nucleotides 

titrations) 

The EMSA results postulate that 2d binds to and/or intercalates ct-DNA. UV-vis absorption titration 

studies of 2d with ct-DNA were conducted to measure the binding affinity of 2d to DNA and investigate 

possible binding modes of the complex. Additionally, 2d was titrated with nucleobases, nucleosides and 

nucleotides to explore its base-binding properties to DNA and determine the extent of its interaction. 

Due to interference from DMSO, data below 250 nm could not be utilised, preventing the observation 

of the behaviour of the aromatic rings on the compounds upon the addition of DNA. Nonetheless, 

hypochromicity was observed at 342 nm upon the addition of DNA to the solution, and absorbance at 

this wavelength was used to construct the Hill plot in Figure 5.5. While no visible isosbestic points were 

noted at high DNA concentrations (>90 nM), they were observed below 90 nM of DNA (insert in Figure 

5.5).  

Analysis of the changes in the spectra for the titration of the 2d with ct-DNA was done at 342 nm. The 

absorbance values at this wavelength were corrected for dilution, before fitting the data to the modified 

Hill-Langmuir model.26,27 The fit was accomplished using a sigmoidal function OriginPro2019.28 The 

resulting fit quantified the affinity of 2d to DNA with binding constants Ka1 = 1.48 x109 M-1 and Ka2 = 6.59 

x105, achieving an R2 value of 0.997, which indicated a relatively good fit (Figure 5.5, Table 5.3).  

 

 

 

 

 

Figure 5.6. A representative of the triplicates for the UV-vis absorption spectra of 117 µM 2d in 0.10 M TRIS-
HCl buffer 10% DMSO (red spectrum) after sequential additions of ct-DNA 0.1 µM (purple spectrum) and final 
concentration (37 µM ct-DNA) before precipitation (blue spectrum). The insert shows the isobestic points at low 
concentrations of DNA. The graph on the right is an illustration of the Uv-vis titration spectra at 342 nm with a 
change in concentration of the ratio of 2d:ct-DNA 
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Table 5.3: The binding parameters of 2d to ct-DNA and its components with ct-DNA 

 
Binding constant (Ka)  

DNA Ka1 1.48 x109 

 Ka2 6.59 x105 

 Base / M-1 Nucleoside / M-1 Nucleotide / M-1 

Adenine  1.20957 x104 1.74939 x103 3.71597 x103 

Thymine  1.82812 x103 2.18775 x103 - 

Cytosine  2.19796 x103 1.73579 x103 3.59202 x103 

Guanine  - 1.64876 x103 1.25690 x103 

 

The resulting spectral profile of the interaction between 2d and ct-DNA exhibited similarities to that of a 

cationic Ru(II) polypyridine complex (with an order of binding constant of 106)29 and an anionic DNA-

binding probe (order of binding constant of 102, the low value was ascribed to the negative charge).30 

This observation is characterised by a significant drop in absorbance between 300-400 nm. Notably, 

this hypochromicity aligns with the behaviour of most NNN-type gold pincer complexes in the literature, 

albeit with binding constants falling in the range of 103 – 105 M-1. 31–36 

DNA binding constants serve as predictive indicators of the binding mode of the test molecule to DNA. 

Typically, base binders exhibit the highest binding constants, as they form covalent bonds with DNA, 

and their interaction is usually irreversible. This stands in contrast to other types of DNA binding, which 

primarily rely on electrostatic, hydrophobic interactions, and π stacking (intercalation and groove 

bonding). 

Most intercalators in literature have binding constants between 103 - 106 M-1, examples of which include 

EB (2.5 × 106 – 8.2 × 104 M-1)37 psoralen ( 9.75 × 103 M-1),38 and acrilidine (1.74 × 104 - 1.0 × 106 M-

1).39 Groove binders however generally have higher affinities with binding constants between 105 and 

108 M-1.24,25 It is difficult to distinguish base binders based on the binding constant, but some base-

binding gold(III) pincer complexes have been reported to have binding constants of 4.5 × 105 and 5.4 × 

105 M-1. Although these ranges often overlap, they provide insight into the binding mechanism of the 

binders. 

