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Abstract

There is an active field in the design and synthesis of DNA targeting molecules as 

potential anticancer agents. Although a number of successful drug treatments against a 

variety of cancers are in clinical use, many of these have little sequence specificity and as a 

result exhibit high toxic side effects on normal tissues. Consequently, it is essential that these 

existing agents are optimised and new more improved agents be designed.

Minor groove binding compounds are a class of DNA targeting agents that have been 

shown to exhibit antiproliferative properties by the disruption of the DNA replication process 

and the subsequent induction of programmed cell death (apoptosis). This project involves the 

design and synthesis of two new families of potential minor groove binders; the isouronium 

and hydroxyguanidinium salts. Both families possess structural features required for optimal 

binding: a curv'ed framework consisting of two phenyl groups bridged by a polar atom, 

cationic moieties and HB donor/acceptor groups. The synthesis of bis- and mono-isouronium 

salts, which follows a synthetic route developed by Rozas and co. is presented in Chapter 3. 

The exploration of various synthetic routes and final preparation of ftA-hydroxyguanidinium 

salts is found in Chapter 4.

Drug-DNA interactions can be assessed using a number of appropriate biophysical 

techniques. Chapter 5 describes the biophysical measurements employed in this work and the 

results obtained for the compounds in question. The remainder of this project analyses the 

biological effects of the two families as well as other related derivatives. Chapter 6 describes 

the screening of the library of compounds using a specific viability assay on three different 

human cancer cell lines. Based on these results, antiproliferative and active derivatives are 

identified and are further evaluated by relevant biological techniques. The results obtained 

depicting their role in apoptosis and, hence, demonstrating their potential as anticancer 

agents, are described in Chapter 7.
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Chapter 1: Introduction



Chapter 1 Introduclion

1.1 Cancer and its History

Cancer is a major medical burden and is one of the leading causes of death 

worldwide, affecting both developed and developing countries. The World Cancer Report, 

which was completed in 2008, states that there were 12 million new cases reported in 2005 

with 7.6 million resulting in death (around 13% of total global deaths). The report also 

suggests that this cancer rate is set to increase with an expectant death rate of 11.4 million per 

year by 2015.' ' Currently there are 24.6 million people living with cancer worldwide and the 

nmnber of new patients is set to increase by 50% by 2025.’’ Interestingly, 70% of all cancer 

deaths occur in low to middle income countries which account for the vast fraction of the 

world’s population.'’ It is thus apparent that just like other major causes of death such as 

malaria or cardiovascular disorders, cancer is a major disease and of grave concern in the 

medicinal chemistry and scientific fields.

Cancer may very well be a part of the present medical world, but the condition is by 

no means a modern disease and may be as old as life itself The earliest evidence of cancer 

dates back some 70 million years to dinosaurs of the Cretaceous period of the Mesozoic era. 

In relation to human ancestors, cancer can be seen as a bone-like tumour of the femur 

Pithecanthropus erectus from half a million years ago. Paleo-oncology studies have also 

exposed evidence of carcinomas in the Neolithic skeletons. Iron and Bronze Age bones and 

in the tissues of mummies of Ancient Egyptians."* Indeed, the ancient Egyptian medical 

journals, namely the Ebers and the Edwin Smith papyri, discovered in 1862 and 1873 

respectively, describe such ancient diseases and their suggested remedies.^ Some however 

argue that the first viable description of tumours comes from ancient Chinese medicine, in 

“The Yellow Emperor’s Medicine Classic”, believed to have been written by Huang Di Net 

Chang in 2698 BCE."* It is therefore apparent that the story of cancer throughout history and 

the account of its first emergence and understanding is a complex and convoluted one. 

However, what is certain is that it was not until the time of Hippocrates and Galen, two Greek 

physicians, that the disease truly gained a definite name and an identity.

Hippocrates’ approach to cancer was one of careful observ'ation and experimentation. 

He proposed the humoral theory of cancer, or the idea that the human body consists of four 

biological constituents or humors, namely blood, phlegm, yellow bile and black bile. A



Chapter 1 Introduction

prerequisite for a healthy body would be the balance of these four particular fluids and an 

imbalance would subsequently give rise to abnormalities and disease. More precisely, cancer 

would stem from an accumulation of excess black bile at the affected body site.^ 

Additionally, Hippocrates’ theory suggested that one’s humors are endogenously determined 

- or, in modem logic - genetically, encoded. This was an interesting insinuation considering 

that at the time the idea of the genetic code was non-existent.’

Hippocrates’ findings at the time not only provided a useful insight into a new type of 

disease, but also gave rise to modem terminology. On observing angiogenesis - or the growth 

and spread of vasculature associated with most cancers - he originated the word karkinoma 

(now known as carcinoma) from karkinos, or the Greek for crab."' The idea corresponds to the
Q

thick blood vessels which feed the tumour and resemble the claws of a crab. This word was 

later replaced by the Latin cancer and entered the English language in the 17“’ century to 

describe an ulcerated spreading or sore. Galen, a Greek counterpart, then proceeded one step 

further and attempted to define the word onkos which at the time referred to any enlargement 

or growth. Like Hippocrates, he supported the humoral theory and his contribution to 

oncology was just as profound. Most notably, his work included distinguishing inflammatory 

masses from true tumours and other swellings."* Galen’s findings and the humoral theory had 

a profound effect on the medical world with these ideas remaining for over a thousand years. 

However, inevitably, the feasibility of the theory was to be questioned in 1540 when Vesalius 

demonstrated that black bile did not actually exist. The theory was therefore abolished and a 

new theory, the lymph theory of cancer, was proposed. This theory postulated that malignant 

cancers arise from the femientation and degeneration of lymph. However, as in the case of 

the humoral theory, the lymph theory was abandoned due to a lack of substantiating 

evidence.^

It was not until the 19'" century that the birth of scientific oncology took place. With 

the revolutionary invention of the compound microscope in 1590 and the development of 

achromatic lenses in the 1830s, scientists could finally survey the disease on a more intimate 

level, giving them a more accurate understanding of the condition. The idea that cancer arises 

with malfunctions in lymph was soon replaced with the idea that cancer is a disease of the 

cells. One particular scientist, Muller, supported this idea but also mistakenly believed that 

cancer cells arise from budding elements called blastema. It was in fact his student, Virchow, 

who disproved this theory by establishing that cancer cells arise from other pre-existing cells.

3
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Another scientist, Thiersch, followed this work by showing that metastatic cancers arise from 

malignant cells. Later in the 19* century, the lymph and blastema theories were officially 

replaced by the modern cellular theory of cancer. Several ideas about what promoted 

malfunctions of these malignant cells were proposed. Virchow, for example, suggested 

chronic irritation to be the cause. This was followed by the Embryonal Theory, the Trauma 

and Mechanical Isolation Theory, the Parasitic Theory and the Honuonal Manipulation 

Theory.

In modem times, cancer is believed to be a disorder of cells. It is understood to be not 

one specific disease but rather a group of diseases. This group of diseases affects different 

types of tissue in the body but all share a common origin; that of uncontrolled cell growth and 

proliferation. This loss of control and breakdown in communication may be triggered by a 

variety of factors but whatever the cause, the result is that cells divide and grow in the 

absence of growth signals. Somehow, they gain immunity from complex regulatory 

mechanisms and develop resistance to antigrowth signals.^ As a result cells grow out of 

control, giving rise to a surplus of cells - or a tumour - which depletes the tissue’s resources.

As already mentioned, cancer can be triggered by many factors. The prevalence of 

one factor over another depends on many issues such as sex, age and geographical location. 

However, in general, there are three main ways in which cancer can be brought about. These 

include environmental {e.g. lung cancer), viral (c.g. cancer of the ceiwix) and genetic (e.g. 

breast cancer) factors. Environmental agents may include ionising radiation which induces 

mutations and transfomis the cell'^or chemical carcinogens such as those found in tobacco. 

Tobacco, the single largest preventable cause of cancer, contains a complex mixture of about 

2000 substances, some of which have been tested as mutagens." In addition, alcohol has been 

linked to cancer by its synergistic action with tobacco to promote oral cancers." Viral agents 

on the other hand, cause chronic infections and are responsible for one fifth of cancers 

worldwide. These include the human papillomavirus (HPV) and hepatitis B (HBV).’ Lastly; 

genetic cancers are hereditary and involve malfunctioning or faulty genes being passed from 

parent to child. In this way, regardless of the cause of the disease, all factors are related to a 

disruption to a cell’s genetic content and cell life cycle. Thus, in order to understand how this 

complex disease is brought about, it is essential that the processes that make up the cell cycle 

and the intricate mechanisms that regulate it are observ'ed and understood.
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1.2 The Cell Cycle and Apoptosis

The cell cycle is a representation of a series of complex events that occur during the 

lifetime of a typical cell (Fig. 1.1). These events are termed the Gi, S, G? and M phases and 

occur in that order respectively. The overall task of this cycle is to ensure that DNA is 

faithfully replicated (S-phase) and that identical chromosomal copies are distributed equally 

to two daughter cells (M-phase).'"^

On a more detailed level, it is clear that the cell cycle is quite complex with each 

phase consisting of scores of intricate molecular events involving many cellular bodies. The 

tw'o stages are separated by intermediate phases, G] (gap 1) and G2 (gap 2), in which a cell 

grows, prepares vital machinery required for synthesis and replication and corrects any errors 

that may have occurred. The Gi phase is the first gap phase which segregates the duplication 

of genetic material and division. The amount of time a cell spends in this phase can vary 

greatly among different tissue types: from hours to years.For the duration of this 

fundamental phase, the cell grows and prepares vital enzymes required for the subsequent 

synthesis stage. Furthennore, the cell faces numerous integrated metabolic and environmental 

signals which determine its development and influence cell division.’^ In other words, the cell 

must make the crucial decision whether to proceed to the S phase or withdraw' from the cycle.

Figure 1.1.- Mammalian cell cycle and its regulatory protein complexes. The sequence of

phases is shown with R indicating a restriction point. 10
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The Gt phase is the second gap phase of the cycle and separates synthesis and mitosis. 

Here the cell continues to grow to double its volume and prepares microtubules and other 

proteins necessary for the duplication of the entire genome, which for a human cell consists 

of some 6 billion nucleic acid bases.Once the cycle is complete and a new daughter cell has 

been successfully fomied, the cell can undergo the same sequence of events again or enter a 

temporary or permanent state of quiescence (stationary phase, Go).'^ This is somewhat like a 

resting stage in which the cell is not proliferating and its machinery is dismantled. 

Nevertheless, the cell remains viable and may exit from this stage and proceed to Gi if 

required.

The cell cycle must be tightly controlled and regulated both during and between the 

different phases. This is crucial in order to maintain homeostasis and normal cellular activity. 

In the past, the control of the cell cycle has been investigated by two groups: 1) geneticists 

working with yeasts such as Saccharoinyces cerevisiae and Schizosaccaromyces pombe and 

2) developmental biologists studying fertilised eggs of organisms such as frogs and sea 

urchins. These groups identified genes involved in the cell cycle and it has since become 

apparent that their work closely relates to cancer biology and issues such as growth factors 

and genes that either promote or suppress tumours.''’ Additionally, studies of the nematode, 

Caenorhahditis elegans^^ have provided detailed information regarding cyclin-dependent 

kinases which form part of the cell cycle regulators and are discussed below.

A number of essential regulatory processes and checkpoints exist within the cell 

cycle. The first is a group of kinase proteins w'hich are responsible for shifting the cell from 

one stage of the cycle to the next. Kinase proteins, in general, exist within a normal cell as a 

means of orchestrating the activity of almost all cellular functions and fonn part of signal 

transduction pathways and cellular communication. These enzymes work by transferring 

phosphoryl groups from molecules of ATP to serine, threonine and tyrosine residues within 

the substrate proteins.'^ Kinases which have a role in regulating the cell cycle are the cyclin- 

dependent kinase (CDK) family. There are eleven known members of this family with CDKs 

1, 2, 3, 4, and 6 regulating the cell cycle and CDKs 7, 8 and 9 controlling transcription.’^

In order to function, almost all CDKs must bind to secondary subunits called cyclins 

to give active CDK-cyclin complexes with unique substrate specificity.'^ There are fifteen 

identified cyclins which are expressed at specific points of the cell cycle.Various

6
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combinations of these cyclin subunits and their complementary CDKs control different 

events of the cell cycle by phosphorylating protein substrates. For example, cyclin C forms an 

active complex with CDKS and phosphorylates the retinoblastoma protein, allowing the cell 

to efficiently exit from the Go resting phase and enter the Gi phase. In addition, cyclins A and 

B complex with CDKl and fomi the G2/M interface, thereby controlling the exit and entry 

from the mitotic phases.Precise monitoring of these events and other CDK activities is 

achieved by various means, most notably phosphorylations and dephoshorylations which 

either increase or decrease the activity of CDKs. Additionally, control is maintained by 

varying the availability of cyclins by way of protein synthesis and degradation.

A second type of regulation in the cycle involves checkpoint controls. These allow 

one stage to be completed before another can begin. An important distinction between 

checkpoints and phase transitions is that checkpoint controls are not essential to every cell 

cycle and are merely there to halt or slow the cycle once an abnomiality is detected. In this 

way, checkpoints allow repair to take place and, hence, maintain genomic stability.'^ The 

most important and perhaps the best understood checkpoint is the ‘restriction point’ R at the 

end of phase Gi.'® Here the cell assesses incoming extracellular signals and makes a decision 

which detenuines its fate. If the aggregating signals favour growth, it will proceed through Gi 

or alternatively exit the phase into Go or into a post-mitotic differentiated state.^'

As in the case of CDKs, checkpoint controls must be closely monitored. Examples of 

vital checkpoint regulators of homeostasis are tumour suppressor genes and their protein 

products. There are many such crucial contenders in the cycle with the most important being 

p53 which is found to be mutated in 50% of all human cancers.^" The protein product of p53, 

a transcription factor, responds to cellular stress or DNA damage by halting progression of 

the cell cycle. It is a short lived protein and is normally found at low levels in all cells. 

However, when an abnormality is detected it accumulates in the affected cells and may 

respond in a number of ways. It may, for example, induce cell cycle arrest, by producing p21, 

a CDK inhibitor. Additionally, it may induce programmed cell death (apoptosis).'"’ P53, like 

any other gene or protein, undergoes post-translational modifications such as phosphorylation 

and acetylation. These serve to regulate its stability as well as to monitor its interactions with 

target proteins.^"* However, despite these efforts to protect this vital regulatory body, p53 is 

not imperishable and can be damaged or completely eradicated. An example of an agent
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responsible for this is the human papillomavirus (a cerv'ical cancer-causing agent) which 

eliminates cellular p53 by proteolysis.'^

It is well established that CDKs and checkpoint controls are crucial factors in 

controlling and maintaining the workings of the cell cycle. It is important to note however, 

that many other cellular entities exist which contribute to its regulation. These include DNA 

replication proteins such as polymerases and proteins that ensure that each origin of 

replication allows for only one replication per cycle. Examples of each include the 

proliferating cell nuclear antigen (PCNA) and the origin recognition protein (ORC) 

respectively.^^

Cancer is caused when one or more of these regulatory systems are somehow 

inhibited. In their review of the hallmarks of cancer, Hanahan and Weinberg outline six main 

alterations which allow for the successful breaching of an anticancer defence mechanism 

leading to malignant growth. These include: 1) self-sufficiency in growth-signals, 2) 

insensitivity to growth-inhibitory (antigrowth) signals, 3) evasion of programmed cell death 

(apoptosis), 4) limitless replicative potential, 5) sustained angiogenesis and 6) tissue invasion 

and metastasis (spread of the disease).'' In addition, aerobic glycolysis or the Warburg effect 

has been suggested as a hallmark of most tumours.'* Factors which may trigger such events 

include CDK inhibitory proteins or p53 inactivators. Indeed, most cancers are caused by 

disruption to p53 and RB (retinoblastoma protein), two regulators which share many 

interconnecting signalling pathways.'^ Consequently, breakdowns in communication between 

the stages can lead to cells continually undergoing the cell cycle leading to excess growth and 

proliferation. In this way, cell death - and in particular apoptosis- is closely related to cancer 

and is discussed below.

Normal cells have a limited life span. Their numbers must be tightly controlled in 

order to ensure homeostasis and the well-being of the organism. This is mainly achieved by 

apoptosis, a programmed form of cell death. It is estimated that in an average adult, almost an 

entire body mass of cells is eliminated and new cells produced by this process each year.*® 

Like the cell cycle, this process must be tightly controlled since irregularities are linked to not

only cancer, but autoimmune diseases and neurodegenerative disorders. 31
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Cell death, like other cellular events is a complex process. In general terms, it can be 

classified into two groups; apoptotic and non-apoptotic cell deaths. Apoptosis is perhaps the 

most studied and well understood fonn of cell death. However, there are other non-apoptotic 

processes which bring about cellular death in different ways and must be distinguished from 

apoptosis. These include necrosis, autophagy, senescence and mitotic catastrophe. Necrosis, 

perhaps the most important of these and the main contender to apoptosis, is cell death that is 

not programmed and is brought about by infection or inflammation. It is a rather traumatic 

fonn of cell death in which the cell swells, the membrane ruptures and the cellular 

components are released. Autophagy is a mechanism in which cellular proteins and 

organelles are brought to lysosomes in which they are degraded. Senescence occurs when 

growth of the cell is significantly slowed down or stopped and is brought about by DNA 

damage or stress in which the telomeres of the chromosomes are significantly shortened. 

Lastly, cell death can be brought about by mitotic catastrophe, a mechanism in which cells 

undergo irregular mitosis and exhibit multinucleate cells with uncondensed chromosomes.

Like the processes described above, apoptosis results in cell death. Apoptotic cells 

however involve a cell death which has been programmed and have a unique and distinct 

morphology when compared to cells undergoing alternative deaths. With 10 million cells 

undergoing apoptosis daily in an average human it is an important process whose control has 

been linked to cancer and other types of disorders. Therefore, the study of apoptosis is vital 

and by 2003 2% of all scientific publications related to this topic.’^’ More recent records have 

shown that in tlte United States Library of Medicine 200,000 references concern programmed

cell death and that a new publication appears every 24 minutes. .13

Programmed cell death has been studied throughout history and has been given a 

variety of names during the years with the name ‘apoptosis’ being given by Currie et al. in 

1972.'*'* The word originates from Greece and means 'the falling of the petals from a flower or 

leaves from a tree'. *^ This kind of cell death was first suggested 130 years prior to this by Carl 

Vogt when studying cell death in toads with the first proper description of the process being 

devised in 1885 by Walther Flemming. He described morphological changes including 

chromatin condensation and fragmentation. Just like Mendel’s idea of genes and inheritance, 

the study of apoptosis went through various stages of popularity over the years. However, in 

1951 Glucksmann described the process clearly relating it to embryogenesis and development 

of vertebrates and in 1965 John F. Kerr used electron microscopy to describe the morphology

9
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of condensation of the cytoplasm giving it the name ‘shrinkage necrosis’ (later renamed when 

he worked with Currie). Knowledge of apoptosis during this time depended on morphological 

descriptions, but the proof that DNA is broken up into fragments during cell death was a 

turning point. This along with studies of the nematode Daenorhabditis elegans proved that 

apoptosis involves a complex array of biochemical and genetic events and requires the study 

of cell signalling and molecular biology.'"*'

In modem times, apoptosis or 'cell suicide' is understood to be a central biochemical 

process that occurs in a complex sequence of events. It is brought about in tu'o major ways; 

the 'extrinsic' and 'intrinsic' pathways. The ‘extrinsic’ pathway involves the binding of ligands 

to a receptor superfamily followed by the activation of specific proteins. The ‘intrinsic’ 

pathway occurs from within the cell and involves regulation by the cellular powerhouse, the 

mitochondrion. A third, less common stress-induced apoptotic pathway has been discovered 

in murine cells and involves regulation by the endoplasmic reticulum."^ Regardless of which 

pathway is initiated, the resulting physiological events are the same with the activation of a 

cascade of proteolytic enzymes called caspases which bring about the eventual destmction of 

the cell."’ Consequently, identical morphological changes which give apoptotic cell death a 

unique identity are produced by either pathway. These include chromatin condensation, 

nuclear fragmentation, cell membrane blebbing and the formation of apoptotic bodies."’Cells 

B and C in Fig. 1.2 depict these characteristic transformations.

Figure 1.2.- Morphological features of Apoptosis. A. Normal intact cell. B. and C. 
Apoptotic cells, arrowheads point to nucleoli. D. Necrotic cell."*

10
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Apoptosis, just like the cell cycle, is regulated by a plethora of regulatory proteins. 

However, despite careful organisation and control, the complex process is not immune to 

defects. Organisms in which a pathway has been altered so that apoptosis cannot occur 

nonnally may face too much or too little apoptosis. Indeed insufficient apoptosis may give 

rise to an abundance of cells which may eventually lead to malignant cancer. In this way, in 

order to understand cancer and possible ways of curing it, it is vital that apoptotic pathways 

and the cellular entities that control and maintain these processes are well established and 

understood.

A large number of apoptosis regulators exist within the intricate workings of 

programmed cell death pathways. Caspases are the key players in apoptotic death and are 

responsible for the typical morphology observed. These proteolytic enzymes - or more 

specifically cysteine proteases - have been highly conserved throughout evolution and 

function by cleaving specific substrates after aspartic acid residues (hence the name cysteinyl 

aspartate-specific proteases Currently, there are ten known genes encoding caspases in the 

mouse genome and yet only eleven in the human genome."*^ These can be distinguished by 

their substrate preference and staictural similarities and form two broad classifications. 

Initiator caspases function early in the apoptotic pathway and work on a small number of 

substrates. The effector caspases on the other hand can bind to hundreds of cellular substrates 

and are responsible for the later events of the apoptotic process.""

All caspases require activation before they can function in apoptosis. Depending on 

the specific caspase in question, this may be achieved in a number of ways. The most 

efficient way is proteolytic cleavage or processing by an upstream caspase which involves 

activation by another already activated caspase in a 'caspase cascade' manner. The second 

form of activation is induced proximity and concerns the idea that procaspases can activate 

each other in crowded conditions. The final and most complex form of activation is by 

association with a regulatory subunit such as an apoptosome body.’'* Initiator caspases are 

activated in this way. Effector (or executioner) caspases are activated by proteolytic cleavage 

and an autocatalytic step in which the prodomain is removed allowing for enzymatic activity.

The blocking of this step by inhibitors is capable of inhibiting apoptosis. 37

As mentioned already, there are two major pathways which initiate apoptosis and 

involve caspase activity. The 'extrinsic' pathway concerns the binding of ligands to a receptor
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superfamily (‘death receptors’) located on the extracellular membrane. Consequently, this 

stimulates the receptor to cluster and fonn a complex known as a 'death inducing signalling 

complex' (DISC).'^'* Intracellularly, an adapter protein binds and recruits specific procaspases 

(caspases 8 and 9) which are subsequently activated by close proximity.^' Once activated, 

these caspases can further amplify the apoptotic cascade. In contrast, the 'intrinsic' pathway 

involves caspase activation from within the cell. This type of pathway is regulated by the 

mitochondria and involves the formation of a caspase-activating complex called an 

apoptosome and the subsequent recruitment and activation of procaspases.In this way, the 

mitochondrion contains pro-apoptotic proteins and thus has an important role to play in the 

regulation of the cell aside from the production of energy.

It is evident that caspases play a major role in the induction of apoptotic cell death. 

Nevertheless, it is important to recognise that there are many other regulators of apoptosis 

that also partake in the running of processes. In the intrinsic pathway, the mitochondrion must 

release a series of proteins - the most important of which is is cytochrome c - in order for 

apoptosome formation to occur. Such events are regulated by a family of regulatory bodies 

called the Bcl-2 proteins. This family of proteins consists of pro-apoptotic and anti-apoptotic 

members that either promote or inhibit apoptotic events. It is the pro-apoptotic Bcl-2 proteins 

that are specifically responsible for cytochrome c release. This is executed in a number of 

ways: 1) following a confonnational change the proteins bind to the mitochondrial outer 

membrane and forni channels, 2) an interaction with the outer membrane proteins fomis large 

pore channels and 3) a rupture of the outer mitochondrial membrane is induced by altering 

the homeostasis of the organelle in some way so that it swells and bursts. ’" It is thus evident 

that by controlling cytochrome c release, the BcI-2 members play a major regulatory role and 

determine whether apoptosis will take place. Once released, cytochrome c along with another 

released protein, 'apoptosis protease-activator factor T (Apaf-1) and procapsase-9 forms the 

apoptosome. This serves as a ‘caspase-activating’ body and initially activates the procaspase- 

9 already present, followed by the activation of caspases 3 and 7. A cascade of events is then 

initiated in which a series of procaspases are activated and the apoptotic signal amplified."'

The apoptotic pathways described thus far are a simplified overview of the events that 

occur during normal apoptotic cell death. It is important to realise, however, that there are 

other types of pathways which may trigger programmed cell death. Non-caspase mediated 

cell death pathways - or pathways that do not involve caspase activation - can occur during

12
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mitochondrial injury. An example concerns the release of the apoptosis-inducing factor (AIF) 

which activates DNase and promotes DNA degradation.'^’ Indeed, it should also be 

recognised that there are many pathways which are poorly understood and remain to be 

further explored. Thus, it is apparent that the processes that seal a cell’s fate are extremely 

complex and must be tightly controlled to maintain homeostasis. Scores of regulatory points 

serve as potential points of error. Examples include the blocking of cytochrome c release or 

the inhibition of the activation of caspases in the DISC by certain factors. Inhibitors of 

apoptosis (LAPs) for example are an endogenous group of proteins that directly bind and 

inhibit caspases.'^'' In this way, there are many potential therapeutic targets that may serv'e as 

useful models for the design of drugs that either block or induce apoptosis. Different types of 

chemotherapeutic agents and their specific modes of action are discussed below.

1.3 Chemotherapeutic Agents

The history of the diagnosis and treatment of cancer is a long and complex one. In 

1971, in an attempt to encourage efforts to find a cure and eradicate the fatal disease. 

President Nixon declared a ‘war on cancer’ by establishing the National Cancer Act. 

Accordingly, a substantial wealth of research has been carried out over the decades and 

triumphs such as the cures of acute lymphocytic leukaemia and Hodgkin’s disease have been 

achieved."*’ Despite these accomplishments and the progress that has been made in the field in 

terms of understanding the disease and the factors that cause it, the long-tenn cure and 

management of most cancers remain to be discovered. Some may argue that the eradication

of metastatic cancer is as challenging today as it was 40 years ago. 28

Throughout the ages, many different strategies have been undertaken in the treatment 

of cancer with the particular approach employed depending on the nature and stage of the 

cancer in question. The main treatments are still surgery, radiotherapy and chemotheraphy.*^ 

Historically, surgery w'as the sole option in removing cancerous tissue. Nowadays, this form 

of treatment remains popular and plays key roles in diagnosis and staging, treatment of 

primary tumours, resection of metastases, preventable treatments and reconstructive 

procedures.'*^ Recently, exciting new research has been conducted in the form of laparoscopic 

or ‘key-hole’ surgery in the treatments of colon** and rectal*^ cancers.

13
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Regardless of whether open-type or laparoscopic surgery is employed, the procedure 

almost always requires additional treatments in the fonn of radiotherapy and chemotherapy. 

The latter treatment, chemotherapy, in very general temis refers to any treatment using 

cytotoxic drugs. There are many types of anticancer agents that work by different modes of 

action and these will be discussed in due course. The former treatment, radiation therapy or 

radiotherapy, has been in clinical use for over 100 years now and 60% of cancer patients 

receive it at some point of their illness.'^^ On the whole, this type of treatment involves the 

production and reaction of excited and ionised reactive intermediates which proceed to 

induce biochemical derangements leading to subsequent cellular damage and possibly 

cellular death. In this way, the radiation effect results from either the direct interaction of the 

radiation with the target molecule or indirectly via the production of reactive intenuediates.^® 

Overall, despite the different types of treatments available, any one treatment is almost 

always insufficient in eradicating most cancers and a combination therapy is usually 

employed.

As can be seen thus far, despite an immense effort, the ‘war on cancer’ remains a 

major concern. Current therapies are able to eliminate bulky tumours but often miss the 

source or the reservoir of the cancer that allows for disease recurrence and metastasis.^' A 

major problem in chemotherapy concerns the issue of drug resistance and accounts for 90% 

of treatment failure in patients with metastatic cancer.^' Clinical drug resistance to 

chemotherapy can be considered as a progressive disease that takes place at drug doses 

associated with manageable toxicity. It can be either intrinsic (where the cancer is resistant to 

the initial chemotherapy administered) or acquired (where resistance is developed over time). 

Acquired resistance is particularly problematic and occurs as a result of acquired somatic 

mutations and epigenetic changes within cancerous cells.Such molecular events may lead 

to an increase in drug efflux or a decrease in drug influx, drug inactivation, alteration in drug 

target and processing of drug-induced damage.^" In this way, cancerous cells develop a 

unique protection system that is known as multidrug resistance (MDR) (Fig. 1.3).