In this study, the interaction of 2d with ct-DNA resulted in two binding constants, indicating the 

involvement of two modes of binding. Ka1 was determined to be 1.48 x109 M-1, suggesting that 2d 

interacts with DNA through groove binding, as reported in the literature.24,25 Ka2 (6.59 x105 M-1) 

suggested the interaction of 2d with ct-DNA facilitated by intercalation or base binding. This value falls 

within the range observed for many base binders and intercalators in the literature.31–33,35,37–39 Both 

forms of interaction are plausible due to the partially planar geometry of the metal complex 2d and its 

tridentate nature, including a labile Clˉ ion, allowing for intercalation and base binding, respectively. 

However, EMSA studies suggested that base binding is involved in the interaction of 2d with ct-DNA, 

prompting further investigation into this aspect. 
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To explore the potential base-binding (alkylating) properties of 2d, UV-vis absorption titration 

experiments of 2d with DNA were conducted with DNA bases, sugars, and phosphorylated sugars. The 

obtained information aimed to elucidate whether steric bulk around individual bases on DNA (ribose 

and phosphate groups) influences the binding of the base pairs to the gold complex, to what extent, 

and which atoms participate in the alkylation of DNA by 2d.  

The same procedure used for DNA titrations was used for all DNA components with variations in 

concentration as indicated in Figure 5.6. Figure 5.6 illustrates the binding of 2d to the DNA 

components, thymine and thymidine (thymine, guanine and cytosine components are illustrated in the 

Section S4, Figures S42-S45 of the Supplementary information). The binding constants for all DNA 

components are also tabulated in Table 5.3. 

 

Analysis of the data was also done using the same protocol for the DNA studies between 400-450 nm, 

at a wavelength with the highest hypochromicity. Unlike in DNA titrations, there were distinct isosbestic 

points for all bases, nucleosides and nucleotides, which indicated a permanent interaction (covalent 

bonding) between 2d and the DNA components.  

 

 

 

Figure 5.7. A representative of the triplicates for the UV-vis absorption spectra of 117 µM 2d in 0.10 M TRIS-
HCl buffer 10% DMSO after sequential additions of DNA components and final concentration before 
precipitation. The graphs on the right are an illustration of the Uv-vis titration spectra at specified wavelengths 
with a change in ratio of 2d to the DNA components. 

 



Chapter 5: Biochemistry and Cellular Biology 

124 

A crystal structure of thymine bound to 2d (2dT) was obtained (Figure 5.7b), providing insights into the 

interaction of the complex with DNA. In the DNA strand, N1 in the pyrimidines and N9 in purines (Figure 

5.7a) play pivotal roles in nucleoside formation. It was inferred that although these nitrogens are free in 

the bases, they remain unreactive to the complex 2d. This scenario is advantageous, as the nitrogens 

are not involved in base binding, thereby enhancing the affinity of the base binder to DNA, as no bond 

breaking is required (the nitrogens are easily accessible). 

Base binders exhibit a higher affinity to N3 than N1 in thymine due to the highly polarised N3-H bond in 

the thymine molecule, resulting from the presence of two adjacent acetyl groups. This polarisation 

makes N3 easily deprotonated, rendering it more reactive than N1.40 Studies have indicated that 

cisplatin, an alkylating agent, preferably binds to the N7 guanine residue,41 rather than the N9, 

supporting the theory that N1 in pyrimidines and N9 in purines are not actively involved in base binding. 

Therefore, it is speculated that 2d, as a base binding agent, will also preferentially bind to N1 in 

pyrimidines and N9 in purines.42  

It is noteworthy that N7 on purines is not engaged in hydrogen bonding between the bases or the bond 

between the sugar and the base. Consequently, it is more accessible, potentially explaining why 

cisplatin exhibits a preference for binding to the guanine molecule.43 Conversely, N3 is involved in 

hydrogen bonding, making it less accessible for binding with the metal complexes. It was therefore 

deduced that the DNA components bind to 2d using the same donor atom, whether it is a nucleobase, 

nucleoside, nucleotide or DNA strand. 

Increasing the size of the molecules from bases to nucleotides did not have a consistent effect on the 

binding to the metal complex with A, C, G and T components (Table 5.3).  