14
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Drug Efflux CAnMol^

Figure 1.3.- Mechanisms of chemotherapeutic drug activity, highlighting potentially 

important determinants of drug resistance.

MDR is almost solely accountable for the development of tumour resistance. It allows 

cancerous cells which are treated by one specific anticancer drug to develop resistance to 

other anticancer agents even if they are structurally and functionally unrelated.^" This defence 

mechanism works mainly by the existence of at least two cell membrane transporters or 

molecular ‘pumps’ known as P-glycoprotein (P-gp) and multidrug resistance-associated 

protein (MRP) which expel drugs before they can reach the cytoplasm or nucleus and exert 

their effect.^^

More specifically, cell membrane transporters belong to the adenosine-triphosphate

binding cassette (ABC) transporter superfamily. This energy-requiring group of proteins is 

responsible for decreasing the accumulation of hydrophobic anticancer drugs by disrupting 

their entry via a concentration gradient.Although the exact physiological functions of ABC 

transporters are not clearly defined, they are known to be present on many types of cells in 

the digestive system and are responsible for the absorption and secretion of endogenous {e.g.

steroids) and exogenous substances {e.g. doxorubicin). 54
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On the one hand, P-gp, the first identified ABC transporter, is mostly located on the 

apical membranes of epithelial cells and is responsible for the transport of neutral and 

cationic hydrophobic compounds. Its expression is regulated by mutation of the p53 gene and 

molecular events such as chromosomal rearrangement, inflammation and exposure to toxic 

metabolites and ultraviolet radiation. On the other hand, MRP is located basolaterally and 

although structurally similar to P-gp, employs an alternative mechanism and pumps drugs 

into the body as opposed to excreting them via the bile and gut. Unlike P-gp, it works by 

transporting hydrophobic anticancer drugs in the presence of glutathione.^^ More recently, 

another transporter - the breast cancer resistant protein - (BCRP) has been identified. The 

transporter which is located in the plasma membrane and is distributed in a variety of cell 

types plays a number or physiological roles. These include the regulation of the uptake of 

certain orally administered substrates from the gastro-intestinal tract and the protection of the 

brain from certain drugs in the blood brain barrier.^’

The over-expression of the cell-membrane transporters described above is a common 

motif in cancers and is the fundamental idea of MDR. The design and development of 

inhibitors of such entities is, therefore, an obvious strategy in cancer treatment. Although 

there are no inhibitors in clinical use at the present moment, many have been synthesised and 

are in clinical trials. First generation MDR drugs consisted of molecules of diverse structure 

and function and included calcium channel blockers such as verapamil, a P-gp inhibitor. 

However, due to other phanuacological activities these molecules induced many side effects 

and were thus limited in application. Based on these observations, second and third 

generation MDR drugs were designed in such a way so as to limit these side effects.^* Before 

clinical trials of these molecules can be carried out a number of issues must be taken into 

consideration. These include the identification of the MDR protein involved, the 

concentration and in vivo efficiency of the drug, the pharmacokinetic interaction between the 

MDR inhibitor and the anticancer agent and novel side effects that may result from inhibition 

of drug transporters in organ-tissue barriers.An example is Incel, a P-gp and MRP 

inhibitor which is currently in five phase II clinical trials for a variety of cancers.

As can be seen so far, due to the complexity of the biochemical pathways involved 

there are many approaches to cancer therapy and numerous potential drug targets. Despite the 

advances made in cancer research, the development of drug resistance and general current 

lack of curative therapies mean that there is a need for new approaches in anti cancer therapy.

16
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Researchers are constantly attempting to uncover differences between cancerous and healthy 

cells so that suitable targets can be identified. Modem approaches include the development of 

novel dmgs, biological agents and drug delivery systems, gene targeting, gene therapy and 

more recently targeting cancer stem cells. Novel dmgs include resistance inhibitors such as 

those mentioned above, antimetastatic and radiosensitising agents and biological mediators 

such as growth factor and tumour necrosis factor.'*^ Other non-classical targets include 

inhibiting processes such as DNA methylation repair mechanisms and biological modulators 

such as caspases, protein kinases, metalloproteinases, topoisomerases, telomerases, signal 

transducers and activators of transcription, cell surface antigens and other enzymes related to 

protein phosphorylation.^' An example of one such dmg is phenoxodiol which is a potential 

target of naturally occurring inhibitors of apoptosis (lAP) proteins.*"'

The modem approach to cancer therapy involves a continuous search for new targets 

and novel anticancer agents that act with minimal side effects. Typically, these target the 

tumour cell at the DNA, RNA and protein levels through a wide variety of ways. Most 

classical chemotherapeutic dmgs function by interacting with tumour DNA. The clear 

establishment of the mechanism of action of these particular anticancer dmgs is vital during 

the pharmacological evaluation since this determines the dmg’s toxicological profile.^"* The 

mode of action of these DNA targeting agents consists of causing damage to the DNA helix, 

interfering with DNA proteins or altering the expression of genes.*""* More specifically, such 

dmgs interact with DNA by causing intrastrand and interstrand {e.g. bis-{2-

chloroethyl)ethylamine, 1 in Fig. 1.4) cross-linkages, insertion or intercalation between base 

pairs (e.g. mitoxantrone, 2 in Fig. 1.4) and by acting either in the major or minor grooves of 

the double helix (e.g. temozolomide, 3 in Fig. 1.4)."*^ It is hoped that by interfering with 

regular DNA processes and overall cellular homeostasis apoptosis will be triggered and cell 

death induced. Some of the different types of DNA targeting agents are discussed below.
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Figure 1.4,- Common DNA-targeting dmgs. 
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1.3.1. Alkylating Agents

Drugs that work by alkylation are the oldest t^'pe of anticancer agents and among the 

most potent. Their exact modes of action vary according to the type of alkylating agent but in 

general involve the displacement of a leaving group by a nucleophilic atom and the disruption 

of normal structure and function. The two main types of alkylating drugs are methylating 

agents and cross-linking agents. Firstly, methylating agents such as the triazenes dacarbazine 

and temozolomide act mainly by methylating guanine bases at the 06-position in the major 

groove or as in the case of ecteinascidin-743 by alkylating the N2 of guanine in the minor 

groove. Secondly, cross-linking agents are composed of two alkylating moieties which work 

by alkylating two nucleophilic functional groups on the DNA.'*^ Depending on the location of 

these groups, cross-links can occur either within a strand (intrastrand) or between two 

complementary strands of the duplex (interstrand). An example of the fonner is the Pt-based 

cisplatin (4, Fig. 1.5) which binds to N7 or 06 of guanine in the major groove while an 

example of the latter is the nitrogen mustard chlorambucil (5, Fig. 1.5).^^ Other types of 

cross-linking agents that work in a similar fashion include oxazaphosphorines, aziridines, 

epoxides, methanesulfonates and nitrosoureas."*^

Ckp^.NHa 
Cl' NHs Cl
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Figure 1.5.- Cisplatin (4) and chlorambucil (5).

Cross-linked adducts alter the shape of DNA. In fact, it has been argued that a single 

alkylation is sufficient to distort the shape of the macromolecule and impair biological 

function.^® Recognition by DNA enzymes is disabled and consequently processes such as 

transcription are disrupted which may lead to cell death. Alkylating agents tend to target 

cancers with high proliferative rates such as leukaemias. The therapeutic efficacy of such 

drugs, however, is limited by toxic side effects. Because alkylation can take place on any loci 

on the macromolecule, the process is non-specific and, hence, normal highly proliferative 

tissues (e.g. hair follicle or gastrointestinal cells) are also affected. Furthermore, deactivation 

by reaction with nucleophilic molecules such as water and proteins lowers their potency.^’
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1.3.2. Intercalating Agents

Anticancer agents may also use intercalation as their mode of action. This group of 

molecules differ considerably from the aforementioned alkylators both structurally and 

mechanistically. Classic intercalators - such as anthracene (6) and phenoxazine (7) which are 

shown in Fig. 1.6 - consist of planar aromatic systems that function by embedding themselves 

between adjacent base pairs of the DNA helix according to the ‘nearest neighbour exclusion 

principle’. This theory states that molecules of such nature can bind by insertion to a 

maximum loading of one ligand per two base pairs with alternate base pair steps remaining 

empty.Upon binding, intercalators are held in place by hydrogen bonds (HBs) or van der 

Waals interactions. Additional stabilisation of the complex may be achieved by the presence 

of side chains which further bind to either groove in the DNA helix. An example of this is 

doxorubicin which possesses an amino sugar group.

Figure 1.6.- Anthracene (6) and phenoxazine (7).

The interaction of an intercalative system with DNA results in the disruption of the 

regular structure and subsequent unwinding of the double helix which disables the normal 

functioning of the macromolecule. As with alkylators, a number of different modes of action 

can be observed. Many intercalators bind preferably to G:C rich sequences. Other 

mechanisms of action involve the trapping of topoisomerase-DNA complexes leading to 

strand cleavage and the chelation of metal ions with the subsequent production of free 

radicals and the induction of cellular changes. An example of such an agent is the 

anthracycline dactinomycin which functions by blocking DNA synthesis or causing strand 

breaks through radical formation or topoisomerase interaction.'*^ Interestingly, bis- 

intercalative agents based on two naphthalene diimides tethered by a specific linker have 

recently been designed and synthesised.*’®
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1.3.3. Antitumour Antibiotics or DNA-cleaving Agents

As can be seen thus far, DNA targeting anticancer agents can vary greatly in both 

structure and function. Another class of drugs are the antitumour antibiotics or the DNA- 

cleaving agents. These particular agents are naturally occurring and as the name suggests 

bind to DNA and subsequently cleave the genetic material. Binding is achieved in a 

sequence-specific manner and, thus, antitumour antibiotics are advantageous in that they have 

potential for selectivity towards cancerous cells. Examples of such agents include bleomycin 

(8) and neocarzinostatin (9) which are shown in Fig. 1.7. Both have been shown to function 

by causing single and double strand breaks in intracellular DNA. More specifically, 

bleomycin has been shown to cleave DNA mostly at G:C and G:T sequences and to a lesser 

extent at T:A sequences whereas neocarzinostatin makes incisions at positions of adenine and 

thymine. Mechanisms for both drugs involve binding and cleavage of sites damaged by free 

radicals.’^ Following DNA cleavage, different studies have shown that in certain tissues 

bleomycin induces oxidative stress and apoptosis while neocarzinostatin inhibits cellular 

proliferation through cell cycle arrest and induction of apoptosis.’’ ’" Another example of a 

DNA-cleaving drug is calicheamicin which due to high toxicity must be conjugated to a 

specific antibody prior to clinical use. Lidamycin is another agent currently under

investigation. 7.1
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Figure 1.7.- Bleomycin (8) and neocarzinostatin (9). 
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1.3,4. Topoisomerase Inhibitors

A final type of DNA targeting agents that will be mentioned here are topoisomerase 

inhibitors. These drugs do not directly interact with the DNA macromolecule itself but target 

DNA topoisomerases. DNA topoisomerases are cellular enzymes that are concerned with the 

topological state of DNA and processes such as replication, transcription and translation. 

They are also in control of crucial molecular events such as knotting and catenation. On a 

more intimate level, topoisomerases have the ability to cleave and reseal the phosphodiester 

backbone via tw'O consecutive transesterification reactions. The enzyme breaks the DNA 

strand and passes another strand through the transient break or simultaneously breaks a pair 

of complementary strands and passes another double-stranded segment.’"' The latter of these 

events is performed by a group of toposiomerases known as topoisomerases II and the former 

process is accomplished by topoisomerases I. These are also responsible for removing 

negative supercoils in DNA without damaging the strand.

The functioning of topoisomerases can be repressed by a unique mode of action 

exerted by topoisomerase inhibitors. For instance, if relaxation and unwinding of the 

supercoiled helix is inhibited, transcription cannot occur and the cell is forced to undergo 

apoptotic cell death.The leading drug that works in this way is camptothecin (10, Fig. 1.8), 

a naturally occurring quinoline-based alkaloid that inhibits topoisomerase I. The mode of 

action and subsequent cytotoxic effect of this drug and its analogues can be explained by 

what is known as the fork collision model. This involves the inhibitor binding to and 

stabilising the DNA-topoisomerase I complex that forms during replication. Although the 

enzyme still retains its cleavage action, camptothecin inhibits the religation step that reseals 

the parent strand after passage of the daughter strand. The collision of the resulting cleaved 

strand with the replication fork that follows causes a double-strand DNA break. This 

traumatic event disables cell division and causes subsequent cell death.’^ Similar events occur 

with topoisomerase II inhibitors in which stabilisation of the enzyme-DNA complex occurs. 

As witli topoisomerase I inhibitors, accumulation of such intermediates results in the 

activation of cell death. An example of a topoisomerase II inhibitors is mitoxantrone (2, Fig.

1.4). 76
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Figure 1.8.- Camptothecin (10).

1.3.5. Major and Minor Groove Binders: DNA Structure

To this point, the major types of DNA targeting agents used clinically as anticancer 

therapies have been analysed in both structure and function. It is evident that depending on 

the type of agent in question, a unique mechanism of action is exhibited and is responsible for 

the anticancer effect. For instance, as discussed previously, intercalating drugs work by 

stacking between base pairs of the helix. What may not be evident is that in addition to the 

aromatic chromophores that interact with the electronic system of the helix, all but the 

simplest intercalating agents possess functional groups that bind into the grooves of the DNA 

macromolecule. These additional interactions provide an added affinity and in some cases, 

base sequence specificity to the drug.’’ In addition to partial binding into the grooves of the 

helix, DNA-targeting drugs may function by binding exclusively to either the major or the 

minor grooves. This introduces the final type of anticancer drug that will be discussed here 

- and the most relevant to this research - minor groove binders.

It is worth mentioning here that the structure of deoxyribonucleic acid was elucidated 

in Watson and Crick’s paper in 1953. In this revolutionary work, the proposed construction of 

the DNA helix is seen as consisting of two right-handed helical chains coiled around the 

same axis.’* The nature of this scaffold occurs in such a way that two indentations exist 

(known as the major and the minor grooves) which result from the asymmetric attachment of 

the phosphodiester backbone to the base pairs (Fig. 1.9). DNA can exist in a variety of 

different polymorphs (mainly A, B and Z forms) and this conformational heterogeneity which 

is both environment-dependent and sequence-dependent plays a vital role in biological 

processes.’^ Therefore, the properties of the major and minor grooves vary depending on the 

type of DNA in question.
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Figure 1.9.- DNA double helix showing the major and the minor grooves. 80

There are considerable physical differences betw'een the DNA polymorphs in temis of 

base pair stacking and the means by which the sugar-phosphate backbone strands wrap 

around the helical axis. The classic Watson-Crick model describes B-DNA, the most 

common type of DNA found in biological systems. As a comparison, A-DNA which occurs 

at low humidity and is a right-handed system has a wide helix with bases lying sharply 

towards the helical axis, a spacious major groove and a minor groove that is almost too 

shallow to be considered a groove at all. Z-DNA on the other hand, occurs in high salt 

conditions and is a left-handed structure. It is long and elongated, with a shallow, almost flat, 

major groove and deep minor groove and can therefore be almost considered as the complete 

inverse of A-DNA. B-DNA is an intemiediate between these two extremes. Like A-DNA, it 

is right-handed, but is nonetheless slimmer and longer, with base pairs almost perpendicular 

to the helical axis, a narrow minor groove and wide major groove.*’’*" The dimensions of the 

minor and major grooves of different polymorphs of DNA as calculated by fibre diffraction 

studies are presented in Table 1.1.
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Table 1.1- Groove Dimensions (A) in polynucleotide DNA double helices. 81

DNA
PoI)Tnorph

Major
Groove
Width

Major
Groove
Depth

Minor
Groove
Width

Minor
Groove
Depth

A 2.2 13.0 11.1 2.6

B 11.6 8.5 6.0 8.2

C 10.5 7.6 4.8 7.9

D 9.6 6.2 0.8 7.4

Z 8.8 3.7 2.0 13.8

This work deals with B-DNA and hence only this type of DNA will be considered 

henceforth. More specifically, the research presented here involves molecules designed to 

bind to the minor groove. It is important however, to distinguish the major and minor grooves 

and, hence, deduce the features that make a molecule more appealing for either groove. There 

are considerable differences between the major and minor grooves in tenns of physical size 

and composition. In tenns of size, their dimensions depend on base pair orientation but on 

average the widths are 11.6 A and 6.0 A and the depths are 8.5 A and 8.2 A for the major and 

minor grooves respectively (Table 1.1). This difference in size is an obvious basic 

characteristic when considering binding. For instance, a protein a-helix can only fit into the 

major groove of B-DNA and act there directly as a recognition element.*’

The major and the minor grooves vary in tenns of base composition as well as size. 

G:C base pairs are mostly found in the major groove while the minor groove consists 

predominantly of A;T base pairs. Since nucleic acids are highly charged species (the DNA 

duplex averages one negative charge for every 1.7 A along the helix*’’), both grooves are 

surrounded by physiologically important cations such as Na^, K", Ca'^ and Mg'"’. The G:C- 

rich sequences localise cations in the major groove and the A:T regions preferentially localise 

them in the minor groove. Also present in the groove are water molecules which form water- 

mediated contacts and assist the coordination of cations.*'* The dynamics of these water 

molecules differs greatly between the two grooves. It has recently been demonstrated that in 

the major groove the water dynamics are somewhat insensitive to certain environmental 

surroundings such as sequence differences while the opposite is true for the minor groove 

where much slower dynamics are observed. In addition, the minor groove is narrow enough 

to accommodate a single layer of water molecules, known collectively as the ‘spine of
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hydration’.In the Dickerson-Drew duplex sequence d(CGCGAATTCGCG)2, this is found 

to be a linear array of hydrogen bonded molecules extending over six base pairs in the central 

region of the minor groove with every other molecule bonded to a pair of base HB acceptors, 

bridging adjacent base pairs.The chain of water molecules plays an important role as it 

changes substantially the position of the bases and stabilises a definite confonnation of the

DNA double helix. 87

Groove-binding molecules target the DNA duplex with the objective of interfering 

with the normal helical structure. By doing this, they compete with endogenous cellular 

components such as nucleic acid-binding proteins and disrupt typical processes like 

transcription and replication which preserve the homeostasis of the cell. Binding to either 

groove can be considered separately both in terms of the nature of the binding moiety and the 

physiological effects that the interactions induce.

The major groove generally exhibits protein-DNA interactions while the majority of 

small molecules target the minor groove. Although some drugs such as methyl green have 

been shown to bind to the major groove, proteins bind more readily to this region not only 

because of their bulky nature and the relative size of the groove but also due to the wealth of 

information content obtained from such interactions. Very specific recognition and control 

processes such as accurate gene expression occur here.***'*^ Such protein-DNA interactions in 

the major groove take place without major alterations occurring to the helical structure. In 

comparison, proteins binding in the minor groove induce significant changes. An example is 

the TATA-box binding protein (TBT) which binds to the minor groove and induces dramatic 

DNA deformation.^® Similarly, minor groove binding agents can induce dramatic changes by 

directly competing with such processes. This is achieved by competing for regulatory sites, 

binding at adjacent sites and inducing conformational changes or by preventing DNA from 

undergoing structural changes needed for drug binding.*® Because of the nature of the DNA 

macromolecule and the base pairs themselves, binding between such species is achieved by a 

number of forces of attraction. These include interactions such as ionic attractions, van der 

Waals contacts and HBs as shown in Figure 1.10.*®
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A:T G:C

i 1 I

Figure 1.10.- HBs donors {red arrows) and acceptors {blue arrows) in A:T and G:C sites

The minor groove is a target for many sequence-specific therapeutic drugs which have 

been shown to possess antiprotozoal, antiviral, antibacterial and anticancer properties. These 

may be naturally occurring or synthetic and may employ various modes of action and 

mechanisms.^' In order to understand the reasons as to why these molecules specifically 

target this region and the nature of their interactions, it is important to establish the unique 

features of the minor groove.

The distribution of electrostatic potential along a DNA helix is a vital aspect when 

considering minor groove binding molecules. It has been well documented in the literature 

that the minor groove carries the greatest negative electrostatic potential in comparison to the 

rest of the DNA helix. Alternatively, regions rich in A:T base pairs have the largest negative 

potential at the floor of the minor groove while G;C populated areas have the largest positive 

potential.*^ Extensive studies have been carried out on the molecular electrostatic potential of 

the sugar-phosphate backbone of the B-DNA helix. Geometric factors governing the 

extension of the electrostatic potential in space, its overall shape, the location of minima and 

the differences in potential values between areas such as the minor and major groove and the 

phosphate backbone have been evaluated.^' The importance of the position of the base pairs 

with respect to the helix has been noted in the balance of potential between the grooves. Also 

the effects on the potentials of the shielding of the negatively charged phosphates by cations 

such as sodium ions have been studied. Studies such as these have demonstrated not only the 

importance of the ions surrounding the DNA for the selectivity of particular regions of the 

macromolecule towards electrophilic and nucleophilic agents but have contributed in 

evaluating the reactive and interactive properties of double-helical DNA. In addition, work on
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the importance of base compositions has contributed to detemiining the preference of certain

regions for electrostatic interactions with ligands.W.94

The shape of the minor groove is another important feature that must be considered 

when designing minor groove binding agents. This shape is of a convex nature due to the 

groove floor being lined with base edges.As a result, in order to complement this shape 

binding agents are usually of a crescent character. Biologically, this unique minor groove 

shape is crucial for the recognition of enzymes and for the normal functioning of cellular 

processes. An example concerns the nucleoid-associated protein Fis which regulates diverse 

reactions by inducing bending of DNA. Studies of crystal structures of Fis-DNA complexes 

reveal that the protein selects targets through indirect recognition mechanisms involving the 

shape of the minor groove.Indeed, this type of sequence-dependent minor groove shape 

detection is recognised as a new kind of protein readout mechanism amongst amino acid 

residues such as arginine.

In a similar fashion, natural or synthetic small molecules designed as minor groove 

binders can bind into the groove and elicit biological changes. Most abide by the classic 

structural concept - the isohelicity principle - which states that molecules must adopt a 

concave shape in order to complement and bind into the convex groove. On a closer level, the 

HB interactions in the minor groove are of a linear nature. Therefore, in order for binding 

ligands to form direct HBs with the groove, the most optimal shape they can adopt is a curv'ed 

one.^’ Typically, minor groove binders are flexible and consist of a series of linked aromatic 

rings with this curv'ature induced by a twist of the linker groups.Recent studies, however, 

have found that certain molecules that are essentially planar can bind into the groove with 

high affinity. These findings suggest that abiding by the isohelicity concept is not essential 

and hence make the prerequisite of a curved skeleton debatable. As has been found, binding 

of fundamentally linear molecules can be assisted by highly stmctured water molecules that 

can aid groove binders in a number of ways with a bridging water molecule being an ideal 

example.An example of a minor groove binder that can employ water in achieving binding 

is netropsin. Recent biophysical studies have shown that in its normal state the molecule 

binds by displacing all water molecules - a process which is favoured entropically - and 

laying along the floor in a bent confonnation. An alternative binding mode involves netropsin 

adopting a more linear conformation and using a single water molecule to bridge the floor of 

the minor groove and two amidino nitrogens at either end of the molecule.^
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The electrostatic potential and convex shape of the minor groove are crucial features 

to consider prior to designing minor groove binding molecules. Other features that must be 

taken into consideration are the interactive properties of the minor groove. Depending on the 

particular atoms of the macromolecule minor groove, hydrophobic or polar contacts may take 

place. Extensive studies on crystal structures of protein-DNA and drug-DNA complexes have 

been carried out to evaluate specific interactions that take place in the minor groove. These 

investigations have shown that the DNA atoms that bind to protein or drug residues are 

purine N3, pyrimidine 02, guanine N2 and deoxyribose 04. The most common contacts are

polar in nature and involve N3 and 02. Hydrophobic interactions can take place at the 

surface of the minor groove wall which is hydrophobic in nature due to the hydrogen atoms 

of the backbone.*^ More specifically, 04 partakes mostly in hydrophobic contacts which 

oftentimes serve as secondary interactions to the more favourable N3 and 02 contacts.'”'’ 

Bonding interactions between such atoms and those of a typical minor groove binder are 

shown in Fig. l.11.'”'

0 DNA fragment

Figure 1.11.- Basis of selectivity of hydrogen bonding interactions with the 

favourable HB bonds {rectangle) in contrast to steric clashes {circle) being shown.'”'

Considering the features of the minor groove discussed thus far, classical ligands 

designed to target the groove encompass certain characteristics that make them a unique class 

of DNA targeting agents. As already mentioned, the minor groove is convex in shape, 

hydrophobic and has a great negative potential. Therefore, in order to complement these 

features, minor groove binders are typically concave in shape, flexible, cationic in nature and 

possess interactive features such as HB donors and acceptors (Fig. 1.12).

28



Chapter Introduction

.V

,A-

Figure 1.12.- Minor groove binder features and bound in the minor groove. 102

It is important to stress that the features described above are general ideals met by 

classic minor groove binders such as Hoechtst 33258 and that ligands that do not abide by 

these rules but bind nonetheless are continuously being discovered. As previously mentioned, 

it has recently been found that planar and more rigid molecules may bind into the groove 

when assisted by structured water molecules. Furthennore, such systems may bind into the 

groove by an induced fit structural change as is the case with the benzimidazole-derivative 

DB921 (11, Fig. 1.13).’°"’ Similarly, some carbohydrate-based minor groove binders have 

been shown to exploit differences in DNA flexibility and can bind quite selectively by an 
induced fit mechanism in which the ligand forces the DNA to mould around itself'^ 

Additionally, a dipyridinium minor groove binder SN18071 (12) that lacks numerous HB 

donor and acceptor groups and is not isohelical in nature has been shown to have 

intereactions within the groove (Fig. 1.13). Although cocrystallisation experiments of 12 

with DNA nucleotides have shown binding to be weak and disordered,the fact that binding 

takes place further suggests that classical traits are not essential for minor groove binding.

H2N

H2N

■=\ N

11

NH2 

NH2

Figure 1.13.- DB921 (11) and SN18071 (12).

Regardless of their specific interactive features and detailed sequence selectivity, 

minor groove binding ligands share a common binding mechanism that is unique amongst the 

various DNA-targeting drugs. This mode of action involves the molecule inserting into
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binding sites in the groove that consist of at least four DNA base pairs.As previously 

discussed, binding is achieved through a variety of interactions betw'een the ligand and the 

minor groove with the significance of one type of interaction over another becoming 

increasingly debatable. Despite this, binding is always accompanied by the displacement of 

the highly structured water molecules that naturally reside in the groove which contributes 

greatly to the entropic changes typical of such systems.*^ Indeed, the thermodynamics of this 

process have been investigated using experimental and computational approaches. Free 

energies and their associated enthalpies and entropies of binding have been measured for a 

large number of DNA-ligand complexes. These studies have shown that upon binding the 

translational, rotational and internal motion of the ligand is lost. The exact entropic cost 

depends on the DNA binding sequence and the structure of the minor groove binder.'*^’

Molecules that bind to the minor groove may be naturally occurring or synthetically 

derived. Since the discovery of such agents and their recognition as a unique class of DNA- 

interactive drugs, many minor groove binders ha\ e been linked to a x ariety of disease states 

and are excellent candidates for antitumour activity. In modem times, there is therefore an 

active field of research in designing new minor groove binders and deciphering their exact 

modes of action in biochemical pathways.

The earliest compounds to be characterised as minor groove binders were the 

naturally occurring antibiotics netropsin (13) and distamycin A (14) (Fig. 1.14). These well- 

studied polypyrrole oligopepetides are the prototypic minor groove binders and have been 

linked to both antitumour as well as antiviral activity.’^ Numerous studies in the literature 

have shown exceptional binding abilities of the two agents with thermal deanaturation studies 

of both dmg-DNA complexes having been carried out at various compound-DNA (P/D) 

ratios. Netropsin in particular has been shown to induce drastic changes with ratios below five 

moles per 100 DNA phosphate groups using calf thymus DNA.'®* In addition to this, its 

strong sequence specificity has been demonstrated by thermal denatuarion experiments using 

poly (dA-dT): which resulted in a heat change (ATm) of 39 Unfortunately, this binding 

power renders these two agents to be highly toxic and as a result they are not currently in 

clinical use. Nevertheless, these systems are ideal models for understanding the nature of 

minor groove binding interactions through the use of spectroscopic measurements and other 

biophysical techniques.
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Figure 1.14.- Netropsin (13) and Distamycin A (14).

Structurally, netropsin and distamycin A are classic minor groove binders and possess 

the traditional characteristics common to molecules of this nature. By being cationic, flexible 

and of annular shape, both are complementary to the minor groove and are able to partake in 

strong binding interactions in A:T rich regions. More specifically, footpriniting studies have 

demonstrated that both show a preference towards 5’-AAAA and 5’-AATT over 5’-TTAA or 

5’-TATA sequences due to sequence-dependent groove width variations.*®

Studies of the first crystal structure of netropsin itself showed that the amide groups 

reside on the concave side while the carbonyl and methyl groups are arranged on the convex 

side of the molecule. The narrow cross-section of the molecule allows it to fit into the groove 

in such a way that the walls of the groove are in close contact with the pyrrole and amide 

groups. The natural torsional twist in the molecule maximises these isohelical contacts. 

Binding is then achieved by an extensive set of HBs between these amide groups and 

adjacent A:T base pairs with each amide group orientating its nitrogen atom inwards and 

participating in a bifurcated arrangement with two consecutive base pairs. Additional HBs 

occur between the terminal amidinium groups and adjacent bases. Binding is further 

strengthened by van der Waals contacts and electrostatic interactions between the charged 

amino ends and sulphate anions found on the helix.”®’*®

Detailed infonnation concerning these interactions have been further provided by the 

crystal structure of netropsin bound to the decamer d(CGCGAATTCGCG) (Fig. 1.15). The 

central eight bases of each single strand base pair with a self-complementary strand to give an 

octamer B-DNA duplex with the terminal bases remaining unpaired but interacting with 

neighbouring duplexes. As expected, netropsin lies in the minor groove of the duplex. It 

adopts a class I type binding mode with the three amides positioned midway between four 

A;T bases at the centre of the dodecamer. As mentioned previously, these form bifurcated
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HBs to adenine and thymine on opposite strands of two adjacent base pairs. Additionally, the 

crystal structure shows that netropsin lies along a five base pair site and fits tightly into the 

groove by bending of the flexible amidinium group.’" Indeed, when a netropsin molecule 

binds into the groove, it does so usually according to the isohelicity concept. However, due to 

hyperconjugation, the molecule is quite planar and can also bind via the incorporation of a 

water molecule.’Once bound, the closest distance between any two bound netropsin 

molecules is three base pairs.’

■):>

HN

I '

HN-^O

"X ‘

p

Figure 1.15.- Netropsin-d(CGCGAATTCGCG) interactions with dashed lines representing 

HBs (/e/?),*^ netropsin bound in the minor groove (top 77g/7r)’"’and molecular surface images 

of the amidinium and guanidinium ends of netropsin as determnined by the program GRAFT

showing a neat fit of the molecule at either end within the groove (bottom right). Ill

In contrast to netropsin, distamycin A is its /775-A-methylpyrrole derivative. 

Structurally, it is analogous to netropsin but only possesses one terminal cationic 

(guanidinium) group and has a more lengthy framework and, thus, a longer DNA-binding
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site. As before, binding to the minor groove is achieved by interactions with A:T base pairs

through bifurcated HBs to N3 of adenines and 02 of thymines 86

Structural modelling studies and crystallography of distamycin A and various DNA 

sequences have - as in the case of netropsin - provided detailed information on the 

molecule’s binding mode. Firstly, the structure of the distamycin A-d(CGCGAATTCGCG)2 

complex was determined using a combination of mechanics calculations and NOESY and 

SKEWSY 2D NMR experiments. These studies showed that distamycin A binds tightly to 

5’-AATT of the minor groove and that this binding is achieved in a number of ways. These 

interactions include van der Waals contacts between Ade 5, Ade 6 and Ade 18 C2H and drug 

H3 protons and HBs between the drug amide groups and adenine N3 and thymine 02 atoms.

Moreover, stacking and electrostatic interactions contribute to the stability of the complex. 114

Modelling studies predicting the binding mode and interactions of distamycin A to the 

minor groove were then followed by the resolution of distamycin A-d(ICICICIC)2, the first 

distamycin A-DNA crystal structure (Fig. 1.16). This drug-octamer complex showed one 

remarkable difference in comparison to netropsin and other 1;1 binding systems; the 

molecule binds as a dimer in an antiparallel head-to-tail manner to give a 2:1 complex. Two 

molecules of distamycin A fit into the groove and lie in close non-bonded contact with each 

other with dyad symmetry. Each molecule interacts with only one DNA strand by HB 

interactions between the amides and the groove base atoms as mentioned above.*' 'These 

interactions were also observed in the distamycin A-d(ITITACAC)2 complex which also 

showed that one of the pyrrole rings of the molecule stacks against the amide groups of the

other and that each drug molecule covers five base pairs of the duplex in question 116

The establishment that agents may bind into the minor groove by not only 1; 1 but also 

2:1 binding patterns provided some vital infonnation concerning the nature of the minor 

groove. In the case of distamyin A, the so-called ‘narrow minor groove’ must expand from 

3.4 to 6.8 A so as to accommodate both molecules. This suggests that the geometry of the 

groove itself is not inherently unalterable but is rather flexible, especially upon drug 

binding.*'
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Figure 1.16.- Distamycin-DNA HB interactions {leftyand distamycin bound in the minor

groove in a 2:1 binding mode {right). 101

Synthetic analogues of naturally occurring minor groove binders such as netropsin 

and distamycin have been investigated and the nature of their binding characterised. These 

derivatives have been designed by various structural modifications such as the replacement of 

the A-methyl group with longer and more branched alkyl groups, variation of the N- and C- 

termini and the introduction of aromatic and heteroaromatic amino acids.'®'

To date, there are numerous groups of minor groove binders including aryl 

benzimidazoles, pyrrolobenzodiazepines, amidino arylfurans and benzofurans. Many of these 

have been crystallised as drug-oligonucleotide complexes. Although they share the same 

characteristics, these minor groove binders vary in structure and function. The realisation that 

distamycin binds via a 2; 1 mode encouraged the design of new minor groove binding ligands 

in order to attain sequence recognition at the gene level. This allowed, for the first time, 

minor groove binding to involve simultaneous HBs to both bases in a base pair. Thus, far 

greater discrimination was attainable than could be achieved with 1:1 binders.*'

In addition to the newly discovered 2:1 binding mode, the design of netropsin and 

distamycin derivatives known as Texitropsins’ has allowed for A:T binding as well as 

potential G:C selectivity at certain points. This may be achieved by changing HB polarity at 

the groove floor by, for instance, changing the A-methyl pyrrole (Py) for an imidazole (Im) in 

order to achieve HB interactions to the guanine -NH? group (Fig. 1.17). This could also be
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replaced by other groups such as thiazole, triazole, furan and pyrazole units.Linking Py 

and Im groups or any of the aforementioned entities by amide groups gives a new type of 

minor groove binding agents collectively known as polyamides. Ligands of this type allow 

for the targeting of a wide range of sequences with high selectivity.*'

H HN^

A:T

--0 /

-nH

H HN-

G:C

-HoN

//
- -O

Figure 1.17.- Amide-base recognition showing HB to thymine of A;T and lexitropsin base 

recognition with HB between exocyclic amino substituent and Im ring in G:C base pair.

Furthermore, the pairing of two polyamide molecules by covalent linkages to give 

hairpin polyamides allows for greater control of recognition and selectivity. Studies have 

shown that these can compete with regulatory proteins and target DNA response elements 

which are essential for transcription factor binding.*' An example of such a system is the 

Py/Im polyamide shown (15, Fig. 1.18). This molecule binds to a specific DNA sequence in 

such a way that an allosteric perturbation is induced in which the minor groove is widened, 

the major groove compressed and transcription factor interfaces disrupted."’ Other examples 

of such a systems are the hairpin Im-Py-Py-Py-(R)H2NY‘Itn-Py-Py-Py-(3-Dp which binds to the 

sequence AGAACA in nanomolar concentrations and the thiazole containing short polyamide 

which binds to ACTAGT in high affinity (16, Fig. 1.18).
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Figure 1,18.- Cyclic polyamides targeting transcription factor recognition. 117.119

As can be seen thus far, there are many different types of minor groox e binders and 

continuous research in their design and mode of action is being carried out. In addition to 

netropsin and distamycin derivatives, there are many classical agents that bind with strong 

affinity to the minor groove. Once again, most of these possess the typical characteristics 

common to molecules of this nature and are cationic, flexible and of annular shape (17 - 20, 

Fig. 1.19). A select few are discussed below.

H,N

NH, 18
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Figure 1.19.- Common minor groove binders.
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Diarylamidines like 4’,6-diamidino-2-phenylindole (DAPI) (17), berenil (18) and 

fiiramidine (24) belong to a class of minor groove binders which have been shown to have 

applications against several protozoal diseases. DAPI (17) has been shown to inhibit the 

activity of RNA and DNA polymerases and is mostly used as a fluorescent probe. It has been 

shown to form complexes with double-stranded DNA and to have a strong affinity towards 

A:T or more specifically AAT regions. The molecule fits into the minor groove by aligning 

its phenyl and indole rings parallel to the walls of the groove. Close contacts are fomied by 

these rings and the terminal amidinium group with C-2 and N-3 of adenine and 0-2 of 

thymine. The amidine groups contribute to stabilising the complex through HBs and 

electrostatic interactions as expected. Footprinting studies show that when bound, DAPI 

covers three or four base pairs. Additionally, the crystal structure of the drug and the 

commonly used DNA dodecamer d(CGCGAATTCGCG)2 has provided information about 

the geometry and binding of the minor groove binder.

Berenil’s (18) minor groove binding ability relates to trypanocidal, babesicidal and 

bactericidal properties. More specifically it is an inhibitor of kinetoplasts in mitochondrial 

DNA.'‘° As with DAPI and other minor groove binders, the crystal structure of the drug and 

the Drew-Dickerson dodecamer has been resolved and binding information obtained. Like 

DAPI, the l,3-^«(4-phenylamidinium)triazene is selective for the three base pair sequence 

AAT. It binds to the minor groove by aligning its phenyl rings parallel to the groove walls 

with the tenninal amidinium groups in close contact with the adenine bases A5 and A18. 

More specifically, at one end of the molecule the amidinium group partakes in HB 

interactions between the N3 of A18 and the thymine of the three base sequence. At the other 

end of the ligand, the terminal amidinium group does not directly interact with DNA. Instead 

a water molecule mediates between them and allows for a HB interaction between the 

amidinium N3 and a ring oxygen atom of an adjacent deoxyribose. In this way, water acts as 

a bridge between HB donor/acceptor groups and plays a crucial role in berenil binding into 

the minor groove. “ ’ “

Pentamidine (19) is a minor groove binder used clinically against Pneumocystis 

carinii, an infectious agent found commonly in AIDS patients. It more than likely inhibits the 

pathogen by targeting its topoisomerases and their activity.*' Footprinting studies as well as 

molecular mechanics modelling studies have shown that it binds to A:T rich regions and 

when bound spans four base pairs. Hydrogen bonding between the amidinium groups of the
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drug and adenine and thymine stabilises the complex.’''* Crystallographic studies between the 

drug and the typical dodecamer of choice (d(CGCGAATTCGCG)2) have provided further 

details on its binding mode. The crystal complex shows that when bound the cationic ends are 

positioned deep within the groove and that two phenyl rings are twisted 35° to each other, 

running effectively parallel to the curvature of the groove. The studies also confmu that the 

molecule symmetrically spans over and to some extent beyond four A;T base pairs with HB 

interactions between the amidiniums and N3 of Ade 5 and N3 of Ade 17 on the 

corresponding strand. The amidinium groups also partake in close contacts with the 04’ 

atoms of Ade 6 and Ade 18 and a water mediated contact with 04’ of Gua 10. Binding is 

further stabilised by additional contacts to the deoxyribose ring 04’ atoms and weaker 

interactions with the 02 atoms of Cyt 9 and Cyt 21 which indicates that the binding site 

slightly exceeds four base pairs.

Another class of minor groove binders that will be briefly mentioned here are the his- 

benzimidazoles (21 - 23, Fig. 1.20). The prototypical example of such an agent is the dye 

Hoechst 33258 (23) which has demonstrated in vivo activity against L1210 leukaemia.

NH2 

NH2

Figure 1.20.- Benzeimidazole-based minor groove binders.

Hoechst 33258 (23) offers the same type of activity as netropsin and distamycin. Like 

these minor groove binders, it binds to four or five base pairs and is mostly A;T selective. 

Structural studies have shown that while the two benzimidazole groups in the molecule fonu
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a network of bifurcated HBs to three A:T base pairs, the piperidine ring is too bulky to fit into 

the narrow minor groove. Instead the molecule is forced into a widened A;T groove which is 

best accommodated by the presence of a G:C base pair.*’ Affinity for A:T regions can be 

reinforced by the replacement of the terminal piperazine ring with an amidinium, imidazoline 

or tetrahydropyridinium group.Indeed, the crystal structure of the Drew-Dickerson 

dodecamer of DNA and an analogue in which the piperazine ring has been replaced by an 

amidinium and the phenolic group by a phenylamidinium has been resolved. This study 

demonstrates the exceptional affinity towards DNA due to the HB patterns which also 

compensate for the lack of isohelicity in the structural framework of the molecule.’"^ Further 

affinity may be increased by extending the molecule by the addition of benzimidazole units 

as in the case of the /ra-benzimidazole derivative which binds over five to six base pairs. "

The final minor groove binder to be discussed here is fiiramidine (24, Fig. 1.21), a 

diphenylfiiran diamidine which is structurally related to the compounds in this work. DB75 or 

furmadine is the leading compound in the group of antimicrobial and antiparasitic agents 

already discussed. An amidooxime prodrug of this molecule is currently in Phase III clinical 

trials against human African trypanosomas as well as other parasites.'”^ Additionally, the 

drug and its derivatives have shown activity against several cancer cell lines and promising 

new findings have linked furamidine as an inhibitor of TDPl, a key enzyme involved in

cancer cell repair. 127.128

Figure 1.21.- Furamidine.

A vast amount of biophysical studies such as DNA thermal denaturation experiments, 

circular dichroism and footprinting experiments have been carried out on furamidine and its 

derivatives in order to evaluate the binding pattern and mode of action. It is now well 

established that furamidine binds strongly to the minor groove of DNA. An X-ray structure of 

the drug-d(CGCGAATTCGCG)2 complex shows that when bound the molecule fits deeply 

into the groove and covers four base pairs, namely AATT sequences. Close contacts with A:T 

base pairs along the floor of the groove and HB interactions with the amidine groups stabilise
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the complex.’"^ Additionally, a combined crystallographic, molecular modelling and solution 

biophysical study has shown that non-bonded interactions between the furan group and the 

hydrophobic walls produce an increased affinity in comparison to the -(CH2)5- of 

pentamidine or the triazene of berenil.'"^

The means by which furamidine exerts its biological action remain unclear despite 

being well characterised as a minor groove binder with exceptional binding affinity. In terms 

of the antimicrobial activity, the prodrug derivative of the molecule concentrates in the 

kinetoplast or the mitochondria. Groove binding then leads to the inhibition of the DNA 

dependent enzymes or the direct inhibition of transcription. The exertion of antiproliferative 

action, as is the case with an imidazoline analogue fiirimidazoline, also remains uncertain.

In terms of cell entry, di-cationic drugs are known to have a very slow rate of 

diffusion across biological membranes and their uptake is dependent on specific 

transporters.''^’ Recent studies have shown that furamidine is a substrate for the human 

organic cationic transporter 1 (hOCTl) and an inhibitor of several hOCTs.'”' Once inside the 

cell, furamidine or the furamidine derivative may enter the nucleus depending on the number 

of cationic groups. Studies have shown that the presence of two or four positive charges 

normally favours nuclear uptake whilst the loss of a cationic group is unfavourable towards 

nuclear entry. This is probably comparable to the reduced affinity towards DNA. Further 

competition studies using a well-known intercalator daunomycin suggest that the DNA 

binding provides the driving force that attracts the molecule into the nucleus. An interesting 

finding of this study is that these molecules undergo fluorescence which can be exploited in 

order to analyse their intracellular distribution in various cell lines by epifluorescence and 

confocal microscopy (Fig. 1.22).'”''
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Figure 1.22.- Fluorescence mircrographs showing the intracellular distribution of 

furamidine in B16 melanoma cells as stained by the compound itself (DB75, blue), DiOC6 

{green) and PI {red). Images on the right show the overlay of compound with DiOCe 

{blue/green) and with PI {blue/red) {above).HB interactions with DNA {below).

As can be seen thus far, agents that interact with the minor groove illicit biochemical 

events linked not only to antiparasitic but to antitumour properties. A number of recent 

studies on minor groove binders have shown promising results. In vitro studies of certain 

diguanidines and A-alkyl diguanidine-fluorenes show that these bind to the minor groove and 

have potential as agents against both Trypanosoma bntcei rhodesiense and Plasmodium 

falciparum.^^^ Other minor groove binding ligands, which have been linked to having anti

cancer properties and are, hence, more relevant to this work, have been shown to induce 

apoptosis. An example is the alkylating agent A'-methyl-A'-nitro-A-nitrosoguanidine which 

induces apoptosis through p53-dependent and p53-independent pathways.A similar study 

of a-bromoacryloyl-distamycin showed antineoplastic activity in human leukaemic cells.

In addition, several studies in the Rozas group on 6/5-2-aminoimidazoline and ^)/5-guanidine 

derivatives have recently shown some apoptotic inducing activity.’
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Prior to concluding this introductory section to the nature of minor groove binding 

molecules, it is important to stress that such DNA-interactive agents integrate numerous 

fields of interest, most notably biophysical and biochemical areas. In order to evaluate the 

binding power and mode of action of the compound in question, the agent is analysed using a 

variety of biophysical experiments. Biophysical techniques include DNA themtal 

denaturation assays, circular dichroism (CD), linear dichroism (LD), isothermal titration 

calorimetry (ITC), differential scanning calorimetry (DSC) and biosensor-surface plasmon 

resonance (SPR) to name but a few. A select number of these essential techniques are 

discussed below.

A typical DNA thermal denaturation experiment examines the stability of the 

secondary structure of a nucleic acid. DNA on its own is denatured at a specific temperature. 

A minor groove binder will bind into the minor groove and displace a wall of hydration and 

cations, which increases the stability of the complex. Therefore, more energy in the fomi of 

heat is required to cause the denaturation of the macromolecule. The process, which is 

entropically favourable, is measured by monitoring this heat change (the ATm) and is detected 

by a plot of UV absorbance versus temperature. This technique is practical as a means of 

providing preliminary results of binding capacity. CD and LD on the other hand, are 

spectroscopic techniques that provide more detailed information such as the binding constant 

or the binding mode (intercalating or minor groove binding).

More thorough and specific results can be obtained by perfonning quantitative 

calorimetric experiments such as ITC, DSC and SPR. These complementary techniques 

provide thermodynamic information and a means of calculating binding constants. ITC, in 

particular allows calculation of binding constants, AG, AH and AS and provides an insight 

into the stoichiometry (n) of the complex formed. In addition, DSC is a quantitative technique 

that looks at the themiodynamics of a system and measures temperatures and heat flow 

associated with transitions as a function of temperature and time. Like ITC and DSC, SPR is 

also a valuable technique in providing kinetic and thermodynamic information and is a useful 

comparison to the aforementioned experiments.'^^

Previous work by Rozas and co-workers has involved the design and synthesis of 

guanidinium and 2-aminoimidazolinium derivatives as minor groove binders. These are 

symmetric or asymmetric diphenyl, di-cationic molecules with varying central bridges.
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Studies have shown that these two cationic groups exhibit similarities geometrically and 

electronically.These derivatives show similarities with furamidine, which in the literature 

has been shown to exhibit strong binding to the minor groove.'*’' It is, therefore, hypothesised 

that the aforementioned molecules could display similar activity. Indeed some of these 

derivatives, whose interaction with DNA has been measured by various biophysical 

techniques, have shown very encouraging results.This led to the design of two new 

families of minor groove binders; the isouroniums and A-hydroxyguanidiniums. It is hoped 

that these agents will be stronger binders in terms of their interactions with the minor groove 

and will henceforth illicit a stronger anticancer effect.
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Chapter 2 Objectives

2.1 Objectives

This work sets out a number of objectives in ternis of synthetic chemistry, biophysical 

testing and biological evaluation. These goals and the proposed means of achieving them are 

outlined below.

• Considering the different approaches to the design of chemotherapeutic drugs and 

more specifically DNA-targeting entities, it was decided that two novel families of minor
i-^groove binding agents will be synthesised. Indeed, previous work in the Rozas group 

involving the preparation of symmetric and asymmetric guanidinium and 2- 

aminoimidazolinium derivatives, produced encouraging results not only in terms of binding 

ability and affinity towards the minor groove of DNA but also in the initiation of anticancer 

activity through the induction of cellular apoptosis.'' Based on these positive results, this led 

to the design of the two new families encorparating either the isouronium or 

hydroxyguanidinium cationic groups. In this way, this would involve the substitution of a HB 

donor group (-NH-) of the guanidinium moiety by an acceptor one (-0-) (isouronium) or the 

addition of an extra HB donor/acceptor group (-OH) (hydroxyguanidinium).Variation of the 

central linker (-X-) in either family with HB acceptor (-0- ,-S-, -C0-, -NHCO-) or donor 

groups (-CH2-, -CH2CH2-, -NHCO-) would also allow the investigation of the relative 

orientation and distance between the phenyl rings and the influence of the linker geometry on 

the dihedral angle of the molecule (Fig. 2.1).

51



Chapter 2 Objectives

,^*^2 2cr
N NH,
H

-NH 
+ 11

n'-^n

H H

HN-

N N 
H H

2C|-

X=CH2, O, S, CH2CH2, CO, NH, NHCO, SO2, NHCONH, NHCSNH, piperidine, piperazine

Figure 2.1.- Previous families of compounds already developed in Rozas’ group and

synthetic objectives of this work.

Classically, minor groove binding agents possess a number of unique characteristics 

that allow for specific interactions to take place, hence rendering them highly suitable 

candidates for binding into the groove. The first family to be synthesised, the isouronium 

salts, are ideal candidates for minor groove binding ability. Many of the te-amidinium minor 

groove binders found in literature - of which furamidne is an archetypal example - consist of 

a basic framework or skeleton (phenyl ring-linker-phenyl ring) which allows them to 

maintain a curved nature and fit neatly into the minor groove. The crescent shape is also 

sustained by the presence of two cationic groups on either end of the molecule. All these 

moieties allow for coulombic or electrostatic interactions, hydrogen bonding and van der 

Waals contacts which collectively allow the molecule to bind into the groove. Therefore, the 

isouronium family (which possesses all these traits) is ideal for investigating the importance 

of such interactions. Firstly, the variation of the linker will infonn of the best moiety for
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interactions in the central part of the molecule in terms of the dihedral angle, HB contacts and 

molecule length. Additionally, the replacement of the -NH- group of the guanidinium, which 

is a HB donor, for an -O- atom (HB acceptor) will allow for the investigation of a novel 

cationic group and the type of interactions required. The synthesis of bis- and mono- 

functionalised isouronium salts will further allow comparisons to be made in tenns both of 

the effects of extra coulombic forces and HB interactions.

The second family of minor groove binders to be synthesised will be that of the 

hydroxyguanidinium salts. Studies in the literature have shown that hydroxyguanidinium- 

based derivatives have been associated with anticancer activity. Indeed, the 

hydroxyguanidine functional group is unique as it possesses both features of guanidine and 

hydroxyurea. Consequently, the anticancer effect of drugs possessing this moiety has been 

shown to be greater than that of the aforementioned counterparts.^’^

Like the isouronium family, these molecules w'ill possess the necessary structural 

features required for minor groove binding, namely a curv'ature in the skeleton, two phenyl 

systems linked by a specific linker and terminal cationic groups. In addition to further 

varying the central linker, the nature of the optimal cationic moiety will be investigated. The 

hydroxyguanidinium entity is unique as it provides an additional HB interaction in the form 

of an -OH group which simultaneously acts as a HB donor and acceptor. Therefore, it is 

hoped that this extra interaction will further improve affinity and binding in the minor 

groove. The preparation of these derivatives will involve a novel synthetic route.

• Once the synthesis of the derivatives in question is complete, they will be evaluated 

through a variety of biophysical techniques. Firstly, the binding ability of the potential minor 

groove binders will be determined by perfonuance of DNA thenual denaturation assays. 

These assays examine the stability of the secondary structure of DNA with and without 

bound molecule and assess the binding strength by monitoring the heat change associated 

with the denaturation of the nucleic acid. Secondly, the molecules will be assessed in terms of 

their ionisation constants or pKa values. These will reflect the compounds’ degree of 

ionisation and subsequently predict their solubility and permeability at physiological pH.
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• The cytotoxic effects of the synthesised derivatives and their role in programmed 

cell death or apoptosis will be detemiined through a variety of biochemical techniques. This 

will detennine their potential role as anticancer agents.

A number of different cancer cell lines will be grown and cultured according to their 

specific requirements. These will include the HL-60 (human promyelocytic leukaemia), 

MCF-7 (human breast adenocarcinoma) and Kelly (human neuroblastoma) cell lines. 

Initially, HL-60 cells which are small, non-adherent, suspension cells will be used as a 

suitable model system for identifying active candidates. Once the most cytotoxic derivatives 

are identified, they will be tested on the adherent and more resistant MCF-7 and Kelly cell 

lines.

The library of compounds, consisting of the families described in this work as well as 

other appropriate derivatives previously synthesised in the group, will be screened by cell 

viability assays. An ideal bioassay system should be technically simple, rapid, versatile and 

reproducible.^ Therefore, the chosen suitable bioassay will be the alamarBlue® viability assay, 

a sensitive non-radioactive and non-toxic homogenous assay. This will involve the addition 

of a fluorogenic redox indicator to treated cells which allows the direct monitoring of 

proliferation and viability. The dye in question is in an oxidised form, blue and non- 

fluorescent. When applied to cells, the reducing environment of the proliferating cells will 

reduce the dye to a red and highly fluorescent form. The extent of this conversion is 

quantified by the amount of fluorescence and is a direct reflection of cell viability.* 

Therefore, the assay will provide a clear indication of active derivatives in three alternative 

cancer cell lines. An appropriate concentration range of each drug will be used which will 

allow the detennination of IC50 values.

Viability assays such as the alamarBlue® assay are valuable techniques in terms of 

measuring percentage viability and proliferation; however, the information they provide is 

limited. The means by which cellular death has occurred remains unknown. As a result, cell 

morphological studies and flow cytometry will be used on the active derivatives in order to 

identify whether apoptosis has taken place and to examine the treated cells on a cell cycle 

level.
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Firstly, cell morphological studies will be used to assess the effects of the chosen 

active compound and will consist of cytocentrifiigation and the appropriate staining of cells. 

This will allow cell morphology to be assessed and will involve spinning treated cells, fixing 

them onto special slides, dying and examination with the use of a light microscope. In this 

way, the characteristic morphology of apoptosis will be hopefully observed, providing 

evidence of the mode of action of the compounds. Once apoptosis has been identified, it will 

be confirmed and quantified by flow cytometry. This quantitative technique measures the 

DNA content of the cells and hence deduces at what stage of the cell cycle the cells are at. 

This is based on the idea that cells that have undergone apoptosis are characteristically 

deficient in DNA content. Therefore, this will provide definitive evidence whether the 

compounds in question play an active role in apoptotic cell death and have potential as 

anticancer agents.
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Chapter 3 The Synthesis of Isouroninm Derivatives

3.1 Introduction

It is evident that the vast range of DNA-targeting agents function by different modes 

of action with varying degrees of efficiency. Minor groove binders are a unique type of 

agents that exhibit an affinity towards precise sequences of the DNA macromolecule. They 

have demonstrated activity in various diseases and have been investigated as antimicrobial 

agents, Alzheimer’s disease candidates and as anticancer therapies.’’ Typical examples 

include the naturally occurring distamycin and netropsin which - as has been previously 

discussed - have shown excellent binding power and activity in several cancers. Distamycin 

analogues in recent times have been shown to express cytotoxic and antiproliferative effects 

in the human breast cancer cell lines MCF-7 and MDA-MB-231In contrast netropsin is 

well accepted as an antitumour antibiotic whose analogues linked to intercalating moieties 

have shown activity in the human leukaemia K562 cell line.'^ The limiting factor of these 

agents is that although they display exceptional affinity for the minor groove, their toxic 

nature and undesirable side effects render them unsuitable candidates for clinical use. 

Nevertheless, both are ideal models for studying the physical requirements of DNA binding 

such as the isohelical backbone and the presence of specific bonding groups and have 

therefore allowed for the design of improved future drugs.

Minor groove binder research has advanced over time to produce agents active in 

leukaemias, sarcomas, melanomas, breast and ovarian cancers with higher levels of sequence 

specificity. Recently, a study of a pyrrolepolyamide-2’-deoxyguanosine hybrid minor groove 

binder (25, Fig. 3.1) showed that it exhibits greater binding specificity than distamycin A.^ 

Furthermore, attempts have been made into understanding the exact modes of action of these 

agents and the molecular pathways involved. For example, a novel 3D QSAR model for 

topoisomerase inhibition by a specific library of minor groove binding compounds has just 

been designed, hence providing information on the molecular properties important for the 

process and the mode of action of the potential anticancer drugs in question.’
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O

Figure 3.1.- Structure of the hybrid minor groove binder (pyrrolepolyamide-2’-

deoxyguanosine hybrid).