 

Figure 5.8. a) is an illustration of the structures of DNA components, purine bases guanine (G) and adenine 

(A) and the pyrimidines, cytosine (C) and thymine (T), examples of a nucleosides, thymidine and the nucleotide 

thymidine triphosphate. The bases binds to the ribose molecule through N1 for pyrimidines and N9 for the 

purines. b) is the crystal structure of a thymine molecule covalently bound to 2d through N3 by displacing 

the Clˉ ion.  
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Although it could have been argued that the smaller size of the DNA components improves their binding 

to 2d as compared to the DNA structure, size did not make much of a difference between bases, 

nucleotides and nucleosides, which have different sizes. The fact that N9 participates in the binding 

with 2d showed that the bulk of the DNA, (the ribose sugar and the phosphates), was not interfering in 

the binding process, with no steric bulk. Rather electronic effects are responsible for the reactivities of 

these components. 

Adenine components exhibited a relatively higher binding affinity to 2d, compared to Guanine, Cytosine 

and Thymine, but this was not consistent with the nucleotide and nucleosides such that no trend could 

be established. All four bases are most likely to bind to 2d on N1 for the purines and N9 for the 

pyrimidines.  

Binding constants for the bases, nucleotides and nucleosides were relatively high, (1.2 x 105–1.3 x 104), 

implying that alkylation could be one of the binding methods of 2d to DNA. It could have been the only 

mode of binding, but the binding constants of the bases are very low compared to the binding constant 

of 2d to DNA. It was therefore deduced that other modes of binding were contributing to the astounding 

binding constant of 2d to DNA, together with base binding. 

2d demonstrated two different binding modes to DNA with very high affinity to ct-DNA, and these modes 

were proposed to be groove binding and base-binding. It was however concluded that alkylation is 

involved in the interaction of 2d to ct-DNA because of its ability to bind to the DNA components, which 

only allows for covalent interactions. This information is in correlation to the data from EMSA studies, 

where it was concluded that base-binging was involved in the interaction of 2d with ct-DNA 

Consequently, to get a conclusive theory on the mode of binding more experiments had to be 

conducted. 

5.4.3 Viscometry and melts 

Viscometry is a method used frequently for the determination of the binding mode for DNA, between 

intercalation and groove binding and alkylation. This hydrodynamic measurement is one of the most 

essential tests to determine the binding model in solution, as it is sensitive to the length of the DNA in 

solution. DNA elongation without any kinks and bends increases its viscosity, and on the other hand, 

shortening of the same DNA with kinks and bends reduces its viscosity. As a result, the intercalation of 

compounds into the DNA strands increases its length as the bases are pushed apart to accommodate 

the intercalator, and groove binders do not change the length of the DNA or might cause bends, 

resulting in a slight reduction of or no change in viscosity of the DNA.44–46 Typically, alkylation of the 

DNA can result in kinks and bends on the DNA molecule resulting in retarded viscosity.47 

DNA thermal melt analysis is also crucial in differentiating between the different binding modes of 

compounds to DNA. DNA strands are annealed together by weak interactive forces, (H-bonding, pi-

stacking etc.) and these are dependent on temperature. As temperature increases, the two strands 

separate into two, and the melting temperature is the temperature at which half of the DNA is denatured. 

Intercalation of compounds in between the DNA base pairs increases its length and stabilises the DNA 

such that the melting point of DNA increases.33,48,49 Groove binding decreases its melting point as it 
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distorts the binding on the base pairs in the DNA grooves, by weakening their interactions.33,48,49 

Alkylators disrupt the interaction between base pairs, causing local denaturing, and this reduces the 

melting point of the DNA.50–52 This is only true for monofunctional alkylation (only one binding site on 

the complex), as bifunctional alkylation (interstrand linking) increases the energy needed to denature 

the DNA, thus raising its melting temperature.  

The viscometry and DNA thermal melt analysis (Figure 5.8) suggest that 2d has two modes of binding 

to DNA. Both the viscosity and melting temperatures of DNA decrease at low concentrations of 2d 

(<8µM), which is an indication of monofunctional alkylation (as only 2d one labile Cl), and increase at 

higher concentration (>8µM), an indicator of intercalation.  

 

Figure 5.9. a) A plot of the change in relative viscosity of ct-DNA solution with the increase in the ratio of 2d to ct-
DNA at 37°C in 1x TAE buffer, 5% v/v DMSO at pH 7.4. b) The melt curves for ct-DNA with different concentrations 
of 2d to calculate Tm from the Boltzmann sigmoidal fit. The insert is the change in Tm with the change in [2d], fitted 
on a hill sigmoidal function, and ΔTm is +2.7 °C. 