The most outstanding contribution to the field of minor groove binding in temis of 

design and biophysical studies has been made by a number of researchers, most notably 

Wilson and Boykin. The design of a gioup of diaryl diphenylfurans - of which furamidine 

was found to be the most potent - provided promising results as agents with significant 

antimicrobial activities. Considering the structures of the compounds, it was suggested that 

they function by binding to the minor groove of the microbial DNA. Hypotheses for their 

mode of action suggested complex fonnation with DNA and subsequent selective inhibition 

of DNA-dependent enzymes and transcription control.* Indeed, a variety of biophysical 

techniques including DNA thermal denaturation experiments and footprinting assays 

demonstrated that the DNA-targeting agents are minor groove binders. X-ray crystallographic 

studies such as those of two A-alkylamidine furans bound to a specific DNA dodecanier 

sequence have further provided evidence of the binding into the groove and infonnation 

about the functionalities required to achieve it.^ This allowed for the investigation of optimal 

moieties for binding and large families of furamidine derivatives to be synthesised. Various 

studies have examined these factors such as the significance of the position and nature of the 

cationic groups and the role that water molecules play in aiding the binding of more linear 

derivatives.’'*’" A recent study delves deeper into the binding mode and investigates selective

recognition of different AT sequences by various derivatives. 12

Considering the range of structural studies that have been performed on furamidine 

and its derivatives in an effort of finding the best suited binding mode, it will be helpful to 

summarise the results and to identify the pharmacophoric features of this molecule related to 

our target compounds. The overall structure of the twin molecule is a simple one with an 

amidine group linked to a phenyl ring on either side of the furan linker. The symmetry and
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the presence of the two cationic groups are crucial as mono-derivatives have been proven to 

bind less favourably and to hinder or completely abolish nuclear uptake. A study performed 

on mono-, di- and /etra-cationic fiiramidine derivatives compares the affinity of the drugs to 

DNA in ternis of melting temperature (Tm). The study shows that in the case of the di- and 

tetra- derivatives, Tm increases of 24 °C or greater were observed for the compound-DNA 

complex whilst for the mono-cations increases of only 5 - 9 °C were attained. Further results 

demonstrate that the di- and tetra- derivatives bind to AT DNA recognition sites 1000 times 

more strongly than the corresponding mono-derivatives. Moreover, the same study examines 

the derivatives in temts of cellular distribution by using fluorescence microscopy. Conversion 

of one of the amidine groups to a -OCH3 {i.e. converting a di-cation to a mono-cation) 

prevents nuclear uptake with subsequent accumulation of the compound in the cytoplasm of 

the cell. These results were observed using a variety of different cell lines. It can therefore be 

concluded that, for furamidine derivatives, the presence of the two positive charges is 

essential for entry into the nucleus of the cell.'’

It is apparent that an important pharmacophore feature of furamidine is the cationic 

group and that its nature and position on the aromatic ring are crucial features for binding and 

function. Regarding the nature of the cationic group, many furamidine derivatives in which 

the original amidines are replaced by alternative cationic groups (such as imidazoline or 

alkyl-substituted amidines) have been synthesised. While these retain their cellular uptake 

properties, their exact mode of binding is distorted and suggestions have been made that in 

addition to minor groove binding, major groove binding as well as intercalating may take 

place. Indeed, studies have shown that replacing the amidine group by an imidazole enhances 

binding by intercalation.'"‘The position of the cationic group on the phenyl ring is also crucial 

and affects binding mode and affinity for specific sequences. Using a combination of 

biophysical techniques such as DNase I footprinting, circular and linear dichroism (CD and 

LD) and biosensor-surface plasmon resonance (SPR) studies have demonstrated that the 

para-para arrangement in furamidine renders it highly specific for AT sequences. Shifting 

one or both of the cationic groups to the meta position results in loss of sequence specificity 

by changing the binding mode to intercalation irrespective of DNA sequence. Overall, in 

terms of AT selectivity, the favoured derivatives are para-para, followed by para-meta and

lastly meta-meta. 10
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In addition to the above, the aromatic system - the two phenyl rings - contribute to 

furamidine’s binding power. These are arranged in such a way so that an appropriate radius 

of curvature is achieved. This isohelicity is further produced by rotations about the bonds 

connecting these phenyl rings, amidinium and furan moieties.'^ Derivatives incorporating 

alternative heterocyclic groups such a benzofuran and thiophene have been synthesised and 

their binding modes investigated. As with the meta derivatives mentioned above, these 

produce less favourable binding modes and are less specific. For instance the substitution of a 

benzimidazole heterocycle for one of the two phenyl rings of furamidine favours binding to 

ATGA sequences and the replacement of both phenyl groups results in GC recognition. Thus,

it can be concluded that the aromatic systems must be phenyl groups for optimal binding. 10

Overall, the exceptional binding power of furamidine can be attributed to a number of 

phanuacophoric features that render it an ideal candidate for AT sequence specificity. As was 

discussed above, the para-para positioning of the cationic terminal amidine groups in the 

diphenylfuran produces an ideal radius of curvature which is not attainable with a meta meta 

arrangement (Fig. 3.2). This, along with the suitable location of bonding groups which form 

interactions with corresponding DNA moieties, allows the neat fit into the minor groove.

Figure 3.2.- Radii of curvature of para-para and meta-meta derivatives. 10

A number of 6A-guanidinium and 6A-2-aminoimidazolinium derivatives had 

previously been prepared in Rozas group.Comparing their structures to that of furamidine 

we observ'ed a number of parallel features (Fig. 3.3). Both systems contain two cationic
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terminal ends, two phenyl rings and a central linker containing polar atoms. The guanidine 

and 2-aminoimidazoline cations, which have been proven to be similar in tenns of 

geometrical parameters and electronic level properties, are closely related to the amidinium 

cation present in furamidine. Both of these guanidine containing cations are suitable 

candidates for potential minor groove targeting agents; the guanidine group is present in 

netropsin and distamycin whilst many imidazole analogues of both drugs have also been 

investigated.”’*

X=CH2, O, S, CH2CH2, CO, NH, NHCO, SO2, 
NHCONH, NHCSNH, piperidine, piperazine

Figure 3.3.- Furamidine (24) and compounds previously designed and prepared in the

Rozas group.

For all those reasons, we prepared new derivatives of our previous symmetric his- 

guanidinium-like derivatives to explore the conditions for an optimal binding into the minor 

groove. Mowo-cationic and guanidinium/2-aminoimidazolinium asymmetric derivatives were 

synthesised to investigate symmetry and electrostatic interactions. Also, a series of central 

linkers such as electron-donating (-NH- and -CH2CH2-) and electron-withdrawing (-CO- and 

-SO2-) groups were chosen to investigate optimal geometry, electronic properties and HB 

formation.Once synthesised, the derivatives were evaluated for minor groove binding by 

a number of biophysical techniques including CD, LD and SPR to evaluate the exact mode 

of binding whilst the thermodynamics of this binding process were determined using ITC. 

These results show significant DNA binding affinity that correlates with the expected 1:1 

binding ratio.

Taking into consideration the positive results obtained in the work described above, 

this encouraged us to design a novel family of minor groove binding compounds which 

would potentially improve the previous binding results. The core skeleton of the compounds
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- i.e. a diphenyl di-cationic system - would remain as for the previous derivatives in order to 

ensure entry' into the nucleus and binding into the minor groove.

Our initial aim was the replacement of the -NH- group, a HB donor found in most 

guanidine-based minor groove binders, for an -O- atom which is a HB acceptor. These 

resulting isouronium salts would allow for the investigation of an alternative cationic group 

in terms of coloumbic attraction and hydrogen bond (HB) formation (Fig 3.4).

Figure 3.4.- Possible HB interactions in guanidinium {left) and isouronium {right) cations.

It is interesting to note from the literature that alkyl and aromatic isouronium salts 

have previously been synthesised as precursors for other synthetic derivatives (Fig. 3.5).'''''^ 

However, the incorporation of this moiety into the framework of a DNA-binding agent with 

the hope of improving binding into the minor groove is a novel and exciting idea. The 

variation of the central linker would further allow the evaluation of these derivatives in terms 

of flexibility and geometry. The synthetic routes used to achieve these goals and the 

subsequent results obtained are described henceforth.

H,N

NHo
a! NH,

A
) NH2

X=CH2, o, s, nhco

Figure 3.5.- Previous Rozas symmetric derivatives and the isouronium family.
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3.2 Synthesis of the Amidylating Agent

As mentioned above, the synthesis of 0-alkylisouronum salts has been described 

previously in a number of literature references. More specifically, these derivatives function 

as intermediates in the synthesis of diazirines in mechanistic fragmentation studies of 

alkoxyhalocarbenes.'^"’ Isouronium salts can normally be prepared by the reaction of 

primary alcohols with a chlorofomtamidinium chloride, dialkyl sulphate or, as is most 

commonly found, by using a cyanamide. When the latter of these reagents is used, the 

synthetic route involves the reaction of the corresponding alcohol with a cyanamide in the 

presence of either methanesulfonic acid or trifluoromethanesulfonic acid to yield the required 

derivatives. Although this is a common procedure, limitations to its use have been reported. 

Firstly, the synthetic strategy is predominantly limited to low molecular weight primary 

alcohols and is not applicable to tertiary alcohols in which case the cyanamide is found to 

hydrolyse to the urea. Secondly, problems with derivatives prepared in this way include low 

yields and purification problems.Additionally, starting materials with acid labile groups 

would not be suitable for this synthetic route since they would require milder reaction 

conditions.

An alternative related synthetic route that can be employed in the generation of O- 

alkyl and t^-phenylisoureas involves the use of carbodiimides in the reaction of aliphatic 

alcohols and phenols. Although this reaction has been well documented, limitations include 

drastic reaction conditions in the absence of catalysts. Correspondingly, reactions between 

carbodiimides and diols involve spontaneous intramolecular cyclisations leading to cyclic 

isouronium ions. These are highly unstable species given that subsequent proton transfers to 

the basic isourea anions leads to corresponding oxazolidines.'* Although this route is not 

directly applicable to the synthesis of the isouronium salts, the reaction is comparable in 

terms of the carbodiimide intermediate.

The reaction between N,N'-6/5'(ter/-butoxycarbonyl)thiourea (26) (Fig. 3.6) with 

deactivated amines assisted by mercury (II) chloride to generate Boc-protected guanidines is 

well documented. Mechanistically, it has been suggested that the reaction proceeds via 

formation of a N^TT-Z)/5(/e7y-butoxycarbonyl)carbodiimide intemiediate which subsequently 

undergoes guanylation.'^ This idea is supported by the incorporation of the reaction into 

polymer-assisted synthesis which involves the preparation of guanidines using polymer-
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supported carbodiimide as the activating agent.Deprotection of the protected guanidines

using standard acidic conditions affords the desired derivatives in satisfactory yields. 31,16

s
A.

S' S'A.BocHN NHBoc BocN NHBoc CbzN NHCbz
26 27 28

Figure 3.6.- Boc- and Cbz- protected guanidylating agents.

Having discussed the synthesis of guanidines and assuming that mechanistically the 

reaction occurs by formation of the carbodiimide intermediate, it seems rational that 

exchange of the starting deactivated amines with alcohols could produce the required 

aromatic isouronium salts. As has been previously discussed, alcohols have been shown to 

react with carbodiiniides.'* In addition to this, the treatment of a group of aromatic amino- 

alcohols with l,3-/i/5-(re77-butoxycarbonyl)-2-methyl-2-pseudothiourea (27) and 1,3-ZiA- 

(benzyloxycarbon- yl)-2-methyl-2-pseudothiourea (28) in the presence of mercury (II) 

dichloride have been shown to produce Boc- and Cbz-protected guanidines as expected with 

some formation of protected isoureas as side products.'^"

Considering that the preparation of the isouronium family of compounds involves the 

introduction of amidine moieties as for the guanidine and 2-aminoimidazoline series, the first 

step in the synthesis was the preparation of the ‘amidylating’ agent, N,N'-his-(tert- 

butoxycarbonyl)thiourea (26). Like the starting amines in the syntheses of the 

aforementioned series, the starting diols are poor nucleophiles due to their aromatic nature. 

Thus, to ensure that the amidylation reaction proceeds efficiently, the first task was the 

activation of the starting thiourea towards nucleophilic attack. This was achieved by the 

introduction of the Boc protecting group which functions by removing the nucleophilicity 

from each of the amino groups whilst simultaneously enhancing the electrophilic character of 

the central carbon, thereby activating it towards attack.'^ This carbamate protecting group 

was chosen as an ideal candidate due to its ease of introduction, effective protection, stability 

towards bases and most nucleophiles and facile removal conditions. Mechanistically, each of 

the amino groups on the thiourea in turn attacks a highly electrophilic carbonyl carbon atom 

on the ester promoting the electron density onto the corresponding oxygen atom. The
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subsequent movement of electrons reforms the carbonyl group whilst simultaneously 

eliminating the tert-hutyX carbonate group. Deprotonation leads to the desired protected 

derivative.

S NaH, B0C2O, THF s 
H2N'^NH2 BocHN'^NHBoc

26

Scheme 3.1

Following work by Kim and Qian‘S and later Dardonville and Rozas'®, in order to 

achieve the acylation of the starting thiourea, the standard acylating reagent of choice - the 

anhydride di-rer/-butyldicarbonate (B0C2O) - was employed. The reaction involved reacting 

appropriate equivalents of thiourea and B0C2O in dry THF in the presence of NaH overnight. 

Considering the reactive nature of the base used and the short-lived carbodiimide 

intermediate species, careful reaction conditions were employed. This involved reaction 

under argon, initial low temperatures upon B0C2O addition and stirring overnight. Once 

completion of reaction was observed, it was quenched by the addition of a saturated solution 

of NaHCO.i and subsequently worked-up. Further purification led to a final yield of 36%. 

This low yield can be accounted for by the tendency of the reaction mixture to solidify 

overnight hindering its stirring and reaction of starting materials eventually leading to 

purification problems.

3.3 Synthesis of the Mt7nr>-lsouronium Derivatives

Having prepared the starting amidylating agent by Boc protection as described above, 

the next step was to investigate whether its use is a plausible novel strategy in introducing the 

isouronium moiety. As previously discussed, the strategy was employed in the introduction 

of the guanidinium and 2-aminoimidizolinium groups in the Rozas group.

Prior to the synthesis of the wono-cationic minor groove binding derivatives, it was 

decided to use 5-indanol, a commercially-available /no/io-alcohol, as a model for the 

synthetic strategy. Therefore, the first synthetic goal was the Boc-protected derivative 1,3- 

di(/er/-butoxycarbonyl)-2-indan-5-yl-isourea (29a) as shown in 3.2. This involved the
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reaction of the Boc-protected amydilating agent 26 with the starting alcohol in a 1:1 ratio in 

the presence of excess TEA in DCM. As suggested by Kim et a!, mercuric chloride (HgCE) 

was the chosen metal salt used to assist the reaction by complex fomiation. It functions by 

activating the amidylating agent 26 with the consequential precipitate (HgS) being an 

indication of a successful reaction. The conditions used were quite mild and involved stirring 

overnight at room temperature under argon. Progress and completion of the reaction was 

monitored by TLC accordingly. Once complete, the reaction was treated by appropriate 

work-up and silica-gel chromatography.

SX +
BocHN NHBoc

26
OH

HgClj
-----------►

TEA/DCM
NBocX

O NHBoc
29a

Scheme 3.2

A quite satisfactory yield of 66% was obtained for the Boc-protected intermediate. 

The solid obtained was found to be crystalline in nature and consequently a crystal from 

chlorofonu was obtained and the structure of the molecule resolved. As can be seen in Fig. 

3.7, the bicyclic system as well as the protected isourea moiety [N-C(0)-N] are planar in 

nature.

Figure 3.7.- X-ray crystallographic structure of 29a.

Mechanistically, the reaction is assumed to proceed via formation of a carbodiimide 

intermediate as was first suggested by Kim and Qian."^ The generation of this highly reactive
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species first involves coordination betv^'een the sulfur of the protected thiourea and the 

thiophillic mercury of the HgCh activator. This results in the formation of a new S-Hg bond 

and the subsequent departure of a chlorine atom. Simultaneously, the electrophilicity of the 

thiourea carbon atom is increased. Having lost electron density, the sulfur becomes positively 

charged and is consequently neutralised by a pair of electrons form the C=S bond. This 

renders the carbon electron deficient and the associated positive charge is ultimately 

quenched by the donation of a lone pair from one of the nitrogen atoms, fonning a double 

C=N bond. Following deprotonation and encouraged by the formation of a strong S=Hg 

double bond, the C-S bond breaks and the remaining nitrogen donates its lone pair of 

electrons to the central carbon atom forming a double bond. A second deprotonation results 

in the formation of the desired carbodiimide species, HgS as precipitate and of HCl which is 

neutralised by TEA.

&
Cl

Hg

X
BocHN NHBoc

Cl

+ „ JHgCI S
X

Cl*\ 
'.Hg' vJ

HCl

Scheme 3.3

BocNy NHBoc \ BocN y NBoc

HCl

BocN=C=NBoc 

+ HgS

Carbodiimides by nature are a highly reactive species and hence are short-lived in the 

reaction chamber. The central carbon bearing two C=N double bonds is exceptionally 

electrophilic and is hence prone to attack by any available nucleophilic species. The 

carbodiimide in question is therefore formed in situ and rapidly reacts with the alcoholic 

starting material. The deactivated oxygen is initially deprotonated by the basic NEts and 

subsequently attacks the central carbon of the unstable intermediate. This simultaneously 

cleaves a C=N double bond and promotes the migration of the electron pair onto the nitrogen 

atom. Protonation of the nitrogen atom results in the fonnation of the isouronium derivative 

as shown in Scheme 3.4.

BocN=C=NBoc
O.,, NHBoc
T

NBoc

H
O. ,NBoc*Y

NBoc
29a

Scheme 3.4
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The above test reaction provided verification that the synthetic strategy for the Boc- 

protected isonronium intermediates is indeed plausible with satisfactory yield and working 

reaction conditions. Like the previous guanidinium- and 2-aminoimidazolinium- based 

derivatives, this provided a suitable means for the synthesis of the intermediate families 

which are discussed accordingly.

Therefore, the next step was the generation of the hydrochloride salt of 29a by 

deprotection of the Boc-protected derivative. Boc removal can be achieved by a number of 

different methods depending on the reagents and the reaction requirements in question. 

Classically, acidic conditions are employed with formic acid, trifluoroacetic acid, 

bromohydric acid and Lewis acids all having been used in literature.In addition, basic'*'^ as 

well as themial conditions'^^ for the removal of the group have been reported. Recently, the 

use of boiling water as a catalyst in selective Boc deprotection has been designed as part of 

‘green’ chemistry.'^^ Therefore, novel and milder methods are continuously being 

investigated.

Taking the various methods of deprotection into consideration, it was decided to use 

TFA in DCM for generating the required salts. This method was previously explored by Kim 

et al. and was used in the synthesis of guanidine and imidazoline derivatives in our group and 

was hence hypothesised to be a plausible method for preparing the isonronium salts. The 

Boc-protected derivative 29a was used as a test reaction. This involved stirring the 

compound in a 50;50 TFA/DCM solution at room temperature for 3 hours followed by 

solvent removal under vacuum. DCM was used to assist the complete removal of the acid. 

The corresponding trifluoroacetate salt was generated accordingly and although isolated, was 

not characterised but was directly converted to the corresponding hydrochloric salt. This 

involved dissolving the salt in H2O and treating with an Amberlite anion exchange resin at 

room temperature overnight (Scheme 3.5). Subsequent filtration, washing with DCM and 

further purification by reverse phase pencil column produced the required molecule 29b in 

quantitative yield.

29a

NBoc 1.TFA/DCM
O'^NHBoc 2. Basic Anion Exchange 

Resin (Cl")
H2O

Scheme 3,5

NH
O^NHjHCI

29b
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On a closer level, the derivative undergoes cleavage of the Boc group which involves 

hydrolysis by protonation, loss of the /-butyl cation and decarboxylation. Mechanistically, the 

carbonyl oxygen is protonated by the acid. This is followed by a concerted step in which the 

positive charge is quenched by donation of an electron pair from the double bond, the 

resulting carbon forming a double bond with the adjacent oxygen and the simultaneous 

ejection of a /-butyl cation. This reactive species generates the gaseous isobutylene molecule 

as a reaction by-product. A degradation step then occurs in which CO2 is released and the 

amine protonated to give the required deprotected derivative. A generic illustration in 

Scheme 3.6 depicts these processes.

Having successfully completed the synthesis and characterisation of the derivative 

29b and. thereby, demonstrating that molecules bearing the isouronium cationic group could 

be prepared in this way, it was now possible to prepare the required potential minor groove 

binders. To be able to compare the effects of this unique substitution - or the replacement of 

a guanidinum or 2-aminoimidizolinium with an isouronium moiety - on the affinity towards 

DNA, the njowo-isouroniums were first prepared (Scheme 3.6).

HO

26
OH HgCl2/TEA/ DCM

X=CH2 {30a), O (31a), S {32a)

NBoc
X

O NHBoc

1.TFA/DCM

2. Basic Anion Exchange
Resin (Cl' 

H2O

HO

^ NHJi
O NH2HCI

X=CH2 (30b), O (31b), S {32b) 

Scheme 3.6

The mowo-cationic derivatives were synthesised according to the reaction conditions 

of the test reaction whilst taking into consideration the preparation of the /?70/70-guanidinium 

and 7770770-2-aminoimidazolinium groove binders previously prepared in the group. Thus, the 

/77o/7o-cationic isouroniums were synthesised starting with varying commercially-available 

alcohols. These starting materials all have the common backbone with the required motifs for 

groove binding but all differ by the central group linking the aromatic systems.
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This synthetic procedure involved the reaction of appropriate starting diols with the 

activated Boc-protected 26 in a 3:1 ratio in the presence of HgCB and TEA in DCM. 

Initially, the reaction was stirred at 0 °C and was then followed by stirring overnight at room 

temperature. The fonnation of HgS precipitate, usually a black colour, was an indication that 

the reaction was in process.

The progress of each reaction was monitored by TLC with the product having a 

considerably lower value in comparison to the starting thiourea. Once complete, the 

reaction mixture was diluted with EtOAc, filtered through a pad of celite, extracted, washed 

with water and brine, dried over anhydrous sodium sulphate and concentrated under vacuum. 

The crude solid was then purified by silica gel chromatography using an appropriate 

hexane:EtOAc mixture as eluent. All products were white solid powders with the fonnation 

of thin needles also being observ'ed in the case of the -CH^- derivative (32a). Each Boc- 

protected intermediate was subsequently identified and fully characterised using appropriate 

techniques including 'H and ’ V NMR, melting point, MS and IR.

Once this was complete, Boc deprotection as described in the aforementioned test 

reaction was employed in the generation of the mono-salts. This involved stirring the 

protected intermediate in question in a solution of 50:50 TFA/DCM at room temperature for 

3 hours followed by solvent removal under vacuum. Subsequent treatment with Amberlite 

resin exchanged the trifluoroacetate anion for a chloride and thus provided the required 

hydrochloride salts, which are more water soluble. The absence of TEA was verified by a '^F 

spectrum accordingly. Once this was confinned, each derivative was fully characterised by 

'H and NMR, melting point, MS, IR and CHN microanalysis respectively.

Considering that previous results of mcmo-guanidinium and mono-2- 

aminoimidazolinium derivatives produced poor DNA binding results, it was decided to 

investigate whether the exchange of the cationic group for an isouronium - and hence the 

replacement of a HB donor for a HB acceptor - could improve these interactions. Variation of 

the central linking groups, namely -CH2-, -O- and -S- atoms would further allow the 

investigation of the relative orientation of the attached phenyl rings to better fit into the 

minor groove. Starting diols bearing these linkers were chosen not only because of their 

availability but also because they provide the molecules with flexibility required for binding 

and allow the comparison of HB acceptors (-0- and -S-) and weak HB donors (-CH?-). All
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three linkers are sp^ hybridised, however, the atomic radius of-S- is 103 pm which is much 

larger in comparison to that of-C- (77 pm) or -O- (73 pm) (covalent radii are 104.9 pm, 77.2 

pm and 70.2 pm respectively).'^’”^* Therefore, this can determine the relative orientation (and 

distance) of one phenyl ring with respect to the other one.

The three derivatives were synthesised successfully in very good yields. The Boc- 

protected intermediates (30a - 32a) were achieved in yields ranging between 74 - 78% with 

the final salts (30b - 32b) being attained in quantitative yields (>90%). As can be seen, no 

direct correlation between the three linkers exists, indicating that the central groups in 

question have little or no effect on the nucleophilicity of the terminal amino groups in the 

initial isoguanidylation reactions.

Each derivative was characterised accordingly. Typical peaks in the IR spectra of the 

Boc derivatives could be observ'ed with the terminal -OH and -NHBoc group appearing at 

high absorption frequencies (-3200 - 3400 cm’'). Additionally, the C=0 and C=N double 

bonds of the cationic framework bearing the protecting group is evident (-1761 - 1610 cm’’). 

In terms of NMR studies, the Boc-derivatives produced fairly simplistic spectra with four 

characteristic signals in the aromatic region and a Boc signal in the aliphatic one of the 

proton spectra. The four aromatic doublets - each corresponding to two equivalent protons - 

arise as a result of only one side of the twin molecule bearing the cationic functionality. The 

distinctive signal in the aliphatic region on the other hand corresponds to two very closely 

related Boc groups. Additional peaks relating to the -OH and -NH- corresponding to the 

«7ono-derivate were also observ'ed. The ’"’C spectrum on the other hand consists of four 

signals in the aromatic region (corresponding to the doublets), two Boc-CH.i peaks m the 

aliphatic region and quaternary carbons. An example of a derivative depicting these features 

is the -S-linked Boc-protected derivative 32a shown in Fig. 3.8.

The final /wo/7o-isouronium salts were characterised as for the Boc-derivatives. In 

comparison to these intermediates, IR absorbancies corresponding to the Boc carbonyl 

groups are no longer present with the major peaks for the amino and hydroxyl groups being 

evident at high frequencies (-3200 - 3400 cm''). Analysis of 'H and '"’C NMR show that 

Boc-methyl group signals have disappeared with the four signals in the aromatic region 

remaining. The -S-linked /770770-cation 32b is presented in Fig. 3.8 demonstrating this data.
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In addition to the above analysis, these compounds were further characterised by CHN 

microanalysis.

rjncH —eaeo®

Figure 3.8.- ’H NMR of Boc-protected 32a {above) and final salt 32b {below).
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3.4 Synthesis of the 5«-Isouronium Derivatives

Having successfully sjoithesised the /wono-cationic derivatives of the isouronium 

family, the next synthetic strategy was the application of the experimental route to the 

synthesis of the /^/x-isouronium salts (Scheme 3.7). As was previously mentioned, di-cationic 

guanidinium- and 2-aniinoimidazolinium-based derivatives were found to have a much 

higher affinity towards the AT minor groove - most likely due to the formation of additional 

interactions - and hence proved to be more suitable minor groove binding agents than their 

7770/70-functionalised counterparts."The synthesis of the Zi/^-isouronium derivatives is 

therefore a plausible idea in the hope of repeating or improving these good results. 

Additionally, they allow for further investigation of the nature of minor groove binding and 

the requirements for this to be achieved in terms of HB and ionic interactions.

HO'

26 NBocrpY^
'OH HgCb/TEA/DCM bocHN"^0^^

X=CH2 (33a), O (34a), S (35a)

NBocJi
O NHBoc

1.TFA/DCM NH

2. Basic Anion Exchange
, uln.MoN U

Resin (Cl )
H2O

NH
X

O NH2.HCI

X=CH2 (33b), O (34b), S (35b) 

Scheme 3.7

The ^/.y-cationic derivatives were synthesised in a similar manner to the mono- 

isouronium salts whilst taking into consideration the previous preparation of ZiA-guanidinium 

and te-2-aminoimidazolinium compounds. As for the mono-caUons, a typical reaction 

involved the reaction of the appropriate starting diol with the Boc-protected 26 in the 

presence of HgCb and TEA. Here however, the ratio of starting material to amidylating agent 

was 1:2 in order to ensure complete formation of the twin species. As before, the reaction 

was stirred at 0 °C, followed by stirring overnight at room temperature with the fonnation of 

HgS precipitate being observed accordingly. TLC analysis was used to monitor the formation 

of product which typically had a much higher R/'Value in comparison to the starting diol. The 

fonnation of a small amount of 7770770-derivative, which had a much lower R;rvalue was also 

observed in each case.
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Once the reaction was complete or until no further changes were being observed - as 

deduced by TLC - the mixture was diluted with EtOAc and worked-up as for the mono-Boc 

derivatives. This involved the crude product being filtered, extracted by an aqueous work-up, 

dried and concentrated under vacuum. Further purification by silica gel chromatography 

using hexane:EtOAc as the solvent system was subsequently carried out. Products were 

white solid powders with the formation of thin needles also being observ'ed in the case of the 

-CH2- derivative. Subsequently, each derivative was identified and characterised by 

appropriate techniques including ’H and ’’’C NMR, melting point, MS and IR.

The commercially available diols bearing the -CH2-, -0-, -S- and -CO- linkers were 

chosen in the synthesis of the first derivatives of the /lA'-isouronium series. As in the case of 

the /M0770-intermediates, the first three linkers (with sp^ geometry) provide flexibility and 

allow the investigation of relative orientation and distance between the phenyl-cation groups. 

In addition, they provide a direct point of comparison between the mono- and bis- analogues. 

The -CO- linker on the other hand has a planar trigonal geometry and would further allow 

the investigation of the influence of linker geometry on the dihedral angle of the molecule 

and the binding to the minor groove.

The first three intermediates (33a - 35a, -CH2-, -0-, -S- linkers) were synthesised 

accordingly as previously described in good to satisfactory yields (58 - 67%). As for the 

mono-Xmktd derivatives, the similarity in yields indicates that the three linkers in question 

have comparable effects on the reactivity of the starting diols. In all three cases, the 

formation of small amounts of the corresponding /nono-isoureas as side products was also 

observed. The preparation of the -CO-linked derivative on the other hand proved more 

troublesome. This synthesis was attempted by the reaction of the highly polar starting diol 

with 26 in DMF and employing the reaction conditions as for the former derivatives. Despite 

the formation of the black HgS precipitate - indicating Hg-S coordination and subsequent 

carbodiimide development - TLC analysis indicated the failure of the reaction and the 

presence of numerous species. This can be explained by the electron-withdrawing nature of 

the carbonyl group in the starting diol (Scheme 3.8). By being in the para position of the 

molecule with respect to the hydroxyls, it withdraws electron density from these groups by 

resonance through the aromatic system. As a result, the nucleophilicity of the temiinal 

alcohol groups is dramatically reduced which renders the molecule less likely to attack the 

electrophilic carbodiimide intermediate.
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Scheme 3.8

The three Boc-protected intermediates that were successfully synthesised were 

characterised accordingly. As for the /wono-derivatives absorption peaks corresponding to the 

Boc-NH were observed in the IR spectra at high absorption frequencies (-3200 cm"’). 

Additionally, the C=0 and C=N groups were found to absorb at -1760 - 1630 cm''. Analysis 

by 'H and ’"'C NMR spectroscopy on the other hand further confirmed the syntheses of these 

molecules. The presence of tw'o functional groups on either side of the molecules introduces 

a plane of symmetry and as result very few signals are observ'ed in either spectrum. As can be 

seen in Fig. 3.9 ('H NMR of the -S-linked derivative 35a) only two doublets are evident for 

the eight aromatic protons. This is comparable to the four doublets of the mowo-derivatives. 

Similarly, two Boc group singlets with closely-related shifts appear in the aliphatic region 

and a corresponding -NH is found as a broad peak further downfield. The '"'C NMR on the 

other hand produces ten signals including peaks corresponding to the doublets, B0C-CH3 

groups and quaternary carbons.

Figure 3.9.- 'H NMR of Boc-protected 35a.

75



Chapter 3 The Synthesis of Isonroninm Derivatives

The Boc-protected isouronium intemiediates were further characterised by X-ray 

crystallographic studies. As mentioned previously it was observed from the test reaction 

product 29a and from a number of wo/vo-analogues that although most of the derivatives are 

obtained as powders, some of the compounds can be crystalline in nature. This is logical 

considering the shape of the molecules, their symmetry and their ability to fonu bonding 

interactions (such as HBs and van der Waals) leading to a highly ordered arrangement of 

particles.

The first crystal structure to be resolved was that of the -CH2-linked derivative 33a 

(Fig. 3.9). The growth of the single crystals was achieved by the slow evaporation from a 

solution of EtOAc/chloroform. As can be seen from Fig. 3.9, the molecule adopts a curved 

skeleton in a low-energy conformation. From previous discussions, it is evident that this is a 

highly desirable trait of any potential minor groove binder. Consequently, the two aromatic 

rings lie at an angle of 88.3° with respect to each other and, therefore, adopt an approximate 

perpendicular arrangement. By assuming this position, steric interactions between the 

aromatic protons in the ortho position and those from the central methylene group are 

minimised. Additionally, closer analysis of the Boc groups in the resovled crystal reveals that 

this geometry disrupts the symmetry of the molecule in solution giving rise to two 

enantiomers. The two mirror images can be found in the unit cell with only one of these 

being presented in Fig. 3.10.

Figure 3.10.- X-ray crystallographic structure of Boc-protected derivative 33a.
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The second derivative analysed by X-ray crystallography was that of the -O-linked 

derivative 34a. Unlike the previous structure, growth of the single crystals was achieved by 

dissolving the crude solid in hexane with a small amount of EtOAc, hot filtering for any solid 

impurities and finally allowing for slow evaporation of solvent to take place. The resolved 

crystal structure is presented in Fig. 3.11. As can be seen the molecule is very closely related 

in structure and physical arrangement to the one described above. Evidently, like 33a it too 

adopts a curs ed shape in the unit cell with the two aromatic rings being separated by an angle 

of 94.2° and thus adopting an approximate perpendicular arrangement. By assuming this 

position, steric interactions are minimised. As before, analysis of the Boc groups in the 

resovled crystal reveals that this geometry disrupts the symmetry of the molecule in solution 

giving rise to two enantiomers, one of which is presented.

Figure 3.11.- X-ray crystallographic structure of Boc-protected derivative 34a.

With the synthesis of the ^A-isouronium Boc-protected intermediates complete, the 

next step was the generation of the required hydrochloride salts (33b - 35b). As for the 

mono- functionalised series, the synthetic route involved the generation of corresponding 

triflouroacetate derivatives followed by anionic exchange leading to the desired compounds. 

Experimentally, Boc deprotection was achieved by stirring the protected intermediates in a 

50:50 TFA/DCM solution for 3 hours at room temperature. Solvent removal under vacuum 

and treatment with Amberlite resin in water overnight with subsequent work-up afforded the 

desired salts. As before, it was highly crucial to verify the absence of TEA by NMR. 

Once this was confirmed, each derivative was identified and fully characterised by 'H and
1.^ C NMR, melting point, MS, IR and CHN microanalysis respectively.
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The di-cationic isouronium salts (33b - 35b) were successfully prepared as described 

in excellent yields ranging from 92 - 97%. Subsequent analysis by IR spectroscopy 

confirmed the removal of Boc groups with the disappearance of carbonyl absorbance peaks. 

Accordingly, -NH peaks at ~3200 cm’' and C=N absorbencies at -1630 cm'' further clarified 

the synthesis of the product. The corresponding NMR data also proved very valuable. 

Because of the presence of the two cationic moieties on either end of the twin molecules and, 

hence, the associated plane of symmetry, very few signals were observed in the 'H and '"C 

NMR. In the 'H NMR two doublets were observed corresponding to the eight aromatic 

protons whilst correspondingly only five signals appear in the '"C NMR. As expected, no 

peaks were found in the aliphatic regions in either spectrum which further corroborates the 

removal of the protecting groups. The proton NMR of the -S-linked derivative 35b is 

presented in Fig. 3.12 depicting these observations.

tm

Figure 3.12.- 'H NMR spectrum of the hydrochloride salt of 35b.

In addition to the above characterisation techniques, it was also possible to confirm 

and gain a useful insight into the identity of the -0-linked derivative 34b by using X-ray 

crystallography. Crystals of the compound in question were grown by the slow evaporation of 

water, and the resolved structure is presented in Fig. 3.13. The information provided by the 

crystal structure is highly crucial as it provides not only key data concerning the molecular
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structural arrangement but also allows the assignation of the protonation state of the cationic 

functionalities in the solid state by the position of the counter anions. This is highly relevant 

with regard to minor groove binding and the pharmacokinetic properties of the compound. 

Some of these structural features are discussed below.

Figure 3.13.- X-ray crystal structure of the hydrochloride salt 34b.

The most striking or obvious feature of this derivative is the curv^ature of the overall 

skeletal framework which is retained from the previous Boc-derivative (34a, Fig. 3.11). As 

mentioned before, this is a highly desirable trait for appropriate binding into the minor 

groove. In addition, the two phenyl rings that are linked by the central oxygen are again 

almost perpendicular in order to minimise interactions and lie at an angle of 98.4° with 

respect to each other. It should be noted that the crystal structure of a related -NH-linked bis- 

2-aminoimidazolinium derivative bound in the minor groove of an AT oligonucleotide has 

been resolved by X-ray crystallography showing that both phenyl rings are almost coplanar 

when the compound is complexed.'^ However, computations perfonned in Rozas’ group for a 

number of di-cationic derivatives have shown that the rotation of these phenyl rings from the 

perpendicular angle in which they are in the crystal structure to the almost coplanar 

disposition that they assume when in the minor groove takes only between 2 to 9 kcal mof'."'^ 

Therefore, it can be suggested that the interaction of all these 6/5-cationic diphenyl 

derivatives with DNA induces a confonuational change in the diphenyl-linked skeleton 

which is much less twisted when bound in the minor groove than when isolated.
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Another important feature that is deduced from the crystal structure is that the 

molecule is indeed di-cationic and exists as a fully protonated species in its solid state. This 

can be concluded by taking into account two factors. Firstly, information is obtained by 

considering the protons of the isouronium cation and their interactions with surrounding 

entities. It should be noted that normal X-ray diffraction cannot determine the position of the 

hydrogen atoms. However, when counter ions such as chloride - which can be accurately 

determined by X-ray spectroscopy - are present, the associated protons can be located. 

Therefore, the position of the protons of both cations was determined by analysing the 

location and interactions established by the Cl” counter anions in the crystal packing (Fig. 

3.14), concluding that both isouronium groups are fully protonated in the solid state. 

Secondly, the length and distance of the bonds m the cationic moiety must be taken into 

consideration. Close observation of the isouronium cations reveals that the distances found 

between the central C and the N and O atoms are almost identical (C-0: 1.313, 1,323; C-N: 

1.314, 1.313, 1.306, 1.311 A). This bond length equivalence implies that the positive charge 

is indeed delocalised and hence standard C-0, C-N and C=N bond lengths (1.43, 1.47 and 

1.28 A respectively)^^ are averaged. These values are in the range of those found in literature 

of differently substituted isouronium crystals such as 3-benzoyl-2-ethyl-l-(2-(3-benzoyl-2- 

ethylisoureido)ethyl)isourea (C-0; 1.329(4); C-N; 1.321(5), 1.326(5) A; AJIKIN), 0-n- 

butylisouronium (C-0; 1.321(2); C-N; 1.302(2), 1.320(2) A; CULJUO). Additionally, in 

derivative 34b, and indeed in the aforementioned structures found in the CSD, the 

isouronium [N-C(0)-N] functionality was found to be planar.^'*

Figure 3.14.- X-ray crystal structure of the hydrochloride salt 34b. HB interactions between 
the isouronium cations and three Cl anions are shown in the single structure and unit cell.
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3.5 Synthesis of the Amide-linked fi/5-Isouronium Derivative

Having completed the synthesis of the bis- and /wono-isouronium series as described 

above, the next synthetic challenge was the preparation of the amide-linked (-NHCO-) 

derivative. Many minor groove binders, which are found in the literature to show exceptional 

affinity towards DNA, contain at least one amide functionality. These include not only the 

pyrrole-based netropsin and distamycin or the polyamide-based Texitropsins,’ but also di- 

substituted benzene derivatives such as those studied by Yan et al. (36, Fig. 3.15).'*’ Previous 

studies of symmetric and asymmetric guanidinium and 2-aminoimidazolinium derivatives in 

the Rozas group have exhibited excellent binding results."’’"* It was, therefore, hypothesised 

that an amide-linked isouronium derivative would produce equally good results.

Figure 3.15.- Amide-derivative designed by Yan et al. 41

It is worth considering the reasons as to why the incorporation of one or more amide 

linkages brings rise to strong DNA binding and, hence, is appealing in the design of potential 

minor groove binders. Firstly, the amide group consists of two functionalities that can take 

part in HB bonding; the carbonyl oxygen is a strong HB acceptor whereas the -NH is a HB 

donor. As was discussed in the introduction chapter. X-ray crystallographic studies revealed 

that in the case of netropsin the amide groups which he in close contact with the walls of the 

minor groove allow binding by partaking in an extensive set of HBs with adjacent A;T base 

pairs with each orientating its N atom inwards forming a bifurcated arrangement with two 

consecutive base pairs. Similarly, modelling and crystal-structure studies showed that the 

binding of distamycin A is partly attributed to HBs of its amide groups to adjacent adenine 

and thymine bases.

In addition to the strong hydrogen bonding ability, the amide group is longer than a 

single atom linkage and therefore in our case increases the length of the skeletal framework. 

In addition to this, it is planar and hence allows the study of flexibility and molecular 

geometry. With this in mind and considering previous results, the synthesis of an amide-
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linked /?«-isouronium derivative was deemed necessary to complete this family of 

compounds.

Considering that the amide-linked diol starting material is not commercially 

available, the first part of the synthesis involved its preparation. Numerous reactions were 

carried out in the investigation of this synthetic route. Firstly, 4-Boc-aminobenzoic acid and 

4-aminophenol were used as test reactants in the coupling of an amide bond and the synthesis 

of 37 in a number of test reactions which are described below (Scheme 3.9).

BocHN

+
OH H2N OH

TBTU,TEA

EtOAc/DCM BocHN

N
H
37

OH

Scheme 3.9

TBTU, a well-known coupling reagent, was employed following a procedure from the 

literature''" under various conditions. Firstly, a solution of the carboxylic acid and TEA in 

EtOAc was prepared at room temperature. After 10 minutes, the amine was added and the 

reaction left stirring. This was followed by an aqueous work-up and recrystallisation of the 

resulting brown solid from petroleum ether and DCM (4:1) to give a white solid. Although 

the fonnation of the required product was observed by TEC, after work-up and 

recrystallisation the resulting product was found to contain a considerable quantity of starting 

material indicating that the reaction did not go to completion. Different conditions were then 

attempted including varying equivalents, a longer reaction time and use of DCM as solvent. 

The use of 4-hydroxybenzoic acid as starting material was also tried in a similar manner to 

yield the diol required (38, Scheme 3.10). In this case, DMF was employed as a result of 

solubility problems. As before, however, the product could not be successfully prepared. 

Therefore, when it was observ'ed that the reaction could not be forced to completion 

following this particular method, the synthetic route was abandoned and an alternative 

literature reference employed.

HO

-b
OH H2N -OH

TBTU,TEA

DCM/DMF HO

N
H
38

OH

Scheme 3.10
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The amide-linked starting material (38) was successfully prepared following literature 

conditions by Rohrig et and involved the reaction of the unprotected 4-hydroxybenzoic 

acid with 4-aminophenol in DMF (Scheme 3.11). The first part of the reaction procedure 

involved the conversion of the starting carboxylic acid to its acid chloride derivative. This 

involved dissolving the solid in thionyl chloride (SOCf) with a catalytic amount of DMF 

under inert conditions and allowing the solution to reflux for 3 hours. Following this, the 

mixture was cooled and excess SOCF was mostly removed by distillation with traces being 

eliminated under vacuum. A bright yellow oil (/;-hydroxybenzoic acid chloride) was obtained 

which was not purified or characterised but used directly in the next part of the synthesis.

HO

SOCl,
OH

Cat. DMF
HO

Cl
DMAP II 
DMF HO

N
H
38

OH

Scheme 3.11

The second starting material in the reaction was prepared separately. This involved 

dissolving 4-aminophenol in DMF along with a catalytic amount of DMAP. Once dissolved, 

it w'as kept on ice under an inert atmosphere. The acid chloride prepared above was dissolved 

in DMF and added drop-wise to the amine solution and the reaction was then stirred 

overnight on ice. After a reaction time of 20 hours, the reaction mixture was dissolved in 

EtOAC and washed with 2M HCl solution, saturated NaHCOs solution and brine. Finally 

after drying and concentrating under vacuum, a yellow solid was obtained. It should be noted 

that when the reaction was performed in a 1:1 ratio, a yield of only 31% was obtained; 

however, using 3 equivalents of amine increased this yield to a satisfactory 54%. This excess 

starting material precipitated in EtOAc at work-up and was eliminated by filtration.

The product obtained did not require further purification and was identified and 

characterised in the usual manner. IR spectra show strong characteristic absorbance peaks of 

1644 cnf' (-CO-), 3623 (-NH-) and 3383 (-OH). 'H NMR analysis (Fig. 3.16) on the other 

hand shows four aromatic signals in the aromatic region with each integrating for two 

protons. As expected, the aromatic protons are not equivalent due to the different electron 

withdrawing properties of the carbonyl and amine in the peptide linker. An additional peak
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corresponding to the -NH- appears downfield of the spectrum. Analysis of the '"'C NMR 

spectrum shows four distinct peaks which correspond to the aforementioned aromatic protons 

and further confirms the lack of symmetry. As expected the highly deshielded carbonyl 

signal appears downfield of the ' ’C spectrum.

PlsSsB

HO' 38

Ir .11.1
13 12 10 9 5 7 6 5 3 2

;pp")

Figure 3.16.- H NMR of amide-linked diol 38.

The above reaction was successful in the synthesis of the required amide-linked 

starting material 38. Prior to discussing the next step in the synthetic pathway in question, it 

is significant to analyse the reaction mechanistically. Firstly, the conversion of the starting 

carboxylic acid to its acid chloride derivative is an example of a Vilsmeier-Haack reaction 

type. Classically, the Vilsmeier reaction involves the use of A,A-dimethylamide and POCI3 to 

make a carbon electrophilic in the absence of a strong acid or Lewis acid and is a substitute 

for the Friedel-Crafts acylation.'*"^ The reaction proceeds via a characteristic Vilsmeier 

formylating agent formed in situ. In a similar manner SOCL can be used instead of the POCI3 

in the generation of this highly electrophilic, and hence highly reactive, intermediate. The 

basic idea is the exchange of a bad leaving group HO“ on the carboxylic acid for a good 

leaving group in the conversion to the acid chloride derivative. The mechanism is discussed 

below.
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The first step of the process involves the reaction between the catalytic DMF and the 

highly electrophilic sulfur atom of the SOCb. Mechanisticcally, the nucleophilic substitution 

of chlorine promotes the movement of electrons and generates a highly electrophilic iminium 

cation. Reaction with the ejected chlorine anion at the C=N bond then generates the 

tetrahedral intennediate with SO2 and HCl as gaseous by-products. As expected, this reactive 

species is unstable and very short lived and rapidly reacts with the nucleophilic carboxylic 

acid. After the loss of a proton, the new species breaks down with the ejection of the chlorine 

and the generation of another intermediate species. Subsequent attack of the chloride at the 

carbonyl produces the required acid chloride with the regeneration of the DMF.

Once the acid chloride is successfully prepared, it is reacted with the appropriate 

amine in the presence of catalytic DMAP in DMF. DMAP is chosen as a suitable acylation 

catalyst as the amino group reinforces its nucleophilic nature, and as a result of its reactivity, 

it is only required in small amounts. It functions by acting as a good leaving group in the 

generation of the required species. Mechanistically, the nucleophilic amine attacks the 

carbonyl carbon of the acyl chloride and subsequently pushes out the chloride. This 

intermediate is then attacked by the amine in solution. The structure then collapses to give 

the required amide-linked product and the regenerated catalyst.

In order to improve the yield and provide an interesting point of comparison, a second 

synthesis of the amide-linked starting material 38 was then attempted. This second route 

follows the same type of reaction procedure and literature reference as the one described 

above. This route however uses a benzyl-protected carboxylic acid (4-benzyloxybenzoic 

acid) instead of the 4-hydroxybenzoic acid. Following the literature conditions'* ’ the protected 

starting carboxylic acid was reacted with 4-aminophenol in DMF to give 39 as shown in 

Scheme 3.12.
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Firstly, as with the previous synthetic route, the reaction involved the careful 

fonnation of the acid chloride derivative in dry DMF under inert conditions. This involved 

refluxing the 4-benzyloxybenzoic acid with catalytic DMF in excess SOCF for 3.5 hours. 

The amine which was used in excess as before, along with a catalytic amount of DMAP 

catalyst, was dissolved in DMF. The acid chloride solution was then cautiously added to this 

mixture and the reaction left to proceed overnight under an inert atmosphere. After 21 hours, 

the reaction mixture was dissolved in excess EtOAc, the resulting starting material 

precipitate was filtered and the organic solution washed with 2M HCl, NaHCOj solution and 

brine. Drying and concentration under vacuum produced a light brown solid. Subsequent 

analysis by 'H NMR revealed that this crude was impure with some carboxylic acid starting 

material remaining. It was then purified by column chromatography eluting with 

hexaneiEtOAc (1:3). The product was an off-white solid and was obtained in a good yield of 

59%.

Analysis of the literature revealed that compound 39, whose synthesis is described 

above has been previously synthesised."'^ Nevertheless, it was identified and characterised in 

the usual manner by 'H and ''^C NMR, melting point, MS and IR.

The next step was therefore the deprotection of 39 and the subsequent generation of 

the required amide-linked diol 38. A number of attempts of removing the benzyl group were 

carried out. Classically, the benzyl group is removed by catalytic hydrogenolysis but can also 

be cleaved by metal reduction using Na or Li in liquid NH3.'*^ The procedure chosen in this

86



Chapter 3 The Synthesis of Isonronhm Derivatives

case was hydrogenolysis using Pd/C as catalyst. Several attempts were made in optimising 

this reaction. Firstly, a test reaction using MeOH as solvent and 5% Pd/C catalyst at 3 atm 

overnight was carried out. After filtration of the catalyst through a pad of celite and removal 

of solvent under vacuum, TLC and 'H NMR analysis revealed that the protecting group was 

not removed. The reaction was then repeated using DMF as solvent and 10% Pd/C catalyst. 

As before, this failed to cleave the protecting group. The deprotected product 38 was finally 

generated by hydrogenation in MeOH and an excess of 5% Pd/C at 3 atm for 2.5 hours. After 

filtration and concentration under vacuum, it was isolated pure as a light brown solid in 94% 

yield (Scheme 3.13).

o

v=/ o
39

. OH
l| H2 Pd/C O

3 atm MeOH

Scheme 3.13
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Comparing the two synthetic routes described above, it is evident that both 

approaches are viable ways of synthesising the amide-linked diol 38. Closer analysis reveals 

that both syntheses produced similar yields; 54% was obtained for the first route in which 4- 

hydroxybenzoic acid was used whereas an overall yield of 56% was obtained in the case of 

4-benzyloxybenzoic acid. Therefore, quite clearly the yield is not improved to a sufficient 

extent by employing the protected derivative. Additionally, the first route requires fewer 

steps, more economical starting materials and the final product does not require purification. 

The second route on the other hand uses the more expensive protected carboxylic acid and 

the product requires purification by column chromatography. It also requires the deprotection 

step rendering the route more time-costly. Therefore, the first synthesis is more efficient and 

was chosen as the synthetic route for future use.

Once the starting material 38 was prepared, the next step was the amidylation reaction 

in the synthesis of the required /lA-isouronium salt. The same reaction procedure as used 

before for the previous derivatives was employed. As can be seen in Scheme 3.15, this 

involved reacting the diol with the Boc-protected thiourea 26 in the presence of HgCf and 

TEA on ice and then overnight at room temperature. DMF was used as solvent instead of 

DCM due to its high polarity and hence poor solubility of the starting diol. The production of
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HgS precipitate was observed as before. This was filtered through a pad of celite and reaction 

mixture worked up as per usual. An off-white solid was obtained and purified by column 

chromatography using hexaneiEtOAc (3:2) as eluent giving the final product in 22% yield.

In an alternative synthesis, the Boc-protected thiourea (26) was replaced by the 

commercially available l,3-6/5'-(/c^7'/-butoxycarbonyl)-2-methyl-2-thiopseudourea (27) as the 

‘amidylating agent’ (Scheme 3.14). The same reaction conditions and work-up as above were 

employed. The resulting Boc-protected product was purified by column chromatography 

eluting with hexaneiEtOAc (2:1) in 29% yield. Comparing this to the previous method, the 

starting material is more costly but eliminates the manual Boc-protection reaction in the 

synthesis of 26. In addition, the yield obtained is more satisfactory.

O^^NBoc

NHBoc

Scheme 3.14

Upon analysis of the above reactions, it is evident that in the case of the amide-linked 

derivative, the reaction does not proceed as efficiently as had done with previous analogues. 

Taking into consideration the deactivating nature of the carbonyl present in the linker it is not 

surprising that the reaction with either 26 or 27 was problematic. Indeed, as expected, the 

electron-withdrawing nature of the carbonyl extracts electron density from the aromatic 

system and hence reduces the nucleophilic nature of the terminal OH groups. In addition to 

this, due to the nature of the linker, the molecule is not symmetric and as a result a number of 

products including the te-product and two /nono-derivatives (one which would be assumed 

to form in a lower amount) are possible. Therefore, it is very difficult to force the reaction to 

completion. Furthennore, following work-up, the purification by silica chromatography 

proved to be somewhat difficult due to the similar polarity of the by-products. Nevertheless, 

after several attempts and the isolation of a number of fractions of varying purity, the 

amidylated Z)A-cationic intermediate 40a was obtained. It should also be noted that even 

though the major /nono-derivative was observed by 'H NMR, the compound was not isolated 

in sufficient purity and was therefore discarded.
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Derivative 40a was identified and characterised in the usual manner. IR analysis 

reveals characteristic absorbance peaks corresponding to -CO- and -NH- groups as per 

previous derivatives. 'H NMR analysis shows four distinct doublets in the aromatic region 

and two B0C-CH3 peaks in the aliphatic. In addition, two broad peaks relating to the amines 

(found in the linker and the Boc-NH) appear downfield respectively. '"’C NMR on the other 

hand reveals four distinct peaks corresponding to the aforementioned proton doublets, two 

B0C-CH3 signals in the aliphatic region and quaternary carbons corresponding to the 

remainder of the molecule. The 'H NMR spectrum of 40a is presented in Fig. 3.17 

accordingly.

Hi

Figure 3.17.- 'H NMR NMR of amide-linked Boc-protected derivative 40a.

The final hydrochloride of the amide-linked ^w-derivative was obtained in the usual 

manner. This involved the deprotection of Boc groups using TFA/DCM followed by 

treatment with Amberlite resin in water (Scheme 3.15). Work-up as well as purification by 

reverse-phase chromatography generated the product as an off-white salt. As before, the 

deprotection worked sufficiently and afforded the derivative 40b in 86% yield. The product 

was characterised accordingly by 'H and '"^C NMR, melting point, MS, IR, and CHN 

microanalysis.
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'H and ’'^C NMR analyses show simple spectra as expected with both clearly 

exhibiting the disappearance of the B0C-CH3 signals upfield. The four distinct doublets in the 

’H NMR spectrum corresponding to the eight aromatic protons remain (Fig. 3.18). The 

spectrum shows eleven signals including four aromatic peaks corresponding to the doublets, 

four aromatic quaternary carbons, two C=N and a C=0 peaks.

S M

Figure 3.18.- ’H NMR of amide-linked hydrochloride salt 40b.

In addition to the usual characterisation techniques, it was possible to analyse the bis- 

isouronium 40b by X-ray crystallography. Crystals were grown by the slow evaporation of 

water and the resolved structure is shown in Fig. 3.19. As can be seen, in comparison to 

previous crystal structures obtained in this series, the most obvious feature is that the
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molecule does not possess a curv ed framework typical of minor groove binders but adopts a 

more linear framework. This occurs as a result of the planar nature of the linker and 

consequently the phenyl rings lie in a coplanar manner as opposed to the perpendicular 

arrangement observ'ed previously. On a closer inspection of this linker, the -CO- and -NH- 

are not in line with the aromatic system and adopt a torsion angle which allows them to 

protrude outwards.

Additionally, a lot of infonnation can be obtained from the cationic ends of the 

molecule. Firstly, they are not completely in line with the phenyl rings and adopt a slight 

curv’ature. Secondly, as with the crystal of the -0-linked salt derivative 34b, the presence of 

the coordinating CF anions confirms that the stmcture is indeed cationic and protonated in 

its solid state. Lastly, the bond length distances found in the isouronium cations are almost 

identical (C-0: 1.315, 1.322; C-N: 1.309, 1.333, 1.317, 1.304 A). This bond length 

equivalence further implies that the positive charge is indeed delocalised. Also, as before, 

these values are in the range of those found in the literature for crystals of differently 

substituted isouronium crystals.