 

The results from viscometry and DNA thermal melt analysis are in correlation with gel electrophoresis 

and DNA titration studies, where the trend shifted at high concentrations of 2d. From these DNA binding 

studies, it was concluded that 2d binds to ct-DNA through groove binding and base binding. The ability 

of 2d to bind to DNA meant that it could potentially inhibit cell growth and/or proliferation. This ability 

makes it a potential anticancer agent.  

 HSA binding studies 

Human serum albumin (HSA) is a multifaceted carrier of exogenous and endogenous compounds in 

the human body.53 These include therapeutic drugs used to treat multiple diseases, thereby improving 

their pharmacokinetic and pharmacodynamic properties.53,54 The distribution and bioavailability of drugs 

are often improved by interactions with HSA, contingent on the particular pharmacokinetic 

characteristics of the drug molecules.6 HSA is also widely distributed and, as such, influences many 

aspects of the pharmacodynamic behaviour of different therapeutics, such as the drug half-life in the 

bloodstream, drug efficacy regulation, drug toxicity reduction, and improved drug targeting specificity.55–

58 
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Due to its poor solubility in an aqueous medium, it was envisaged that a transport mechanism for 2d to 

cells would be essential in biological conditions to prevent its precipitation before reaching cellular DNA, 

thereby improving its pharmacokinetic behaviour. The binding of 2d to HSA was envisioned to confer 

several advantages, including protection of the metal complex from reduction, improved solubility in 

aqueous media, and facilitation of access through plasma membranes.5,6,59  

To allow for the successful transportation of 2d to DNA, the metal complex must exhibit a relatively 

higher affinity for DNA compared to that of HSA, ensuring the complex is released onto DNA upon 

encountering it. Therefore, understanding the binding of 2d to HSA becomes imperative. This involves 

elucidating the thermodynamics, mode of binding, and, significantly, the affinity of 2d to HSA in 

comparison to that of DNA. 

5.5.1 Thermodynamics of 2d binding to HSA 

Absorbance values at 336 nm were corrected for dilution prior to data fitting using the modified Hill-

Langmuir model.26,27 The fitting process involved employing a sigmoidal function within 

OriginPro2019.28 The resulting fit allowed for the quantification of the binding affinity of 2d to HSA, 

expressed as a binding constant (Ka). The obtained Ka values were 1.57 x104 M-1, 1.16 x105 M-1 and 

9.28 x104 M-1 at 37 °C, 25 °C and 15°C, respectively (Figure 5.9a and b, Table 5.4).  

The binding constant (Ka) was derived from the dissociation constant obtained from the Hill plot, as per 

Equation 5.14, elucidated below. This is according to the proposed equation of 2d binding to HSA 

(Equation 5.12) 𝟐𝐝 + 𝐇𝐒𝐀 ⇌ 𝟐𝐝– 𝐇𝐒𝐀        Equation 5.12 
at equilibrium, 𝒌𝒐𝒏[𝟐𝒅][𝑯𝑺𝑨] = 𝒌𝒐𝒇𝒇[𝟐𝒅 − 𝑯𝑺𝑨]       Equation 5.13 

where kon and koff are rate constants for the forward (association) and reverse (dissociation) reactions. 

Following this equation, the equilibrium binding constant constant (Ka), and its inverse Kd, (equilibrium 

dissociation constant) are given by 𝑘𝑜𝑛𝑘0𝑓𝑓 = [𝟐𝒅−𝐻𝑆𝐴][𝟐𝒅][𝐻𝑆𝐴] = 𝐾𝑎 = 1𝐾𝑑        Equation 5.1460 

A low Ka indicates weak binding (low affinity), suggesting a fast dissociation rate relative to the 

association rate. Conversely, a high Ka indicates strong binding (high affinity), as the ligand is more 

likely to remain bound to the target molecule.  

The thermodynamics governing the interaction between 2d and HSA was extracted from the Van 't Hoff 

plot (Figure 5.9c). The change in enthalpy (17.7 kJ mol−1) and entropy (157 J K−1 mol−1) were calculated 

according to Equations 5.17 and 5.18 respectively. The Gibbs free energy for the association of 2d 

and HSA at each temperature was calculated according to the Gibbs–Helmholtz equation (Equation 

5.15). The data is recorded in Table 5.4. 