Figure 3.19.- Crystal structure of 40b.

Therefore, despite not having the typical curvature, this molecule may still be a minor 

groove binder. It remains cationic and thus retains the ability to bind electrostatically. In 

addition, it can form HB bonds and possesses a powerful linker containing both a HB donor 

and HB acceptor. A study by Neidle and Wilson"*’ has shown that some essentially linear 

compounds can indeed bind into the minor groove in the presence of networked water 

molecules, thereby, bypassing the curvature requirement. This molecule may therefore 

provide an interesting model in the study of the nature of minor groove binding.
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3.6 Conclusions

This chapter presents the synthetic strategies explored in the synthesis of a novel type 

of minor groove binders containing the isouronium functionality. Based on methodology 

previously described by Kim et aJ. and later explored by Dardonville and Rozas, the synthesis 

of two families of diphenyl bis- and mo/ro-cationic minor groove binders exhibiting the 

isouronium cation, has been achieved. This work follows the synthetic route of amidylation 

as was previously used in the synthesis of W^-guanidines and ^/5-2-aminoimidazolines in 

which the functional group was introduced by employing the use of Boc-protected thiourea as 

activating agent in the presence of HgCT and TEA. This is then followed by Boc- 

deprotection using TFA/DCM to generate triflouroacetate salts followed by Amberlite resin 

treatment to generate the required hydrochloride salts respectively.

The first synthetic goal in the preparation of the isouronium derivatives concerned the 

synthesis of the ‘amidylating agent’ (26). As with the previous amine-derivatives in the 

group, the starting diols are poor nucleophiles due to their aromatic nature and thus the first 

task was the activation of the starting thiourea towards nucleophilic attack. This was 

achieved by the introduction of the Boc protecting groups. Once this was prepared, 5-indanol 

was used as a test reactant to investigate whether the synthetic route is viable for starting 

diols. This involved reaction of the Boc-protected amydilating agent 26 with the starting 

alcohol in a 1:1 ratio in the presence of excess TEA in DCM. Once complete, the reaction 

was treated by appropriate work-up and silica-gel chromatography. This intermediate (29a) 

was successfully synthesised in satisfactory yield.

The synthesis of mono- and di-derivatives using commercially available -CH2-, -O- 

and -S-linked diols was subsequently achieved in yield ranging from 74 - 78% (30a - 32a) 

and 58 - 67% (33a - 35a) respectively. Treatment with TFA/DCM followed by Amberlite 

resin in water yielded the desired salts (29b - 35b) in quantitative yields. Therefore, it can be 

concluded that the synthetic strategy is viable for the successful synthesis of both cationic 

families.

The synthesis of the amide-linked isouronium derivative (40b) has also been 

achieved. Since the starting material (38) was not commercially available, its preparation has 

involved a more complex and lengthy route. Two routes were investigated in the synthesis of
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this starting diol. This involved the conversion of the starting carboxylic acid in its protected 

and unprotected form to its acid chloride derivative and subsequent reaction with the required 

amine in DMF. It can be concluded that both routes were successful in producing the required 

diol with one being more economic and shorter than the other.

Finally, a number of crystal structures were resolved. Firstly, crystals of Boc- 

protected derivatives 29a, 33a and 34a were obtained. The latter two show that the molecules 

adopt a curv'ed manner with the phenyl rings lying perpendicular to each other. Secondly, 

crystals of the hydrochloride salts of 34b and 40b confirm that the molecules are cationic and 

protonated in their solid state. Finally, the crystal of the amide-linked 40b shows a linear 

structure. This leads to the conclusion that apart from 40b, the molecules possess 

characteristics of typical minor groove binders. The latter, although linear, may also be able 

to bind as recent investigations have suggested by networking with water molecules.
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Chapter 4 The Synthesis of Hydroxyguanidininm Derivatives

4.1 Introduction

As was previously discussed, numerous biophysical studies of several minor groove 

binders have allowed the identification of essential structural characteristics for efficient 

entry, contact and strong binding within the groove. These pharmacophoric features include 

aromatic (phenyl) systems and suitable bonding groups which can partake in electrostatic, 

HB and van der Waals interactions with corresponding DNA moieties. In particular, the 

presence of the cationic amidine groups in the para-para position is crucial and allows an 

ideal radius of curv^ature to be achieved. The combination of the effects of these features 

allows not only binding to take place but passage across the cellular membrane and entry into 

the nucleus.

Therefore, considering these attributes, different symmetric and asymmetric 

guanidinium- and 2-aminoimidazolinium- based families were designed and prepared as 

potential minor groove binders by Rozas and co. and their DNA binding pow'er was evaluated 

via a series of biophysical techniques. The encouraging results obtained led to the design of 

two novel families of minor groove binders, the isouronium - discussed in the previous 

chapter - and the hydroxyguanidininm families.

The design and synthesis of these two families of minor groove binders allows the 

investigation of the nature of the cationic group and HB interactions. As explained 

previously, the isouronium family exchanges a HB acceptor for a HB donor. The second 

family - whose design and preparation is discussed henceforth - incorporates the 

hydroxyguanidininm functionality. This functional group entails an additional hydroxyl 

group which can act simultaneously as a HB donor and acceptor. An extra point of contact is 

therefore introduced with the intention of improving binding interactions.

Before discussing the experimental preparation of the hydroxyguanidininm family, it 

is important to consider the significance of this functionality and the reason for incorporating 

this cationic group in a minor groove binding agent.

Firstly, the hydroxyguanidininm moiety occurs naturally in a plethora of enzymatic 

pathways and molecular events. For instance, in the production of nitric oxide (NO is a
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messenger molecule with roles in neuronal communication, blood vessel modulation and 

immune response), A^-hydroxy-L-arginine (NHA) which is an intermediate in the oxidation of 

L-arginine to L-citrulline and NO is subsequently catalysed by NO synthases (NOSs) 

(Scheme 4.1). Binding of substrates with these enzymes occurs as a result of guanidine and 

hydroxyguanidine groups. Therefore, it can be hypothesised that jV-hydroxyguanidine 

derivatives can be used as enzymatic NO donors.' As a result, numerous 

hydroxyguanidinium-based families have been synthesised and investigated by various

groups 2,-1

H2N

HN
)=NH H,N

)=NOH

NOS

H3N

NADPH/Oo

coo-
L-Arginine

H,N
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NADPH/O2
H,N

NO

000-

Citrulline

Scheme 4.1

In addition to modulating the aforementioned physiological processes, studies have 

linked NO with tumoricidal activity of the immune system. It has been shown that high levels 

of NO induce apoptosis in tumour cells, prevent metastasis from taking place and assist 

macrophages in eliminating cancerous cells.'* Indeed, hydroxyguanidine itself has also been 

considered as a novel antitumour drug with cytotoxic activity in a variety of cancers 

including leukaemias such as Novikoff hepatoma and Walker 256 carcinosarcoma.^ In 

addition, hydroxyguanidinium derivatives have been designed and synthesised and their 

activity evaluated in the leukemic cell line L1210 in order to investigate the electronic and 

structural properties of this functional group.^ Sulfonyl-N-hydroxyguanidine derivatives and 

oleanolic acid/A-aryl-A^’-hydroxyguanidine conjugates (41 and 42, Fig. 4.1) have also been 

designed and their cytotoxicity evaluated against a variety of different cell lines.’’^
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N
.OH

H H

41

OH

Figure 4.1.- Hydroxyguanidinium-based antitumour agents.

Considering the antitumour activity of the hydroxyguanidinium group (45), it is vital 

to analyse its structural features in an effort to identify its phanuacophoric characteristics. 

Evidently, it combines the structural features of two moieties. As can be seen from Fig. 4.2, it 

can be considered to be formed by the amidino-group of guanidine (44) and the hydroxyl- 

group of the hydroxyurea (43). Literature studies of these two groups as individual moieties 

rev eal different physiological effects. Guanidine is known to have strong interactions with 

DNA and thereby enhances drug-DNA interactions with various types of systems which 

include DNA-cleaving diiron(II) systems^ and minor groove binding derivatives such as 

netropsin, distamycin and those developed in our group. Hydroxyurea on the other hand, has 

been shown to readily enter cells by passive diffusion and inhibit the activity ribonucleotide 

reductases.'*’ These enzymes are directly responsible for the synthesis of 

deoxyribonucleotides (which are required for DNA synthesis) and therefore corresponding 

inhibitors can be classified as potential antitumour agents. Indeed, this moiety has shown 

activity in epidermoid carcinomas and leukaemias and has the added advantage of oral 

administration."

0 NH ,OH
N

A A AH2N NHOH H2N NH2 H2N NH
43 44 45

Figure 4.2.- Hydroxyurea (43), guanidine (44) and A-hydroxyguanidine (45).

The combination of the structural features of guanidine and hydroxyurea, resulting in 

the hydroxyguanidinium functional group, rationally combines the aforementioned DNA- 

binding and antitumour properties. Indeed, studies by Young et al. in HeLa cells demonstrate
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that hydroxyguanidine inhibits DNA synthesis by interfering with the aforementioned 

enzymatic reactions (as well as related DNA-synthetic enzymes such as thymidylate 

synthase) and the subsequent generation of deoxyribonucleotides. Closer analysis reveals a 

similar biological potency to hydroxyurea with the prevention of thymidine incorporation 

into the DNA of the cells. Interestingly, RNA synthesis and the rate of protein formation

within the cells remains unaffected 12-14

A number of QSAR and molecular orbital calculations of hydroxyguanidine 

derivatives have been carried out in the literature to precisely identify its active components. 

Firstly, a -CHNOH- motif is essential in order to produce the same effects as hydroxyurea. 

This also supports the results by Sapse et. a! and Young et al. which show that the -NOH 

group and the ‘Y-conjugation’ are required for interfering with the enzymatic reactions and 

the consequent inhibition of DNA synthesis.'" ''^ Secondly, the hydroxyl proton must be free. 

In other words, compounds in which the hydroxyl hydrogen has been substituted by a methyl 

group (-OCH3-) have no activity against synthetic enzymes and subsequent DNA 

synthesis.Thirdly, although not a prerequisite for activity, a carbonyl group or a suitable 

bioisostere - such as C=N present in a hydroxyguanidinium moiety - is required for the 

desired potency.'■*

Although the exact molecular mechanism of deoxyribonucleotide inhibition is 

unknown, complex formation between the R-NOH with metal ions present in the enzymes 

has been proposed.'"* A detailed study of the hydroxyguanidinium ion allowed this theory to 

be investigated via calculation of geometrical parameters, proton affinities and net atomic 

charges in comparison with the inactive unsubstituted and substituted guanidinium ion. 

Results from this study suggest that the hydroxyguanidinium ion can dissociate in alkaline or

neutral solution to give rise to a species that interacts with the metals found in the enzymes. 12

N'°"

A

H*
-H*

1^1

±!1

H ill

Scheme 4.2 
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In addition to the above, the hydroxyguanidininm functionality is incorporated into 

numerous pharmacologically active derivatives. Most notably, the literature shows that the 

group is used for improving the bioavailability of certain drugs as part of a prodrug strategy. 

Amidines, guanidines and aminohydrazones are basic and are protonated at physiological 

conditions. As a result, drugs incorporating these moieties cannot be administered orally as 

they cannot be absorbed across the gastrointestinal tract (Fig. 4.3).'^ Hydroxylated analogues 

however are less basic and can thus be readily absorbed. An example where this strategy has 

been employed includes sibrafiban, which is currently in phase III clinical trials.

H,N

OC2H5

Figure 4.3.- Sibrafiban (46).

The hydroxyguanidininm moiety is also closely related to amidine-functionalised 

minor groove binders. A literature search reveals that pentamidine- and fiiramidine- 

hydroxylated derivitavies (47 and 48, Fig. 4.4) have both been synthesised and their 

antitrypanasomal activities investigated in comparison to their original fomis. In the case of 

Z)/5-A-hydroxybenzamidine pentamidine (47) and related derivatives, activity was found to 

match that of the parent molecules both by oral and intravenous routes with the 6A-hydroxy- 

pentamidine derivative being as active but less potent in experimental mice.'® Similarly, 

Boykin et al. demonstrated that the 6/s-amidooxime firramidine derivative 48 is an effective 

antipneumocystis agent by the same means of administration.'^

'^■OH

Figure 4.4.- Hydroxylated pentamidine (47) and furamidine (48).
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4.2 Synthetic Approaches

It is evident thus far that the hydroxyguanidinium moiety is of great importance both 

in terms of natural occurrence and synthetic derivatives. This has been demonstrated with the 

design and synthesis of enzymatic NO donors, and more relevantly, with the functionalisation 

of common minor groove binding agents. Therefore, the synthesis of hydroxyguanidinium 

derivatives of the amidine-based minor groove binders developed in the Rozas group would 

provide an interesting comparison (Fig. 4.5).

H,N

NH,

H

NH

NHo
A

'N NH, 
H

HN

N N
H H

, “°'NH

^ !L
H2N N 

H

+ ,OH 
HNX

N NH2 
H

X=CH2, O, S, CH2CH2, CO, NHCO

Figure 4.5.- Amidine based deriviatives already developed in the Rozas group and N-

hydroxyguanidines proposed.

Considering the hydroxyguanidinium moiety in terms of minor groove binders, the 

incorporation of the group into their framework offers additional advantages. Firstly, like 

guanidine the hydroxyguanidine motif is cationic and basic in nature. Despite this basicity 

being reduced by the presence of the electron-withdrawing oxygen atom, a pKa of 

approximately 8 ensures that the protonated species is the predominant form at physiological 

pH.'* As mentioned previously, this characteristic is essential for forming electrostatic 

interactions with the negative DNA-backbone and binding into the minor groove. Secondly, 

the hydroxyguanidinium moiety encourages drug-DNA interactions to take place by allowing 

the formation of HBs. In comparison to the guanidinium or the isouronium moities discussed 

in Chapter 3, it introduces an additional HB bonding group which can simultaneously act as a 

HB donor and/or HB acceptor group and thereby improve DNA binding ability (Fig. 4.6).
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Figure 4.6.- Possible HB interactions in guanidinium {left) and hydroxyguanidininm

{right) cations.

Studies in the literature reveal that there are several synthetic routes that can be 

employed in the generation of the hydroxyguanidininm moiety. Typically, this involves the 

transformation of an amino functionality to an active thiourea or cyanamide intermediate 

followed by reaction with a hydroxylamine. An example of a thiourea-based approach 

concerns a procedure devised by Jirgensons et al. in which l-benzyloxy-3- 

benzyloxycarbonylthiourea (49) is reacted with various amines in the presence of HgCB and 

TEA to give intermediates which are subsequently deprotected (Scheme 4.3).’^ This synthetic 

route is similar to the use of Boc-protected thiourea (26) in the generation of guanidines"^ or 

isouroniums as discussed in Chapter 3.

S
Cbz-HN^N'°^^

H
49

H HgCl2/Et3N 
'Rz DMF

Scheme 4.3

R-N^lN-Cbz

Rz ^

Two specific procedures for the generation of the family of hydroxyguanidines in 

question were thoroughly investigated in this work. The first follows the work of Martin et ah 

for the synthesis of A^-hydroxyguanidines from primary amines through the generation of a 

thiourea-intennediate."' The synthetic work that was carried out in exploring this synthesis is 

discussed in the following section.

103



Chapter 4 The Synthesis of Hydroxyguanidinium Derivatives

4.2.1 Synthetic Approaches: Method 1

The reaction depicted in Scheme 4.3 involves the production of an intermediate 

which is further used for the generation of the required hydroxyguanidium species. In a 

similar manner, the synthetic procedure designed by Martin et aJ. involves the generation of a 

protected jV-hydroxyguanidine moiety. In this case, the protected hydroxyguanidinium 

moiety is generated under forcing conditions from an intermediate isothiocyanate species in a 

one pot reaction. This is subsequently followed by deprotection using a method by Kiso et 

a!'^ in which a mixture of TFA and thioanisole is used to cleave the protecting groups and 

generate the desired product.

4.2,1.1 Synthesis of the Cbz-protected Isothiocyanate

A variety of reaction procedures and conditions for the attempted hydroxyguanidine 

synthesis are described in the article of Martin et al. It is interesting to note that using the 

protected thiourea derivative 49, the hydroxyguanidinium moiety was eventually lost by 

over-reduction. Similarly, the reaction of a A-Cbz/OTHP protected hydroxythiourea 

derivative with an appropriate amine and employing the HgCb/TEA conditions yielded the 

exchanged thiourea product with only trace amounts of the expected hydroxyguanidine. It 

was therefore decided to generate the hydroxyguanidinium moiety by employing a procedure 

in which excess amounts of activating agent and O-protected hydroxylamine are reacted with 

a protected thiourea which is formed in sitn. The carbamoyl isothiocyanate (CbzNCS, 50) 

required to generate this intermediate species was therefore the first synthetic target of this 

family (Scheme 4.4).

O
KNCS/18-C-6

O Cl ----------►
C2CI4

O
A +O NCS

50

SCN

(trace)

Scheme 4.4

As can be seen from Scheme 4.4, the synthesis of 50 was achieved by the reaction of 

benzyl chlorofonnate with KNCS in the presence of 18-crown-6 in anhydrous
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tetrachloroethylene. Here, the crown-ether assists the reaction by coordinating the potassium 

cation and in this way functions as a phase transfer catalyst.

Once ready, the reactants were stirred at room temperature followed by an overnight 

reflux at 85 °C under an inert atmosphere. Subsequent analysis by TLC (DCM;hexane, 1:4) 

revealed the formation of a more polar product with an value of 0.3. As expected, a trace 

amount of a more polar side product (R/ =0.1) was also observed. This was assumed to be 

the expected benzyl thiocyanate which forms from the competitive decarboxylation reaction.

Conditions were varied in an effort to improve the quality of the reaction. This 

included grinding the KNCS and 18-crown-6 to a fine powder followed by drying overnight 

under vacuum. In addition to this, the reaction was initiated at room temperature followed by 

a gradual increase of temperature in an attempt to minimise side-reactions. TLC was used to 

closely monitor product formation. This did not produce noticeable differences, hence, the 

reaction was eventually perfonned at 85 °C and once it had gone to completion - or until no 

further changes were being obseiv'ed by TLC - it was stopped, cooled and diluted with 

hexane. The resulting cry'stalline salts were removed by filtration through a pad of celite, 

washed with DCM/hexane and the resulting filtrate concentrated under vacuum at an 

appropriate temperature. Once dried, the resulting CbzNCS (50) was a viscous yellow oil. It 

was decided not to further purify the product by distillation or silica gel chromatography as 

decomposition to the benzyl thiocyanate was reported by Martin et al. in both instances. 

Furthenuore, the impurities are claimed to be ‘silent’ and are readily separated in subsequent 

reactions. Therefore, once the product was identified and analysed by 'H NMR, the oil was 

dissolved in dry DCM to give a final stock solution of 0.5 M concentration. This was then 

flushed with argon and kept sealed in the fridge at 4 °C for later use.

4.2.1.2 Synthesis of the Protected A^-Hydroxyguanidines

With the starting CbzNCS stock solution prepared, the next step towards the synthesis 

of the hydroxyguanidine family was the reaction with appropriate amines. The reaction of 

amines with carbamoyl isothiocyanates to yield thioureas has previously been shown to 

proceed efficiently and in high yield.These thioureas which can be isolated or used
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directly are then reacted with a protected amine in the presence of the water-soluble 

activating agent ECDI to generate the required hydroxyguanidine moiety.

As can be seen from Scheme 4.5, the general reaction procedure that was employed 

for the synthesis of the hydroxyguanidines involves the reaction of an amine starting material 

with 50 in DCM. The protected thiourea moiety in this case was fomied in situ and used 

directly. Once its formation was confirmed by TLC, this was subsequently treated and 

activated by the addition of the activating agent (EDCI), TEA, and 0-protected 

hydroxylamine in a one pot reaction. Excess equivalents of the aforementioned reagents were 

then added to force the reaction to completion.

Ri so
CHjCHj

NH,

S
Cbz. ,R:

N N ' 
H H

H2N-OTHP 

EDCI,TEA

,OTHP
N

H H

Scheme 4.5

Mechanistically, the reaction involves nucleophilic attack by the starting amine on the 

electrophilic carbon of the isothiocyanate. A subsequent proton exchange generates the 

thiourea intenuediate. EDCI - a carbodiimide species - is then attacked by this thiourea. 

This involves electron donation from neighbouring nitrogen quenching the associated 

positive carbon centre. Following this, a plausible mechanism could involve a series of 

events in which the EDCI-sulfur adduct is ejected and in a similar manner to the HgCE- 

assisted reactions, a movement of electron density and donation from the adjacent nitrogen to 

the central carbon generates a carbodiimide intermediate. This carbodiimide is subsequently 

attacked by the protected amine. A proton exchange completes the formation of the required 

protected intermediate.

The first amine to be reacted in a series of test reactions was the diaromatic -CHi- 

linked ftA-(4-aminophenyl)methane. This starting material was chosen as a suitable model as 

the -CH2- linker is of low polarity and is hence expected to be the least deactivating relative 

to the other linkers in the family. Comparably, it is worth mentioning that in the works of 

Martin et al'^ or Linton et al~^, the starting amines are either mostly aliphatic primary
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amines or a mixture of aliphatic and aromatic amines. Additionally, the aromatic amines that 

are used contain only one aromatic system with some derivatives containing activating 

groups. In our case, however, all of the starting amines are diaromatic twin compounds and, 

therefore, due to the deactivated nature of such compounds the reactions were expected to be 

more challenging. Moreover, it was expected that these starting amines would produce his- 

and /77ono-functionalised derivatives and that as a result additional equivalents would be 

required to produce the desired dications.

During a number of test reactions, A/x-(4-aminophenyl)methane was treated with the 

crude CbzNCS (50) in dry DCM under an inert atmosphere. In each case the fonuation of 

two more polar species was observed rapidly by TLC (the bis- and wo/ro-thiourea 

intermediates with R;-— 0.6 and R/^= 0.3 respectively) and this observation was accompanied 

by a precipitate in the reaction chamber in most instances. This precipitate would dissolve 

further on in the reaction with the addition of the next reagents. The reactions were left 

overnight to ensure full thiourea intermediate formation.

The thiourea intermediate was not isolated or characterised but treated directly with 

one equivalent of HiN-OTHP, EDCI and a slight excess of TEA. The reaction was then 

allowed to stir and was closely monitored by TLC. Almost instantaneously, a series of new 

compounds were observ'ed by TLC indicating a number of side reactions taking place. In 

order to drive the reaction to completion, half equivalents of the above reagents were added 

into the reaction mixture at regular interv'als. Between each successive addition, the reaction 

was left to proceed over a number of hours or overnight. Two of these spots which were 

assumed to be the bis- and mono-derivatives were closely monitored by TLC.

After a number of additions of half equivalents, and no clear changes in the reaction 

mixture, the reaction was stopped and worked up. This involved extraction with H2O, drying 

with anhydrous Na2S04 and concentrating under vacuum to give a yellow oil. The crude 

product was then carefully purified by silica gel chromatography using hexane:EtOAc (2:1) 

as eluent. This chromatography required careful separation under gravity and analysis of 

suspected product spots by 'H NMR. The ^A-product (51a) was eventually isolated as a 

yellow oil and its identity confirmed by mass spectrometry and ’H NMR. In addition, the -O- 

A/T-derivative (52a) was also prepared following the same synthetic procedures and analysed 

accordingly.
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Figure 4.7.- Methylene-linked hydroxyguanidiniuin derivative (51a).

Once isolated, 51a was analysed by 'H NMR and as expected, due to the symmetry of 

the derivative, only half the numbers of protons are evident. The aromatic protons appear as 

two signals; a large multiplet accounting for seven protons at 7.39 ppm and a doublet 

accounting for the two remaining ones at 7.08 ppm. In close proximity to these protons, but 

further downfield at 8.80 ppm and 8.09 ppm are the amines which are deshielded by the 

carbonyl and aromatic systems. The remaining proton signals - accounting for the methylene 

groups and aliphatic THP protons - are further upheld of the spectrum. Regarding the -CH2- 

signals, the Cbz methylene group is evident at 5.23 ppm whilst the bridging group occurs at 

3.87 pm respectively. The five remaining signals correspond to the protons of the oxygen 

protecting group. A clear signal appears for the single hydrogen between the two O atoms at 

5.10 ppm. Two multiplets are then apparent further upheld at 3.62 ppm and 3.87 ppm that 

account for the methylene protons directly attached to the oxygen of the THP. Lastly, two 

multiplets accounting for the three remaining methylene groups on the aliphatic carbon chain 

appear in the aliphatic region at 1.68 ppm and 1.85 ppm respectively. Similar peaks were 

observed in the 'H NMR of 52a which is presented in Fig. 4.8.
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Figure 4.8.- ’H NMR spectrum of compound 52a.

The reaction conditions of the above synthesis were varied in an effort to optimise the 

synthetic procedure. Firstly, due to its unstable nature, the CbzNCS starting material was 

kept at a low temperature and used hastily to avoid decomposition. It was often resynthesised 

to be used fresh in the reaction. Secondly, the solvent was distilled and reaction chamber kept 

dry by use of argon or drying tube. Thirdly, the reaction was varied in terms of time and 

temperature. Usually, it was carried out at room temperature; however, an experiment was 

also carried out in which temperature was gradually increased and the fomiation of product 

monitored. In each case nonetheless, a series of spots were evident on TLC indicating the 

failure of the reaction to be forced to completion and the fonuation of side products.

As mentioned previously, in addition to the -CH2- linker, the -O- protected 

derivative was also synthesised and isolated in sufficient purity. As before, the reaction 

conditions were varied in an effort to improve the synthetic procedure. Attempts were also
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made with alternative linking groups; -CH2CH2-, -S-, -CO- and -NH- of 4- 

aminodiphenylamine. With each linker the same problematic reactions were encountered and 

despite the former compounds being identified by ’H NMR, they were not taken further due 

to inadequate purity.

4.2.1.3 Generation of the W-Hydroxyguanidines

With a number of the protected hyroxyguanidinium derivatives synthesised, it was 

decided to carry out deprotection reactions and generate the corresponding salts of the -CH2- 

and -0-linked derivatives. Typically, the tetrahydropyranyl (THP) group protecting the 

alcohol moiety is removed by a protic acid while the Cbz group is removed by 

hydrogenation.^^ Considering that Martin et al. report a 1:1 mixture of the Cbz 

deprotected/O-THP protected product and overreduction to the guanidine when employing 

the latter technique, it was decided to use an acid-based deprotection.

2"^As recommended by the article in question, conditions of Kiso et al. ~ - which were 

slightly modified - were employed in an effort to cleave both protecting groups in a 

concerted manner and consequently generate the -CH2- and -O- derivatives (51b and 52b). 

This involved using a 10:1 mixture of TFA and thioanisole to deprotect the derivatives and to 

generate the corresponding trifluoroacetate salts (Scheme 4.6). TFA, which had previously 

been used in the deprotection of Boc-protected isouronium derivatives as discussed in 

Chapter 3, is known to cleave the Cbz group significantly more slowly in comparison.'^ The 

thioanisole, however, is present in order to accelerate this reaction.

THPO,
N

H H

N
A

OH

NH,

Scheme 4.6
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The reaction conditions involved stirring the derivatives in the TFA/thioanisole 

mixture at room temperature overnight as shown in Scheme 4.6. In the case of the -O- 

derivative (52b), a green colour was observed during the course of this reaction which 

progressively changed to a dark colour as is reported for A^-hydroxy-L-arginine by Martin et 

al. This presumably corresponds to the removal of the more labile THP group. The Cbz 

group was found to be removed more slowly as expected. Once removal of both protecting 

groups was observed by ’H NMR, the reactions were stopped and concentrated under 

vacuum. Each resulting residue was then partitioned between equal parts of ether and water 

with additional water being used to further extract the ether layer. The combined aqueous 

phases were then concentrated under vacuum. Finally, as with the isouronium derivatives, the 

trifluoroacetate salts were treated with an Amberlite exchange resin in order to generate the 

hydrochloric salts. The usual conditions and work-up were employed in producing the 

required salts. Analysis by 'H NMR and mass spectrometry confimied the successful 

remo\ al of the protecting groups in the case of the two -CHi- and -0-linked derivatives.

Overall, the synthesis of the hydroxygnanidinium derivatives using the procedure by 

Martin et. al. proved very unsatisfactory. Despite reaction conditions being modified and 

thoroughly investigated, the reactions failed to reach completion and, hence, products were 

difficult to purify. The challenging synthesis could be accounted for by the deactivated nature 

of the diaromatic starting amines in question and the problematic CbzNCS synthesis. It was 

therefore decided to abandon this particular synthetic route - despite a number of the final 

salts being synthesised - and to develop an alternative strategy in the synthesis of the 

hydroxygnanidinium family.