Gibbs–Helmholtz equation 
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𝜟𝑮𝟎 = 𝜟𝑯 − 𝑻𝜟𝑺 = −𝑹𝑻 𝐥𝐧 𝑲𝒂      Equation 5.1560 

Van't Hoff's equation 𝐥𝐧 𝑲𝒂 = 𝚫𝐇𝑹 ∙ 𝟏𝑻 − 𝚫𝐒𝑹         Equation 5.1660 𝒔𝒍𝒐𝒑𝒆 = 𝚫𝐇𝑹          Equation 5.1760 

and,  𝒚– 𝒊𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕 = 𝚫𝐒𝑹          Equation 5.1860 

 

 
Figure 5.10. a) A representation of the triplicates for the UV-vis absorption spectra of 150 µM 2d in 0.10 M TRIS-
HCl buffer 10% DMSO after sequential additions of HSA from (0 µM to 50.4 µM) before precipitation at 37 °C b) An 
illustration of the Uv-vis titration spectra at 336 nm with a change in concentration of the ratio of 2d:HSA at 37 °C 
and c) the Van’t-Hoff plot to determine the thermodynamic parameters for the binding of 2d to HSA.  

Table 5.4. Thermodynamic parameters for the binding of 2d to HSA 
T / K Ka x 104 / M-1 n ΔG / kJ mol−1 ΔH / kJ mol−1 ΔS / JK−1 mol−1 

288.15 9.28  1.8 -27.4 17.7 157 
298.15 11.6 1.6 -28.9 

  

310.15 15.7 1.3 -30.8 
  

 

The positive values for both ΔH (enthalpy) and ΔS (entropy) suggest that hydrophobic interactions play 

a dominant role in the binding between 2d and HSA. Despite both ΔH and ΔS being positive, the larger 
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magnitude of ΔH compared to a smaller value of TΔS results in a negative ΔG (Gibbs free energy), 

indicating that the binding of 2d to HSA is a spontaneous process. Thus, the binding of 2d to HSA is 

primarily entropy driven.  

The positive ΔH implies that the reaction is endothermic, absorbing heat from the surroundings. 

Additionally, the positive ΔS signifies the displacement of ordered water molecules, contributing to the 

increased entropy of the system during the binding process. This behaviour is commonly observed in 

the interaction of HSA with metal complexes, such as platinum and gold.53,59,61,62 

According to this study, the binding constant for the interaction of 2d with HSA at 310 K is 15.7 x 104 

M-1. In comparison to the binding constant of 2d to ct-DNA under similar conditions, this value is 

significantly lower (difference of 105). This suggests that the compound 2d can be transferred from HSA 

to DNA in cells, indicating that 2d can be transported through the HSA-mediated pathway since it has 

a moderate binding affinity to HSA.  

5.5.2 Site displacement assays 

HSA possesses multiple drug-binding sites, creating the possibility that compounds may preferentially 

bind to one or more sites on the HSA molecule.57 Studies indicate that blocking a primary site may lead 

to either the compound displacing the blocker or the compound binding to alternative sites on the 

protein. Conducting a site displacement assay can offer insights into the primary drug binding site. 

In this study, competitive blocking assays were conducted using fluorescence spectroscopy to elucidate 

the preferred binding site(s) for 2d. The two main drug-binding sites of HSA were selectively and 

sequentially blocked using site-specific probes, warfarin, and dansyl glycine, aiming to delineate the 

binding specificity of 2d on HSA. It is noteworthy that, according to the literature, warfarin and dansyl 

glycine bind exclusively to subdomain IIA and subdomain IIIA, respectively.55,57 

Complex 2d (0-27.5 µM) was titrated into a solution of native HSA and solutions of HSA pre-equilibrated 

with either warfarin or dansyl glycine. The fluorescence emission spectra for HSA-warfarin and HSA-

dansyl glycine are illustrated in Figure 5.10a and b, respectively.  

According to Figure 5.10c the maximum fluorescence emission of HSA-warfarin is 387 nm, which is a 

blue shift of 8 nm from the free warfarin peak at 395 nm. The fluorescence of this solution decreased 

monotonically with the increase in the concentration of 2d. This was accompanied by a red shift of 5 

nm (towards the warfarin peak). This suggests that 2d binds to subdomain IIA of HSA, as the warfarin 

was being displaced from the HSA.  

According to Figure 5.10d, the peak fluorescence emission of HSA-dansyl glycine is 479 nm, which is 

a blue shift of 11 nm from the free dansyl glycine peak at 490 nm. The fluorescence of this solution also 

decreased progressively with the increase in the concentration of 2d. This was accompanied by a slight 

red shift of 3 nm (towards the dansyl glycine peak). This suggests that 2d binds to subdomain IIIA of 

HSA, as the dansyl glycine was being displaced from the HSA.  

This was also corroborated by the displacement assays Figure 5.10e of both the warfarin and the 

dansyl glycine, as more than 70 % of both compounds are displaced with 2d. The values of n from 
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Figure 5.10f showed that at least one mole of 2d binds to each of the subdomains IIA and IIIA of HSA. 

The value is slightly higher for subdomains IIA (1.3) in comparison to that of subdomains IIIA (1.1). This 

implies that 2d has a slightly higher affinity for subdomains IIA. 

𝑙𝑜𝑔 I0−II = logKa + n log[𝟐𝐝]       Equation 5.19 
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This study sought to ascertain the binding constant of 2d to ct-DNA and compare it to that of HSA, 

elucidating the specific binding sites on the HSA molecule. The findings indicate that overall, 2d 

predominantly binds to HSA at subdomains IIA and IIIA, (Sudlow's site I and II) with a possibility of 

binding to other sites. Consequently, it was concluded that HSA holds the potential to serve as a 

 
Figure 5.11. The emission spectra of a) HSA-warfarin and b) HSA-dansyl glycine as a function of concentration, 
c) Normalised fluorescence emission spectrum of HSA-warfarin, HSA-warfarin-2d and warfarin and d) 
Normalised fluorescence emission spectrum of HSA-dansyl glycine, HSA-dansyl glycine-2d and dansyl glycine 
e)The % displacement of warfarin and dansyl glycine with an increace in [2d]. f) A double log plot of the 
fluorescence quenching to measure the reaction stoichiometry n, according to the Equation 19. The sample 
solutions were excited at 320 and 420 nm respectively for warfarin (5 µM) and dansyl glycine (5 µM) to determine 
the binding site of 2d on HSA (5 µM HSA in 50 mM potassium phosphate buffer at pH 7.4 at 37 °C). 
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transporter for 2d in biological systems. The study further proposed that the transfer of 2d to cellular 

DNA is likely, given the substantial difference in their binding constants, which vary by an order of 4 

(x104), signifying significant binding affinity.  

 Cellular Biology 

To test the effect of 2d on the viability in cancer cell lines, Growth inhibition, (MTT [3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide]) assays and apoptosis assays 

(APOPercentage assays), were performed on two cell lines, HT-29 and MCF-7, which represented 

hormone-responsive breast cancer and colorectal cancer, respectively. Plumbagin was used as an 

internal control which also helped in assessing the technical reliability of the assays. 

5.6.1 MTT assays 

An MTT colorimetric assay assesses the effect of a drug on the cytotoxicity of cells, by measuring 

changes in cell viability.63,64 MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a 

tetrazolium salt that helps detect reductive metabolism in cells. The yellow tetrazolium salt is cleaved 

by the mitochondrial enzyme reductase to form purple formazan crystals (Figure 5.11), and the colour 

change is the indicator for metabolic activities in the cell, thus an indicator of cell viability.64 The 

production of purple formazan crystals is directly proportional to the metabolic activity of cells and 

therefore, cell viability.  

 

The MTT assay was used to evaluate the cytotoxicity of 2d in an in vitro model of human colorectal 

adenocarcinoma, HT-29 and human breast adenocarcinoma MCF-7, and the results are illustrated in 

Figure 5.12. In the HT-29 cell line, 2d did not show a significant reduction in cell viability after 48 hours 

of treatment in both the low (0-5 µM) and high (5-100 µM) concentration ranges (IC50 >100 µM) 

compared to the negative control set to 100% cell viability, using a One-Way ANOVA (p>0.05; n=2).  

After 48 h at high concentrations, the data showed significant variability upon treatment of the MCF-7 

cell line with 2d (One-Way ANOVA p<0.05; n=2), with an IC50 = 9 µM. This value is comparable to that 

of cisplatin which has been recorded in literature to be within the range of 0.5 – 40 µM.65–67 This shows 

that 2d has comparable cytotoxicity against the MCF-7 cancer cell line to cisplatin in vitro, and could 

potentially be effective in breast cancer treatment. More tests however have to be done in vivo to have 

a clear understanding of its cytotoxicity. 