4,2,2 Synthetic Approaches: Method 2

Up until this point, the synthetic focus in this work has been the generation of the 

hydroxygnanidinium moiety via the transformation of an amino functionality to an active 

thiourea intermediate. Studies in the literature, however, reveal that this can also be achieved 

by a route involving a cyanamide intermediate. Once this is synthesised, subsequent reaction 

with an appropriate hydroxylamine generates the required moiety.
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4.2.2.1 Synthesis of the Cyanamide Intermediates

Cyanamide synthesis may be achieved in a number of ways. The most frequently used 

method is the cyanation of amines using cyanogen halides or its synthon (CN^). There are 

quite a few reagents capable of delivering electrophilic cyanogens (CN^) and these include 2- 

chlorobenzyl thiocyanate, 1-cyanoimidazole, tosylcyanogen, thiocyanogen and cyanogen 

azide. Additional procedures include generation from ureas and thioureas, the Tiemann 

rearrangement of amidooximes and the use of molecular iodine with dithiocarbamate.'^’"^ A 

relevant example concerns the use of CuCN in the synthesis of 53 in a Rosenmund-von 

Braun type reaction. This is subsequently converted to furamidine by Pinner methodology

(Scheme 4.7). 28

As mentioned above, cyanamides are most often prepared using cyanogen halides. 

Cyanogen chloride*^ has previously been used for this purpose but by far the most commonly 

used reagent in the generation of cyanamides is cyanogen bromide. It is well documented that 

in the von Braun reaction a tertiary amine reacts with cyanogen bromide to yield a 

disubstituted cyanamide and an alkyl bromide.Regarding the successful synthesis of 

hydroxyguanidininm derivatives, cyanogen bromide has been extensively utilised in a 

number of literature articles.For this reason, it was chosen for the synthesis of the 

cyanamides in this work.

The approach to the cyanamide synthesis consisted of the cyanation of the amine 

starting materials using CNBr. A number of different reactions and literature references were 

explored in the optimisation of this reaction. As before, the diaromatic -CH2-linked Z)/5-(4- 

aminophenyl)methane was mainly used as a prototype in a number of test reactions.

The first methodology to be attempted concerns the work of Xian et al. (Scheme

4.8). This involved the preparation of a solution of the starting amine (1 equivalent) and
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anhydrous TEA in dry DCM under an argon atmosphere. Once this was prepared, the 

solution was cooled to 0 °C and was subsequently treated with the dropwise addition of a 

solution of CNBr (2 equivalents) in dry DCM. The mixture was then allowed to stir overnight 

at room temperature.

When the above reaction was carried out an unexpected yellow precipitate was 

observed. This was found to be of poor solubility in available deuterated solvents but from 

TLC analysis was presumed to be a hydrohalide salt. The remaining solution was filtered 

through a pad of celite and concentrated yielding a yellow oil. 'H NMR analysis showed a 

complex mixture of starting amine and product. Accordingly, optimisation reactions in which 

variable conditions were employed were then carried out in an attempt to improve the 

reaction. This included stirring the reactants overnight at 0 °C, increasing reaction 

temperature and close continuous observation by TLC and the use of excess base. Work-up 

conditions in which the mixture was filtered, extracted in EtOAc, washed w-ith H2O, dried 

and concentrated under vacuum yielding a yellow oil were also engaged. The variation of 

conditions in such a manner did not improve the reaction to any great extent with no product 

being formed and a large amount of salt being generated in each case. The reaction was also 

carried out with the -CH2CH2- derivative. However in this case the starting amine required 

additional solvent due to poor solubility and the same type of problems w'ere encountered as 

for the previous derivative. It was therefore decided to abandon this methodology.

HoN NH2 NC. ,CN

Scheme 4.8

It was hypothesised that the above reaction failed to go to completion due again to the 

deactivated nature of the starting amine. As before, most of the starting amines in the 

literature references are aliphatic with only a select few possessing aromatic moieties. In 

addition, a stronger base and more polar solvent were considered to be more suitable. The 

reaction was therefore modified to the synthetic procedure of Pankratov et al.
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In their 1975 publication, Pankratov et al. describe three different procedures for the 

synthesis of aromatic cyanamides.'^^ Two of these were considered appropriate and were 

subsequently attempted and compared.

The first synthesis (Scheme 4.9) consisted of reacting CNBr with his-{4- 

aminophenyl)methane in dry acetone in the presence of NaHCO,;. The procedure consisted of 

preparing a solution of CNBr (2 equivalents) in acetone and simultaneously adding a solution 

of amine (1 equivalent) in acetone and NaHC03 in H2O at room temperature. The mixture 

was then allowed to stir overnight under argon. Subsequent analysis revealed a yellow 

solution with an orange residue. This was filtered and washed with water. The resulting 

filtrate was extracted with EtOAc, washed with water to remove salts, dried and concentrated 

under vacuum yielding a yellow oil. Both the precipitate and the oil were analysed by 'H 

NMR and were found to contain product (54a) with two characteristic doublets in the 

aromatic region, a metheylene peak at 3.80 ppm and an amine signal downfield at 10.1 ppm. 

The precipitate, which was considerably less pure relative to the oil, showed impurities in the 

aromatic region, whereas, the oil was found to be mostly product but nevertheless contained 

impurities in the aromatic region and methylene signal. Purification by recrystallisation from 

a toluene/heptane mixture as recommended by the literature was not attempted as a result of 

most of the product being an oil.

H,N

CNBr, NaHCOs 
NH, CH3COCH3"

H 54a
.CN

Scheme 4.9

Using an alternative synthetic procedure by Panktratov et al, the second synthesis of 

the cyanamide intermediates was carried out. This reaction is recommended for R-NH2 

primary amines and involves the use of dimethylacetamide (DMAA) as both a solvent and 

acceptor of the liberated HBr. For this reaction, aniline (a /wono-phenyl system) and bis-{4- 

aminophenyl)methane (a diphenyl system) were used as suitable models for a number of test 

reactions. The cyanation of the former amine for 55a generation is shown in Scheme 4.10.
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CNBr
DMAA

Scheme 4.10

Experimentally, this involved the preparation of a solution of CNBr in anhydrous 

DMAA at room temperature. A solution of either starting amine in DMAA was added 

dropwise and the reaction mixture heated to 35 °C. It was then allowed to stir for 3 hours or 

overnight at this temperature under argon.

In order to optimise these reactions, it was necessary to explore different conditions. 

Firstly, the number of equivalents of the starting reagents and DMAA were varied. It was 

deduced that a slight excess of CNBr (3 equivalents) relative to the amine (1 equivalent) was 

necessary. In addition a slight excess of DMAA making up the individual CNBr and amine 

solutions was required. Secondly, conditions were kept dry and inert by using anhydrous 

solvent and maintaining an argon atmosphere for the duration of the reaction. Three hours 

was usually a sufficient length of time, however, the reaction was kept overnight in certain 

cases in order to ensure complete cyanamide transformation. This transfonnation was 

monitored and confinned by TLC analysis using hexane;EtOAc (5:3) as the solvent system. It 

was found that the product in each case had almost the same Revalue compared to the starting 

amine. Hence, it was necessary to run the TLC plate multiple times in order to see the two 

different species.

In addition to the above optimisations, it was necessary to adjust the conditions of the 

work-up for this reaction. Firstly, following the suggestion of Pankratov et al., the reaction 

was allowed to cool to room temperature after which the solution was transferred to a mixture 

of ice and water. A yellow precipitate was obtained as a result. An attempt was made to filter 

this; however, due to the sticky nature of the precipitate and the slow filtration process, it was 

decided to extract the product using Et0Ac/H20. The organic layer was washed a number of 

times with water followed by brine to ensure complete removal of the DMAA. Once this was
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complete, the solution was dried and concentrated at a low temperature (-20 °C) yielding a 

yellow oil in each case.

Once optimised, aniline and /)«-(4-aminophenyl)methane were successfully 

transfonned to their corresponding cyanamides; phenyl-cyanamide (55a) and his-(A,A'’-N- 

methylcyanoamidophenyl)methane (54a) respectively. Mechanistically, each cyanation 

occurs in an addition-elimination pattern involving nucleophilic attack of the amine at the 

reactive carbon centre. This gives rise to a resonance-stabilised cationic intermediate as 

shown in Scheme 4.11. Subsequent collapse of this species followed by the ejection of HBr 

completes the reaction.

R-NH2 Br—
_ -HBr H 

Br—[=N  ► R-N^^N

Scheme 4.11

Both derivatives were characterised accordingly by 'H and NMR, mass 

spectrometry and infrared spectra. The latter technique proved very valuable in confirming 

the presence of each product with the presence of nitrile -CN bands at 2225 cm’' and 2222 

cm’' for 54a and 55a respectively. Both NMR spectra on the other hand produced few signals 

for each derivative as expected. In the case of 54a, the signals match that of the product 

synthesised in the earlier procedure. In the 'H NMR spectrum, these include two doublets in 

the aromatic region at 6.88 ppm and 7.17 ppm, a methylene signal at 3.83 ppm and the -NH- 

signal at 10.07 ppm (Fig. 4.9). The '"C NMR spectrum consists of a characteristic -CN signal 

at 112.2 ppm, a methylene peak at 40 ppm, two aromatic peaks at 115 ppm and 129.8 ppm 

(corresponding to the doublets) and two aromatic quaternary carbon peaks.
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Figure 4.9,- 'H NMR spectrum of compound 54a.

In the case of 55a, three signals - a doublet and two triplets - appear in the aromatic 

region at 6.95 ppm, 7.04 ppm and 7.36 ppm as shown in Fig. 4.10. As with 54a, a 

characteristic broad-NH- signal appears downfield at 10.17 ppm.

As can be seen from both NMR spectra (Figs. 4.9 and 4.10), both compounds were 

obtained in excellent purity without the need for further purification. It was therefore decided 

that, in comparison to the first reaction procedure, this latter route would be employed in the 

synthesis of the remaining cyanamide intermediates (Scheme 4.12).

17



Chapter 4 The Synthesis of Hydroxyguanidininm Derivatives
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Figure 4.10.- 'H NMR spectrum of compound 55a.

Accordingly, -0-, -S-, -CH2CH2-, -CO- and -NHCO-linked cyanamides (56a - 

60a) were also successfully prepared in moderate to good yields. It should be noted that in 

the case of the latter amide-linked derivative, the pure cyanamide 60a precipitated from 

Et0Ac/H20 as a light brown solid during work-up and was filtered, dried and characterised 

in the usual manner. The pure product (60a) was identified by a characteristic nitrile 

absorbance band observed by IR (2223 cm'^) and -NH- signals in the 'H NMR. Becasue of 

the nature of the linker the structure is not symmetrical, and as a result, additional peaks were 

observed in the 'H and ''^C NMR spectra in comparison to the remaining twin derivatives.

H2N

CNBr

NH2
DMAA 
35 “C

NC. XN

X= CH2 (54a), O (56a), S (57a), CH2CH2 (58a), 
CO (59a), CONH (60a)

Scheme 4.12
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It should be noted that the -CO-linked 59a intemiediate was not obtained completely 

pure since its corresponding starting amine is deactivated by the electron withdrawing 

carbonyl linker. Cyanamide purification by column chromatography and other means have 

been reported by several literature references.’'*’"’^ Alternatively, other sources report the 

direct use of synthesised cyanamide intermediates as crudes."” Taking this into consideration 

and the general high reactivity” and low stability’^ of substituted cyanamides, it was decided 

to use the synthesised derivatives directly without further purification in the remainder of the 

hydroxyguanidinium synthesis.

4.2.2.2 Generation of the A-Hydroxyguanidines

The hydroxyguanidinium moiety may be generated from a corresponding cyanamide 

by numerous experimental conditions. A number of literature references were investigated 

and modified in the generation of the hydroxguanidinium family. As before, the -CHi-linked 

cyanamide (54a) was used in a series of test reactions in an effort to optimise the reaction.

Following Xian et al.f^ the cyanamide was dissolved in anhydrous EtOH and was 

subsequently treated with hydroxylamine hydrochloride and anhydrous K2CO3 (Scheme 

4.13). The mixture was then stirred at room temperature for 5 hours after which it was 

analysed by TLC showing a number of species, thus, to ensure complete transfonnation the 

reaction was left stirring overnight. Then, the mixture was diluted with additional EtOH, 

filtered through a pad of celite and concentrated under vacuum at a low temperature (~35 °C) 

yielding a yellow gum. Analysis by 'H NMR showed a complex mixture of compounds. This 

was assumed to contain some urea impurities. Further analysis of the mass spectrum however 

indicated the presence of product but also the worto-derivative and starting material.

NC, XN

NHoOH.HCI
K2CO3

II
H2N N 

H

EtOH X
N NH2 
H

Scheme 4.13
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To improve the above reaction and force product formation with minimal impurities, 

conditions were varied in a number of ways. Firstly, the reaction was carried out using 

different solvents including EtOAc, DCM and DMF. The latter solvent is used by Bailey et 

al.^^ in a very similar reaction. It was found that due to the difficulty of its removal under 

vacuum and the requirement for high temperatures, an extraction using Et0Ac/H20 was more 

appropriate. Unfortunately, the variation of solvent in such a manner did not improve the 

reaction to any great extent with a complex mixture of compounds being fomied each time. 

Optimisation reactions were continuously monitored by mass spectrometry which proved 

valuable in identifying formation of product.

As mentioned previously, cyanamides are very reactive species. In addition, 

hydroxyguanidines in their free base fomis are known to be unstable and are sensitive to heat 

and moisture.'"’^ Thus, the mixtures were also suspected to be decomposition products such 

as ureas or cyanamides. This was evident with two comparable reactions; one carried out at 

25 °C and the other at 50 °C. Although both reactions produced mixtures of compounds, the 

reaction at lower temperature produced the desired di-functionalised product in much greater 

abundance compared to the reaction at the higher temperature.

The instability of hydroxyguanidines was further observed with the attempted 

purification of the resulting crude mixtures. In the literature, synthesised derivatives are 

usually purified by recrystallisation from EtOH"*’ or by flash chromatography’''. Taking this 

into consideration, it was decided that due to the gum-like nature and small quantity of 

product in comparison to the gram-scale literature reactions, the latter purification technique 

would be more suitable. Thus, flash chromatography on silica was carried out under gravity 

using a solvent system of DCM'.MeOH (7:1). Fractions were carefully monitored using TEC 

and later analysed by 'H NMR and mass spectrometry. However, the suspected product 

fraction was found to be a mixture of species. Although the ion corresponding to the desired 

product was identified in small amount by mass spectrometry, mass corresponding to the 

hydrated cyanamide or urea was also detected and the mono-urea species was also found in 

one of the fractions. Therefore, it was further deduced from column chromatography that in 

addition to the rearrangement of the hydroxyguanidinium moiety, the cyanamide 

functionality may be lost as well in the process.
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The next factor to be considered in an effort to reduce undesired side products was the 

starting amine. In the reaction, the cyanamide is treated with the amine in its hydrochloric 

form which is subsequently free-based in the one-pot reaction. To decrease the disorder of 

this reaction, the amine was free based independently, filtered through cotton wool and then 

added dropwise to the cyanamide. This however, did not improve results to any great extent 

and similar outcomes to the initial reaction were obtained.

Next, the reactivity of the amine itself was considered. In their 1970 paper, Belzecki 

et al. report that the reaction between hydroxylamines and cyanamides can give - depending 

on the reaction conditions and the nature of the cyanamide itself - hydroxyguanidines or 

amino-oxyformamidines (Scheme 4.14).''° This hypothesis considers the unprotected amine as 

an ambident nucleophilic species which may attack the cyanamide at either the oxygen or 

amino end or indeed at both ends. As a result, a reaction was attempted in which the 

cyanamide was treated with the protected H2N-OTHP amine used in the earlier thiourea- 

based synthesis. In addition to blocking attack at the oxygen end, this would potentially aid 

purification by column chromatography by masking the hydroxyguanidinium functionality 

and a\oiding the problems described above. Experimentally, the reaction involved stirring 

overnight at room temperature in EtOH in the presence of TEA. Although initial TEC 

analysis indicated the formation of a more polar species and 'H NMR analysis produced a 

mixture of possible product signals, mass spectrometry failed to identify the product. 

Additionally, analysis by IR confirmed the presence of the starting cyanamide, indicating that 

the reaction with the hydroxylamine failed to occur.

Ri,
R2'

:n-c=n

NH2OH

Ri,
R2'

Ri.
R2"

:n-c-nh2
II

OH

n-c=nh
I

NH2

Scheme 4.14

In the literature reference that claims the above hypothesis, reaction of aromatic 

cyanamides in EtOH produces the required hydroxyguanidinium derivatives with aliphatic, 

alkyl-based cyanamides generating the alternative moiety. Bailey et al. further report only
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products of nitrogen attack."” It is also possible that the urea-based derivatives observed after 

flash chromatography in our case are as a result of the labile nature of the compounds. It was 

decided to abandon this reaction procedure and focus on optimising the original reaction.

Taking into consideration the problems discussed above, a set of reaction conditions 

were devised. Firstly, due to the reactive nature of the cyanamide intermediate, this was 

prepared, dried under vacuum at a low temperature and used directly in the generation of the 

hydroxyguanidinium species without further purification. Secondly, the hydroxylamine and 

the K^CO.^ were used in excess relative to the cyanamide to force the reaction. These were 

weighed out and dried under vacuum overnight at 40 °C prior to use. Once ready, the 

cyanamide was flushed with argon and the former reagents along with 4 A molecular sieves 

were added. Then, with the reaction vessel sealed, anhydrous EtOH was added dropwise via 

syringe to the reaction chamber. The reaction mixture was then allowed to stir overnight at 

room temperature and then it was diluted with excess EtOH and filtered through a pad of 

celite. The celite was rinsed with additional solvent and this was subsequently removed under 

vacuum at a low temperature.

As mentioned previously, the hydroxyguanidinium moiety is thermolabile and is 

known to decompose even at room temperature.’'^^ Consequently, hydroxyguanidiniums are 

usually converted to more stable salt derivatives for storage and further use. This may be 

achieved by treattnent with organic and inorganic acids or acylating agents such as AcCl and 

BzCl.'*^ Therefore, having attempted purification by column chromatography and observ'ed 

undesired conversions, it was decided to directly convert the crude mixture to the 

corresponding hydrochloric salts. These salts are not only the most common form of 

stabilising the hydroxyguanidines, but are also desirable as water-soluble final products.

The conversion of the -CHa-linked hydroxyguanidine derivative to its corresponding 

hydrochloride (54b) was achieved by treating the crude mixture with excess IM HCl/ether 

solution. This involved stirring the mixture overnight at room temperature followed by 

solvent removal under vacuum to yield a crude salt mixture. In the meantime, a reverse-phase 

pencil column was prepared by dry-loading the silica and packing with MeCN followed by 

H2O. Once ready, the crude mixture was dissolved in H2O and loaded directly onto the 

column. Small fractions were subsequently collected and analysed by TEC. The product was 

found to elute in the early fractions due to its high polarity relative to the other species
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present. The majority of these impurities were found to remain in the silica and were 

subsequently discarded.

The -CH2-linked hydroxyguanidine derivative 54b was successfully isolated as a 

yellow solid and characterised by 'H and ’"'C NMR, melting point, MS, IR and CHN 

microanalysis. As before, IR analysis proved crucial in the identification of the 

hydroxyguanidinium moiety. Characteristic peaks at 3682 cm"' (-OH), 1619 cm'' (-CN) and 

922 cm'' (-NO) corresponding to the functional group were obtained confirming its identity. 

Regarding all NMR data, straightforward spectra were obtained as expected. In the 'H NMR 

(Fig. 4.11), two doublets in the aromatic region and a methylene peak at 3.9 ppm were 

observed. Analysis by '‘^C NMR showed six carbon peaks corresponding to the methylene 

group (39.7 ppm), aromatic carbons and -CN (157.4 ppm) quaternary carbon.

£1 
«- o

■*. fs.

^1 Ir"

Figure 4.11.- 'H NMR spectrum of compound 54b.

With the test derivative 54b successfully synthesised, the phenylhydroxyguanidinium 

derivative (55b) and the remaining -0-, -S-, -CH2CH2-, -CO- and -NHCO- (56b - 60b) 

linked derivatives were prepared and characterised accordingly in a similar manner (Scheme 

4.15). The same experimental conditions and precautions as with 54b were employed. This
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included the reaction of the freshly-prepared cyanamides with excess dry hydroxylamine and 

K2CO3 in EtOH under inert conditions. A mixture of components was observed in all cases 

and, as before, isolation and purification of the product was not attempted. Instead each 

mixture was treated with excess 1M HCl/ether and the final salts separated by reverse-phase 

column chromatography with each eluting early with water alone. It should be noted that with 

several derivatives, it was necessary to repeat the purification a number of times in this 

manner in order to achieve complete purity leading to reduced yields. Also, some derivatives 

were found to be unstable and decomposition on the column was obser\'ed. This breakdown 

was evident by 'H NMR as small peaks in the aromatic region and was presumed to be the 

conversion to the free base fonn or urea derivative. Compounds were also hygroscopic and 

found to decompose over time. As a result of this unstable nature, once isolated and 

characterised compounds were stored at -20 °C.

NC, ,CN

1. NH2OH.HCI 
K2CO3 
EtOH

HO,
N
if

2. 1M HCI/Ether CIH.H2N N 'N NH2HCI

X= CH2 (64b), O (6Gb), S (67b) CHjCHs (68b), 
CO (69b), CONH (GOb)

Scheme 4.15

In the case of the phenylhydroxyguanidinium hydrochloride derivative (55b), an 

interesting observation was made by 'H NMR. When the experiment was run in DMSO-c/d, 

three signals - two triplets and a doublet - were obtained in the aromatic region as expected. 

A broad peak corresponding to the -NH2 appeared downfield from these peaks. Deshielded 

with respect to this peak were three broad peaks at 9.92 ppm, 10.1 ppm and 10.9 ppm 

respectively (peaks “a - c”. Fig 4.12). The latter peak corresponds to an -NH- peak while the 

former is the -OH group. The remaining peak at 10.01 ppm corresponds to an additional 

-NH- group. An additional small peak corresponding to another -NH- is evident at 10.3 ppm 

(“d” in Fig. 4.12). It was hypothesised that these extra signals are due to prototropic 

tautomerism. In other words, the compound exists in tautomeric forms in solution as a result 

of proton migration (Scheme 4.16).
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Scheme 4.16

Literature studies reveal that such constitutional isomers can be observ'ed at lower 

temperatures where proton transfer is slow."*' The protons are thus in different chemical 

environments and are detected as distinct signals. Upon heating however, coalescence of the 

individual peaks should be observed as the rate of proton exchange increases. This occurs 

because proton exchange takes place at such a rate where all environments are identical. In 

order to prove this theory a 'H NMR experiment was carried out in which the sample was 

heated in the range of 20 - 100 °C in the DMSO-r/^. Accordingly, spectra were recorded at 

every 10 °C interv'al. As can be seen from Fig. 4.12, all the peaks downfield of the spectra 

merge as they are heated eventually fonning one large broad peak at the highest temperature. 

The peaks corresponding to -OH and -NH- at 9.92 ppm and 10.1 ppm respectively (peaks 

“c” and “b”) begin to merge quite early upon heating (40 °C). The small peak at 10.3 ppm 

(peak “d”) also broadens quite early at 40 °C and by 50 °C has merged with the adjacent two 

peaks. The remaining signal downfield at 10.9 ppm also begins to widen and decrease in 

intensity at 40 °C. All signals broaden and coalesce into a large single peak at 100 °C. The 

observation of such changes confirms the existence of tautomeric forms of this 

hydroxyguanidinium derivative.
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[ppm]

Figure 4.12.- The merging of tautomeric ’H NMR signals of 55b upon heating.

The experiment depicted in Fig. 4.12 in which the sample was heated was only carried 

out on compound 55b for demonstrative purposes. However, as expected, prototropic 

tautomeric forms of the other derivatives in the family were also observed when samples 

were analysed in DMSO-r/g. These were observ'ed by 'H NMR spectra and are shown in Fig. 

4.13 for the -CH2- (54a) and -S- (57b) linked derivatives.
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Figure 4.13.- ’H NMR tautomeric peaks showed for {above) 54b and {below) 57b
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Considering that there is proof that the hydroxyguandinium derivatives exist in 

different tautomeric forms, it is important to consider the most stable form of the moiety. 

Literature studies reveal that tautomeric equilibrium can be correlated with the relative 

acidities of the individual tautomers. This implies that the most favourable isomer is the 

weakest NH acid. Since the hydroxyl group possesses the greatest attraction for electron 

density in comparison to the alternative groups, the structure on the left of Scheme 4.16 

seems likely to be the weakest NH acid. As a result, this can be considered as the most stable 

tautomer of the hydroxyguanidinium motif.'*'

4.3 Conclusions

The work presented in this chapter explores the introduction of another biologically 

significant catioinic moiety: the hydroxyguanidine. The pharmacophoric features of the 

aforementioned groove binding derivatives - two cationic groups and a diphenyl system 

connected by a linker - were preserved.

Two major synthetic strategies were explored in the synthesis of the 

hydroxyguanidinium family. Firstly, the common strategy involving the generation of an 

active thiourea intennediate from an amino functionality followed by reaction with an 

appropriate hydroxylamine was explored. The procedure and experimental conditions for this 

synthetic route were adapted from Martin et al~^ This involved the initial synthesis of a 

carobodiimide precursor CbzNCS (45) which was subsequently reacted with a protected 

amine under forcing conditions in a one pot reaction. From this a protected N- 

hydroxylguanidine moiety was generated which after purification was deprotected by 

TFA/thioanisole conditions as described by Kiso et al~" This synthetic route was thoroughly 

explored and a number of intermediates and two corresponding final products were obtained. 

The synthesis, however, proved to be unexpectedly problematic with the formation of a 

variety of side products rendering isolation and purification of the desired product difficult. It 

was therefore decided that - despite successfully synthesising two derivatives by this 

procedure - this route is not suitable for the particular starting amines and that another route 

should be explored.
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Hence, a second synthetic strategy was considered. This involved the transformation 

of an amino functionality to an active cyanamide intermediate which was subsequently 

reacted with hydroxylamine. The cyanation of the starting amines and successive generation 

of the reactive cyanamides was achieved by using CNBr. The reaction was thoroughly 

explored and synthesis eventually achieved following experimental conditions of Pankratov 

et al.^^ Once this family of intermediates was prepared, the hydroxyguanidine derivatives 

were generated by employing modified conditions of Xian et This involved reacting 

them with hydroxylamine hydrochloride in the presence of K2CO3. Subsequent conversion of 

the hydroxyguanidines to their corresponding hydrochloric salts followed by isolation and 

purification by reverse-phase chromatography generated the required family of compounds.

Comparing the two synthetic routes described throughout, it can be confinned that the 

introduction of the hydroxyguandine moiety in each case was generally quite problematic. 

This can be attributed to the deactivated nature of the starting amines and the reactivity of the 

intermediates involved. In addition to this, the hydroxyguanidine is known to be quite 

unstable and readily decomposes even at mild conditions. Taking into consideration the 

challenges of both procedures, it was decided that the second route - the generation of 

derivatives via cyanamide intermediates - was more viable and was hence used for the 

successful synthesis of the family of hydroxyguanidines.
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5.1 Introduction

The design and synthesis of any potential DNA-targeting agents involves the 

subsequent execution of apposite biophysical techniques in order to evaluate their intended 

binding modes. Accordingly, minor groove binding derivatives must be assessed in an 

appropriate manner so as to determine their proposed function and binding affinity tow'ards 

the groove. There are a variety of optical and non-optical techniques that complement each 

other and can be employed in deducing this binding information. As was mentioned in 

Chapter 1, these include DNA thermal denaturation assays, circular dichroism (CD), linear 

dichroism (LD), isothermal titration calorimetry (ITC), differential scanning calorimetry 

(DSC) and biosensor-surface plasmon resonance (SPR).

In the present research we have employed a selected number of biophysical 

techniques and thus the majority of those mentioned above are only briefly considered here. 