 
Figure 5.12. An illustration of the conversion of MTT to formazan in the cells by mitochondrial reductases. 
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The positive control, 40 µM plumbagin, killed cells in both cell lines with cell viability ranging between 0 

to 25% between all data sets.68 This confirms the success of the MTT assay. 

5.6.2 APOPercentage assay 

All cellular events associated with apoptosis, (cell surface exposure of phosphatidylserine (PS), 

including caspase activation and DNA fragmentation), can be assessed and quantified by an apoptosis 

assay.69,70 

APOPercentage assay was performed to detect cells directly undergoing apoptosis (cell death). The 

red APOPercentage dye is selectively taken up into apoptotic cells. Subsequently, cytotoxicity can be 

measured by spectrophotometry or imaging.  

The APOPercentage assay was used as a qualitative evaluation of the apoptosis-inducing properties 

of 2d. The micrographs in Figure 5.13 show the APOPercentage dye uptake after 48 hours of treatment 

in the HT-29 cell line. At a concentration of 100 µM, 2d did not greatly increase dye uptake after 48 

hours, compared to the negative control. In comparison, both 5 µM topotecan hydrochloride and 100 

µM cisplatin seemed to increase APOPercentage dye uptake, indicating an increase in the number of 

apoptotic cells as a result of these treatments after 48 hours. After 72 hours, 100 µM of 2d seemed to 

increase the number of apoptotic cells compared to the positive control, the margin was relatively large.  

Despite strongly binding to DNA in vitro 2d is only mildly cytotoxic to HT-29 cells. This suggests that 

the compound in its present form is unable to target key biochemical pathways/macromolecules in live 

cells (in vivo). Several factors could lead to this result, the main one being that 2d may have difficulty 

being taken up by the cancer cells investigated. The cell imaging work with the APOPercentage assay 

shows that a better response occurs after 72 h of incubation with 2d. This could also be due to the slow 

uptake of 2d by the cells, among many other reasons. 

 
Figure 5.13. Growth inhibition of the HT-29 and MCF-7 cell lines with different doses of 2d (0, 0.2, 0.5, 1, 5, 10, 
20, 50, and 100 µM) after 48 h. IC50 values for the HT-29 and MCF-7 cell lines were calculated to be, >100 and 9 
µM respectively.  
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 Conclusion 

All the studies in this chapter were to understand the biochemical behaviour of the gold(III) carboxamide 

pincer complex 2d with different biological components to have an idea of what to expect in cells and 

the biological environment. 2d has the potential to inhibit cell replication by binding to DNA as a groove 

48 h 

 

72 h 

 

Figure 5.14. An illustration of apoptosis seen in HT-29 cells treated with test compounds after 48 and 72 hours. 
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binder and base binder. The compound binds to reduced GSH without demetallation or reduction of 

gold(III), thus exhibiting its stability in biological conditions. 

The main concern arising from the discoveries in this study is that 2d has low solubility in aqueous 

conditions, as it could only dissolve in at least 10% v/v of DMSO. This poses a potential challenge as 

this is not the constitution of the body, and DMSO is toxic to the body. One other concern is that although 

2d has a high affinity to DNA, it also has a slight affinity for GSH. This is a cause for concern as this 

would influence the detoxification of the cells by GSH. This also means that there will be a slight two-

way competition to bind the 2d complex in the body, which would reduce its efficacy, as our target is 

DNA. Despite the reasons stated earlier, 2d exhibited cytotoxicity towards breast cancer cells, which is 

comparable to that of cisplatin in vitro. It however exhibited poor cytotoxicity to human colorectal 

adenocarcinoma. This potentially makes it a good anticancer drug against breast cancer. 
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6. Summary and conclusion 

6.1. Summary of the study 

The primary objective of this study was to investigate the potential anticancer properties of gold(III) 

carboxamide pincer complexes, inspired by NNN-type pincer ligands. Six pincer ligands 1a-f were 

successfully synthesised and characterised. Although attempts were made to synthesise all six 

proposed complexes, only 2d-f were successfully synthesised and characterised. The synthetic efforts 

provided valuable insights into the behaviour of these compounds, revealing their sensitivity to solubility 

and temperature adjustments.  

During the attempts, unexpected complexes (2di and 2dii) were formed but could not be isolated for 

further studies. Nevertheless, these unexpected complexes offered insights into the reactivity of the 

indazole rings, suggesting potential avenues for future investigations. Additionally, a palladium(II) metal 

complex was isolated, contributing to the understanding of the behaviour of pincer complexes and gold 

metal. 

It was concluded that the failure to synthesise complexes 2a-c was attributed to the accessibility of the 

quinolone nitrogens, which readily reacted with the gold metal. The observed demetallation in solution 

was likely due to the elongated N–Au–N distance, preventing the stabilisation of the complex. This 

finding highlights the importance of the spatial arrangement of these nitrogens in the synthesis of such 

complexes. 

The investigation of the biochemistry of complex 2d included studies with DNA, HSA, and GSH. The 

binding studies with GSH revealed that the complex is stable to reduction and metalation, binding to 

GSH with a relatively low binding constant of 33.71 M-1s-1. This suggests that the complex interacts with 

GSH through a stable process, emphasising its stability in the presence of this reducing agent. 

The notable difference in the binding constants between DNA (1.48 x109 and 6.59 x105 M-1) and HSA 

(15.7 x 104 M-1) indicates that 2d can be easily transferred from DNA to HSA. This finding implies a 

potential mode of transport for 2d in a biological setting, indicating that it is likely transported to cells 

through the HSA-mediated pathway. This insight into the interaction of 2d with biological molecules is 

crucial for understanding its behaviour in a biological context. 

6.2. Study evaluation 

This study highlights the crucial role of synthetic feasibility in drug design, showcasing how the use of 

strong σ-donors, specifically nitrogen-based pincers, effectively stabilises gold(III) under physiological 

conditions. The versatile pincer framework allows for modifications on the arms, introducing diverse 

properties to the compounds. The project aimed to explore the potential of a group of gold(III) pincer 

complexes in DNA binding and cytotoxicity. 

The ability of compound 2d to target ct-DNA structures, essential during DNA replication, was 

demonstrated in DNA binding studies, suggesting potential cytotoxicity in cancer cells by inhibiting cell 
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replication. Despite being less-than-ideal for synthesis, 2d exhibited significant cytotoxicity against 

MCF-7 cancer cells, with moderate effects on HT-29 cancer cells, along with clear interactions with 

DNA. This class of gold(III) pincer complexes emerges as a promising anticancer agent. 

Unlike many documented gold(III) complexes, where the metal complex's effects are attributed to 

specific ligands, 2d's anticancer properties likely involve the entire complex, with the labile Clˉ being 

exchangeable. The observation of two modes of binding to DNA supports this hypothesis. Additionally, 

HSA binding studies indicate that 2d can be transported to cells by the HSA-mediated pathway. 

In conclusion, the comprehensive investigation of 2d in this study, covering stability, DNA and HSA 

binding, underscores the potential of gold(III) carboxamide pincer complexes as effective anticancer 

drugs. Their ability to impede uncontrolled cell replication in cancer cells, facilitated by transport by the 

HSA-mediated pathway, presents a promising avenue for further research in anticancer therapeutics. 

6.3. Future work 

A more comprehensive ab initio calculation of the Potential Energy Surface (PES) for the ligands in this 

study, while incorporating solvent effects is deemed necessary to accurately interpret the dynamic NMR 

observations. Modifications to the ligands for metal complexes 2a-2c should be considered to prevent 

the metal ion's reactivity with the quinolone nitrogens. An alternative proposal involves reacting the 

ligands/complexes with CH3I to protect the nitrogens and enhance the compounds' solubility. 

While this study established that 2d can be easily transferred from DNA to HSA due to the difference 

in binding constants, further investigations are warranted to determine the extent of this exchange. A 

diffusion cell system, employing Amicon size-exclusion membrane filters to separate DNA and HSA-2d 

solutions, can be utilised to measure the metal complex's uptake by DNA from HSA. 

Additionally, to validate the promising cytotoxicity findings of the Au(III) chelates against cancer, further 

research in a mouse model is imperative. This approach will provide valuable insights into the 

effectiveness of Au(III) chelates in a living model, facilitating a more comprehensive understanding of 

their potential therapeutic applications. 

 

 

 

 