Firstly, a DNA thermal denaturation assay examines the secondary structure of a nucleic acid 

and compares its relative stability with and without a bound molecule. The results obtained 

with this technique will be presented in due course. Secondly, CD and LD are closely-related 

spectroscopic techniques that provide a more detailed assessment of binding in terms of 

intercalating and minor groove binding. Additionally, they allow for binding constants to be 

determined. More specifically, CD is a measure of the difference in absorption of right and 

left circularly polarised light with respect to the wavelength of light and is uniquely sensitive 

to the helicity of molecules.' " Alternatively, LD refers to the difference in absorption of light 

polarised parallel and perpendicular to a particular axis at a given wavelength and determines 

the relative orientation of moieties in an interactive system. LD precisely determines whether 

DNA interacalation or groove binding is talking place and hence is a direct means of 

evaluating the mode of interaction^'^

In comparison to the spectroscopic procedures described above, ITC, DSC and SPR 

are techniques that evaluate ligand-DNA interactions by consideration of thermodynamic 

factors. These complementary techniques involve quantitative calorimetric experiments and 

have a range of applications such as providing a means of accurately calculating equilibrium
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constants. More specifically, ITC allows for the evaluation of binding constants and 

thermodynamic parameters such as AG, AH and AS. In addition, it provides an insight into 

the stoichiometry (n) of a ligand-biotarget complex. However, there are limitations to this 

technique such as the requirement of optimal reaction conditions. In comparison, DSC 

techniques such as scanning microcalorimetry examine the change in stability of the biotarget 

in binding potential ligand molecules. Additionally, DSC has the ability of probing tight 

binding and determining higher affinities. It does not however provide a complete 

thermodynamic evaluation. In comparison to ITC and DSC, SPR also allows for the 

determination of kinetic and thermodynamic factors and is used for calculating binding 

constants that vary over a broad range. Furthennore, it can be used for examining reactants 

that have low optical responses and requires minimal sample. Limitations to this technique 

include the immobilisation of one of the reactants under study in such a manner that binding 

is not disturbed.'* Overall, it is apparent that the methods described are complementary of one 

another and that each technique provides unique advantages and limitations.

Thus far, it is evident that there are a variety of biophysical techniques that can be 

used to study a reacting system and the interactions involved. Previous biophysical studies 

that have been perfonried in the Rozas group have included DNA thermal denaturation 

assays, UV spectroscopy titrations, pKa measurements, CD, LD, ITC and SPR. These 

allowed binding modes to be confirmed, equilibrium binding constants to be calculated and 

binding sequences to be investigated.^’’ In this work, select experiments were carried out in 

order to evaluate the two families of compounds. Firstly, DNA thermal denaturation assays 

will evaluate the binding abilities of the derivatives to the minor groove and secondly, the 

ionisation constants (pKa) which will reflect the basicity of these compounds will be 

determined. The results obtained and observations made are presented accordingly.

5.2 DNA Thermal Denaturation Assays

The principles of thermal denaturation experiments were first described by Thomas et 

al. in 1951 and remain applicable to the study of DNA and RNA secondary structure 

stability. The method has found countless applications in a wide variety of systems including
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the study of the hybridisation between a target and a nucleotide and DNA sequencing. An 

example of this technique being used in conjunction with other DNA sequencing procedures 

is a study by Azbel et al. where the melting curve of a bacteriophage nucleotide was utilised 

to determine lengths, AT content and locations of DNA domains. The results in this case 

were found to be in exact agreement with the known bacteriophage nucleotide sequence.^

Themial denaturation is an optical technique based on the absorbance of DNA (or 

double-stranded RNA) at a particular wavelength (260 nm for DNA) over an appropriate 

temperature range. The nucleic acid base pairs in their natural coiled form are locked into a 

stacked helical conformation and as a consequence of this shielding only absorb minimal 

light. When a double helix is exposed to increasing temperatures, the energy intake breaks the 

HB interactions holding the base pairs together and as a result the double strand separates 

into two single strands. This process is denoted thermal denaturation (or DNA 

coiling/melting). An outcome of these events is an increase in light absorbance given that free 

base pairs are more exposed and are able to rotate and, hence, absorb light more freely. This 

is detected as a plot of UV absorbance versus temperature as shown in Fig. 5.1.

Figure 5.1.- Typical DNA Thermal Denaturation plot. 10

The denaturation process or “melting” is local rather than continuous and occurs in a 

step-wise manner, domain after domain of the nucleic acid. Each domain melts in a narrow 

temperature range and each melting creates two phase boundaries of melted and helical 

fonns. The melting temperature (Tm) of a nucleic acid consisting of a specific number of
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domains depends on a number of factors including domain length, AT content and the 

number of phase boundaries.^ In simple terms it can be considered as a temperature of 

midtransition or the temperature at which half of the nucleic acid is in its folded helical form 

and half is melted or unfolded.*

Each nucleic acid melts at a specific temperature and therefore has a unique Tm value. 

When a molecule binds into the minor groove of DNA by various interactions, it displaces 

shells of ordered water molecules (the so-called ‘spine of hydration’”) and cations that reside 

in the groove. This process, which is driven by a large increase in entropy”, stabilises the 

complex. As a result, a higher input of energy is required to induce thermal denaturation of 

the macromolecule and an increase of the Tm value is subsequently observed. The difference 

between this and the value of the DNA alone is presented as the ATm and provides a measure 

of stabilisation and minor groove binding ability. In this way, thermal denaturation is a non

destructive, practical technique and provides a means of detemiining preliminary results of 

binding capacity.

5.2.1 DNA Thermal Denaturation Assays of Isouronium Derivatives

Thermal denaturation experiments were carried out on all mono- and di-functionalised 

isouronium derivatives. This would allow the basic binding strength for each derivative to be 

determined and comparisons to be made in terms of features such as the nature of the linkers. 

In addition, assessment of the mono- and ftA-cationic families would pennit the evaluation of 

symmetry and number of cationic groups with respect to target affinity.

Thermal denaturation assays were performed accordingly as described in Section 

9.2.1. The chosen experimental nucleic acid was salmon spenn DNA, a wild type, sequence 

unspecific oligonucleotide which is readily available and well established in the use for such 

assays. Prior to carrying out experiments of the potential minor groove binders, the melting 

temperature of this DNA alone was established. A solution of 150 pM DNA was prepared in 

phosphate buffer (10 mM, pH 7) and an absorbance of 1 au at 260 nm was confirmed. The 

solution was then heated in a temperature range of 25 - 90 °C and the absorbance was
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simultaneously recorded. A characteristic sigmoidal plot was obtained and corresponding 

melting temperature (Tm) determined. Consequently, the melting temperature of salmon 

sperm DNA using these conditions was found to be 68 °C.

With the characteristic salmon spenn melting temperature established, the next step 

was to evaluate the binding strength of the isouronium derivatives. For each experiment, a 

solution of specific compound concentration (15 pM) was prepared and added to DNA (150 

pM) so that a final P/D ratio of 10 was achieved. The experiment was then perfomied whilst 

employing the same conditions as described for the DNA alone. A characteristic plot and 

corresponding Tm value was obtained for each DNA/ligand complex for each derivative as 

detemiined from at least two independent experiments.

From these DNA thermal denaturation experiments, the DNA binding strength of the 

isouronium salts was evaluated. In each case, an augmentation in melting temperature (with 

regard to the 68 °C melt of DNA alone) was obserxed. As mentioned above, this can be 

presented by plotting absorbance with respect to melting temperature. Results obtained for 

the -0-linked mono- (31b) and bis- (34b) derivatives, showing an obvious shift to higher 

temperatures in comparison to DNA are shown in Fig. 5.2 for demonstration purposes.

0.25 -

♦ DNA 

■ 34b 

A 31b

Figure 5.2,- Thennal denaturation curves of 31b and 34b (X = O) in comparison to

DNA.
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Having obtained the required Tn, values for each derivative, the corresponding ATn, 

values were calculated and the results for the mono- (30b - 32b) and his- isouroniums (33b - 

40b) are presented in Table 5.1.

Table 5.1.- DNA Thermal Denaturation Results with S.E.M. of the Isouronium Family 13

HO

NHn
.A,0"^ NH-

30b-32b 33b-40b

Compound Linker (X) A Tm (°C)

30b CH2 2 (±0.01)

31b 0 4 (±0.33)

32b S 2 (±0.33)

33b CH2 4 (±0.01)

34b 0 6 (±0.33)

35b S 5 (±0.33)

40b NHCO 2 (±0.18)

A number of observations can be made based on the results presented in Table 5.1. 

Firstly, in comparison to the thermal denaturation experiments of related guanidinium and 2- 

aminoimidazolinium derivatives (Rozas and co.^ ’'^), the results of the isouronium derivatives 

generally show less favourable binding. This suggests that the substitution of a -NH- group 

(as in the guanidinium cation) by an -O- atom (as in the isouronium cation), with the idea of 

interchanging a HB donor by a HB acceptor does not result in stronger interactions.
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Analysis of the results obtained overall reveals that with the exception of 40b, the his- 

isouronium derivatives bind slightly more strongly to salmon sperm DNA with ATm values 

of 4 - 6 °C being obtained. In comparison, the mono-derivatives bind less favourably with 

ATm values of 2 - 4 °C. This can be explained by the following hypothesis. The bis- 

isouroniums, being di-functionalised, possess a cationic group on either end of the molecule 

and are consequently able to partake in additional interactions with the phosphodiester 

backbone and AT bases in the minor groove. These include electrostatic interactions as well 

as HB and van der Waals contacts. In addition to this, the presence of an additional 

isouronium moiety means that the 6/A-derivatives have longer skeletons. This could possibly 

allow a better radius of curv'ature to be attained and hence a more ideal fit into the minor 

groove to be achieved. The trend is consistent with related mowo-guanidinium and 2- 

aminoimidazolinium derivatives of Rozas and co.^’*'^ and furamidine-based derivatives found 

in the literature.”'*

The results can also be considered in terms of the effects of the central linkers (-X-). 

Initial analysis of the mono- and di-cations reveals that the -0-linked derivatives produce the 

most favourable binding followed by the -S- and -CH2-linked agents. Such an observation 

may perhaps be explained by the polarity of the -O- linker and its ability to form strong HB 

interactions. However, it is important to consider recent results that question the role of the 

central linker in these derivatives. Studies of the crystal structure of the -NH-linked his-2- 

aminoimidazolinium analogue bound to 5’-d(CTTAATTCGAATTAAG) show that the 

derivative binds by bifurcated HBs and van der Waals contacts through the nitrogens of the 

cationic moieties with the minor groove (Fig 5.3).'^ These observ'ations, as well as the low 

range of ATm values obtained suggest that the linker (-NH- in this case) points outside of the 

groove and does not contribute significantly to the binding interactions in the minor groove.
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(OI irj? I «*^|

X. %
o f o \ ^ °

Figure 5.3.- Crystal structure of the -NH-te-2-aminoimidazoline analogue bound in

the minor groove (lefi). HBs established within the minor groove {right). 15

5.2.2 DNA Thermal Denaturation Assays of Hydroxyguanidinium Derivatives

Having completed the thermal denaturation studies of the isouronium derivatives and 

evaluated poor binding ability, it was decided to synthesise the hydroxyguanidinium family 

of derivatives. Taking into consideration the results obtained for the mono-isouroniums and 

previous studies of related mono-cations, it was decided to only synthesise (and hence carry 

out corresponding studies on) the di-cationic hydroxyguanidiniums. It was hoped that an 

additional -OH group in the cationic moiety would provide an extra HB interaction on either 

end of the molecule and as a result provide more favourable binding.

Thermal denaturation assays were carried out accordingly on the di-cationic 

hydroxyguanidiniums (54b - 60b). As before, natural salmon spenu DNA in phosphate 

buffer was used and a P/D ratio of 10 employed. The same experimental conditions 

(described in Section 9.2.1) as for the isouronium salts were utilised. Results for the 

derivatives were obtained in at least two independent experiments and are presented in Table 

5.2 below.
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Table 5.2.- DNA Thermal Denaturation Assay Results of the Hydroxyguanidinium Family

II
HnN N 

H 54b-60b

hn:°"
ji

N NH- 
H

Compound Linker (X) A Tn. (°C)

54b CH2 0 (±0.1]

56b 0 1 (±0.07)

57b S 1 (±0.01)

58b CH2CH2 0 (±0.01)

59b CO 0 (±0.1)

60b NHCO 1 (±0.01)

The results of the DNA thermal denaturation assays of the hydroxyguanidinium series 

indicate that the compounds, unexpectedly, possess poor minor groove binding abilities. As 

is presented in Table 5.2, the derivatives produced AT,„ values of 0 - 1 °C. A number of 

observations and possible conclusions can be made based on these results.

Firstly, a wider range of linker groups were used in this family of derivatives with 

disparity in polarity and geometry. In addition, linkers such as the -CH2CH2- bridge would 

further elongate the skeleton of the framework. However, it is vital to take into consideration 

the results of the isouronium family and the recent finding that the linker groups do not 

partake in minor groove binding interactions.’^ The lack of variation in the melting 

temperatures of the hydroxyguanidines thus correlates with these observations and further 

strengthens this argument.

141



Chapter 5 Biophysical Evaluation

Secondly, a thorough literature search correlates the results obtained here to N,N’- 

dihydroxypentamidine (47). Although proving to be as active (but not as potent) as 

pentamidine in experimental mice as an antitrypanasomas agent,it was found to be a poor 

minor groove binder. Interestingly, a study conducted using calf thymus DNA and a P/D of 

10 found that 47 produced a ATm of 0.2 °C in comparison to the ATm of 10.7 °C of 

pentamidine itselfThus, jV-hydroxylation of pentamidine resulted in an almost complete 

loss of binding ability. Similar results were observed in this work with the corresponding bis- 

guanidinium derivatives having been previously shown by Rozas and co.’* or Dardonville 

and co.’®’'^to exhibit favourable binding in salmon sperm DNA or poly(dA-dT)2 (Table 5.3). 

This is most evident with the -CO-linked te-guanidinium which has a AT^ of 4 °C in 

salmon sperm DNA and a AT^ of 27.6 °C in poly(dA-dT)2 Curiously, fe-hydroxylation of 

the derivative results in a complete loss of binding affinity (ATni = 0 °C, Table 5.2).

'OH
NH2 NH2

Figure 5.4.- jV.A'^’-Dihydroxypentamidine (47)

Table 5.3.- DNA Thermal Denaturation Values of 5/T-Guanidinium Derivatives

.X

18-20

NH;ji
H.N

H

NH
A NHn

Linker (X) ATn. ATm rc)b

CH2 8 15

0 - 22.1

S - 20.1

NH 8 29.6

CO 4 27.6

CH2CH2 - 26.1

' using salmon-sperm DNA; obtained previously by Rozas and co. ‘
’ using poly (dA-dT):; obtained previously by Rozas and co. and Dardonville and co
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These results may be justified as follows. As mentioned in Chapter 4, the introduction 

of the hydroxyl group in the cationic moiety lowers the pKa of a molecule (approximately 8 

for a hydroxyguanidinium), yet the protonated species remains the predominant form at 

physiologic pH."* Therefore, in comparison to the guanidinium cation (pKa= 13.7) which is 

highly charged and thus has a stong attraction towards the negative minor groove, the 

hydroxyguanidinium, being less basic is not as readily ionised and, hence, may not have the 

same binding potential. Thus, despite the hydroxyguanidiniums possessing additional points 

of HB interaction, this may be undermined by the nature of the cationic moiety itself

5.3 Determination of pK^

Throughout the history of rational drug design, it has been suggested (Prentis et al.) 

that poor pharmacokinetics was the major cause of compound failure in drug development 

programmes in the 1980s.'^ As a result, the study of ADME drug properties (absorption, 

distribution, metabolism, excretion, i.e. phannacokinetics) has become fundamental in the 

drug design process. Part of this design and pharmacokinetic profiling concerns the 

evaluation of the protonation state (pKa) of a potential drug. Considering that drugs interact 

with their targets in aqueous environments at physiological pH, their basicity and

corresponding pKa values are crucial in determining their interactions. 23

The determination of the pKa of the compounds in this study is vital as they are 

potentially biologically active derivatives. Both the isouronium and hydroxyguanidinium 

families are assumed to be protonated at physiological pH, therefore, this must be confirmed 

in order to establish their distribution patterns and electrostatic interactions with their 

intended target. It is interesting to consider the pKa values of reference compounds found in 

the literature which are presented in Table 5.4.
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Table 5.4.- PKa Values of Related Moieties

Group pKa

Guanidine 13.71"

Ph-Guanidine 10.88"

Isourea 9.5b

0-Me-lsourea 9.80"

0-Me-Guanidine 13.4"

Hydroxyguanidine 8c,d

Ph-Hydroxyguanidine 7.7^

a.b.c.d values taken from Refs [24],[25],[21] and [26] respectively

Taking the values in Table 5.4 into consideration, previous studies by Rozas and co. 

have established, through computational and experimental means, that related his- 

guanidinium and ft/5-2-aminoimidazolinium derivatives are highly basic with pKa values in 

the range of 8.6 - 10.8.^^ More recently, pK^ studies of the corresponding wono-derivatives 

have been carried out,^'*'* indicating that both the guanidinium and 2-aminoimidazolinium 

functionalities are protonated at physiological pH and that the molecules in question are thus 

able to form electrostatic interactions in the minor groove.

There are numerous ways of determining the pKa v alues of molecules and the method 

that is chosen depends on factors such as solubility. Due to the previously observed accurate 

pKa measurements using UV-visible (UV-vis) spectroscopy, it was decided to employ this 

technique in the determination of the pKa values of the isouronium and hydroxyguanidinium 

families. The results obtained and observations made are presented henceforth.
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5.3.1 Determination of the pKa of an Isouronium Derivative

Taking into consideration the family of isouronium derivatives, the -0-linked bis- 

isouronium 34b was chosen as a suitable candidate for pKa determination. Subsequently, UV- 

vis titrations were carried out according to methods that had previously been established in 

the Rozas group.^ The method is based on the titration of a protonated species towards the 

direction of its neutral form (Section 9.2.2). Therefore, to an acidic (HCl) solution of 34b, 

aliquots of base (NaOH, O.IM) were added, the pH values subsequently measured and the 

corresponding UV spectra recorded accordingly. Changes of the UV spectmm were 

monitored over a wide pH range.

The spectral changes that were obtained are presented in Fig. 5.5A as a plot of 

absorbance versus wavelength. As can be observ'ed, a large increase in the absorbance at 250 

nm and a more discrete change at 300 nm were recorded corresponding to the deprotonation 

taking place with increasing base. Both of these changes were found to occur simultaneously 

between a pH range of 6.8 and 11.5. This indicates that the deprotonation of both isouronium 

cations and the formation of the corresponding neutral species occur within this pH range. 

Therefore, the absorbance in this range was plotted with respect to the pH and the 

corresponding plot was obtained (Fig. 5.5B). Taking these values and the Hasselbach- 

Henderson equation into consideration, a pKa value of 10.4 was obtained for the molecule.

The results obtained can be rationalised as follows. Firstly, only one pKa value was 

measureable indicating that a double deprotonation occurs simultaneously or in a very small 

pH range so that differentiated spectral changes could not be recorded. Secondly, the pKa 

\’alue for 34b (10.4) is in agreement with the literature basicity values of 0-methylisourea 

and A-methylguanidine (9.8 and 13.4 respectively. Table 5.4). The presence of the electron- 

withdrawing oxygen in the group renders the pKa lower than the corresponding guanidinium 

functionality.
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Figure 5.5.- A. UV-Spectral changes occurring due to the addition of NaOH (0. IM) to a 
solution of compound 34b. B. Only one pKa value was calculated as being 10.4.
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5.3.2 Determination of the pKa of a Hydroxyguanidinium Derivative

With the pKa value of the isouronium derivative determined, the next step was to 

e\ aluate the ionisation constant of the hydroxyguanidinium functionality. As before, it was 

decided to select a single derivative as a suitable representative of the hydroxyguanidinium 

series. Taking into consideration the family of compounds, the -O-linked his- 

hydroxyguanidinium 56b was chosen as a suitable candidate for pKa determination. 

Therefore, as for the previous isouronium 34b, UV-vis titrations were carried out 

accordingly. This involved the same experimental conditions, that is, protonation of a 

solution of the compound with HCl acid followed by titration with aliquots of base (NaOH, 

O.IM). With each subsequent addition, the pH value was measured and the corresponding 

UV spectra recorded accordingly. Changes of the UV spectrum were monitored over a wide 

range of pH values.

The combined UV spectra are presented in Fig. 5.6A as a plot of absorbance versus 

wavelength. As can be observed, spectral changes involving increases in the absorbance at 

260 nm and 300 nm were recorded. These events correspond to the deprotonation at either 

end of the molecule taking place with increasing base and occur between pH values of 3.9 

and 12.3, hence, indicating the formation of the corresponding neutral species within this pH 

range. As before, the absorbance in this range was plotted with respect to the corresponding 

pH and the resulting plot (Fig. 5.6B) with regard to the Hasselbach-Henderson equation was 

used to calculate the required pKa values. These were found to be 8.3 and 10.88 for the 

molecule.
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Figure 5.6.- A. UV-Spectral changes occurring due to the addition of NaOH (O.IM) to a 
solution of compound 56b. B. Two pKa values were calculated as being 8.3 and 10.88.
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Some interesting obserx'ations can be made based on the results obtained for the 

hydroxyguanidinium derivative. Firstly, unlike 34b which was found to have a single pKa 

value, 56b was found to have two values. This indicates that, although the molecule is 

symmetric, deprototnations on either end of the molecule do not occur at a close enough 

range such that two distinct pKa values cannot be distinguished. A literature search indicates 

similar observations with furamidine (24) and pentamidine (19). The amidine-based minor 

groove binders are reported as having pKa values of 10.4 and 11.8 (24) and 11.5 and 12.9 

(19)."^ Secondly, the lower pKa values are in agreement with those found in the literature as 

hydroxyguanidines are generally known to be weaker bases in comparison to the 

corresponding guanidines.

5.4 Conclusions

The synthesis of any potential minor groove binding agents must employ appropriate 

biophysical techniques in order to evaluate their intended binding modes. In this work, the 

isouromum and hydroxyguanidinium families were studied by two suitable biophysical 

experiments. Firstly, DNA thermal denaturation assays were carried out in order to determine 

the binding abilities of the derivatives to the minor groove. Secondly, the ionisation constants 

or pKa values of representative derivatives of each series were detennined.

The results obtained for the mono- and di-cationic isouronium derivatives led to a 

number of conclusions. Firstly, in agreement with previous results, only symmetric bis- 

derivatives exhibited sufficiently strong DNA binding. In addition, the presence of an 

additional cationic group seems to be more of a requirement than the variation of the linker 

group. Secondly, and relating to the previous statement, the linker groups were found to 

produce negligible improvements in binding. The results obtained for the 

hydroxyguanidinium series were considerably poorer but nevertheless in agreement with 

some literature observ'ations.
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The pKa values of selected derivatives were mainly found to be in agreement with 

literature data confirming that the derivatives are prototnated at physiological pH. This is 

crucial regarding their solubility and distribution pattern and strengthens their potential as 

biologically active agents.
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Chapter 6 Cytotoxicity Evaluation

6.1 Introduction

The toxicity of any drug candidate is an essential property and is perhaps the most 

unpredictable characteristic as it can be species and organ-specific.' An integral part of the 

drug development process therefore concerns the assessment of the chemical entities on 

biological models of the disease in question. For anticancer research, in vitro cytotoxicity 

studies concern the determination of cell count and the evaluation of cell viability and 

proliferation. Ideally, these bioassays should be technically simple, rapid, highly 

reproducible, versatile and capable of handling large numbers of samples.' There are a 

number of different types of bioassay systems used to assess the above properties. In very 

broad terms, viability assays are based on either the physical cellular properties or on 

biochemical characteristics." These rely on different factors such as membrane integrity, 

metabolic activity, proliferation rate and protein content of the cell population.''

In the past, cell proliferation was evaluated via membrane integrity assays or by 

uptake of radioactive components. The first of these, involves the uptake of dyes such as 

neutral red and fluorescein by viable cells or the staining of dead cells by Evans blue or 

Trypan blue. These dyes leak through the ruptured cells, stain the contents and are then 

accounted for using microscopic observation."'" Although such cell counting techniques are a 

direct measure of cell number, they are impractical and time-consuming.

The second, is concerned with the uptake of radioactive materials such as " Cr and 

["HJthymidine or tetrazolium salts like XTT (sodium(2,3-to(2-methoxy-4-nitro-5- 

sulfophenyl-2H-tetrazolium-5-carboxanilide) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazoliumbromid).^ ["H]thymidine incorporation is commonly used to measure 

cells that enter the DNA synthesis phase and is highly sensitive and reproducible. 

Tetrazolium salt assays - of which the MTT assay is most common - are colorimetric assays 

based on the metabolic bioreduction of the colourless tetrazolium salt to the brightly coloured 

product formazan. Both types of assays however have their limitations; handling and disposal 

requirements for the former and optimal sensitivity, variable background due to protein 

precipitation and low solubility of formazan product for the latter.^’"

In comparison to the above, a more modem and versatile assay that allows the 

evaluation of cell viability and proliferation is the alamarBlue® viability assay which involves
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the use of a metabolic-indicator dye of the same name. It offers several favourable 

characteristics that make it an attractive candidate for cell survival studies. Firstly, the dye is 

sensitive, non-radioactive, water-soluble and non-toxic with respect to the cells. In its nonnal 

fonu, the fluorogenic redox indicator is an oxidized state (resazurin) and is dark blue in 

colour with little intrinsic fluorescence. When exposed to the reducing environment of the 

proliferating cells, it is reduced to resorufm which is red and highly fluorescent (Fig 6.1). The 

extent of this conversion, which may be quantified spectrophotometrically by absorbance or 

fluorescence, corresponds to cell viability as it is only metabolised by enz3Tnatic reactions of 

living cells.

Figure 6.1.- AlamarBlue® assay principle.

In addition to the above, alamarBlue® is a one-step process and requires no additional 

reagents and manipulations. It is non-toxic and hence does not require any special handling or 

disposal methods. Also, due to its homogenous nature, the assay may be used for large-scale 

in vitro screening and is thus applicable to many biological systems. For instance, it has been 

used in the development of chemoselectivity and cell proliferation in numerous tumour cell 

lines. These have included leukaemia (HL-60, K-562), ovarian (IGROV-1, SK-OV-3), and 

breast (MCF-7, Hs578T) cancer cell lines.’ In addition, it has been used in the detection of 

microbial growth. An interesting example is the study of the effects of the minor groove 

binder pentamidine (19) on the human pathogenic African trypanosomes.* Direct 

comparisons to other techniques such as Celltiter-Glo® (a luminescent cell viability assay 

based on quantitation of ATP present) have shown that a considerable lower amount of 

reagent is required in the case of alamarBlue®. Also, comparison studies to the MTT assay 

have demonstrated improved sensitivity and performance.^ '

All cancer cell lines have their own distinct metabolic properties and therefore each 

must be individually characterised in order to decipher the particular experimental parameters
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required. In the case of the alamarBlue® assay, conditions such as cell density, incubation 

time and volume of reagent must be considered. Nevertheless, a general protocol, which is 

outlined successively and illustrated in Fig. 6.1, can be devised.

Cells are seeded at a specific density on 96-well plates using standard methods. They 

are then treated with the required concentration of each compound and left to incubate at 37 

°C. This incubation time may vary, but in this work concerns a 72 hour time period. After 

this, alamarBlue® is directly added to each well and left to incubate in darkness for -4-5 

hours. During this time, cells metabolise the dye and convert resazurin to resorufin. This 

conversion, and the extent of the resulting fluorescence, is dependent on compound 

concentration and activity. The absorbance, or in this study the fluorescence as it is more 

sensitive, is measured at a specific wavelength (excitation wavelength of 544 nm and an 

emission wavelength of 590 nm). Results are then analysed by plotting obtained fluorescence 

values against compound concentration. A relationship in which an increasing number of 

viable cells corresponds to an increasing alamarBlue® signal is observed. Further analysis of 

results also allows for the determination of the IC50 (concentration required to inhibit 50% of 

the cell population) of each compound in the particular cell line.

y—^ r%KJJ; 1-4hrsat37*C

Figure 6.2,- AlamarBlue® cell viability assay protocol.’”

Taking the above into consideration, it is evident that in comparison to other 

techniques, the alamarBlue® viability assay offers numerous advantages in the screening of 

compounds on cancerous cell lines. Therefore, it was decided that it is a suitable means of 

evaluating the effects of the compounds synthesised in this work on cell viability and 

proliferation of a number of cancerous cell lines. In addition, relevant derivatives that were 

synthesised previously in the group would be screened as an interesting comparison. 

Consequently, the bioassay would allow for the calculation of IC50 values and, hence, a
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system of identifying active derivatives which could then be analysed by more advanced 

techniques for evaluating cell cycle arrest and/or apoptotic cell death.

6.2 The HL-60 Cell Line

The human Caucasian promyelocytic leukaemia (HL-60) cell line was chosen as a 

suitable model for the assessment of the cytotoxicity of the entire library of compounds in 

this work. This allowed the comparisons of different families of compounds to be made and, 

hence, the identification of active structural features. In addition, it allowed the recognition of 

derivatives which could then be evaluated in more resistant and advanced cancers.

The HL-60 cell line has been studied extensively throughout the literature and the 

cells and their mutations characterised by genetic and biochemical means go beyond the 

scope of this work. In short, the myeloid cell line was originally derived in 1977 from a 

leukaemic blood cell population of a 36-year old female diagnosed with acute promyelocytic 

leukaemia. Cytogenetic analysis revealed many abnonualities including chromosomal 

translocations and the deletion of the vital p53 gene. Light and electron microscopy have 

established the cell type morphology to be predominantly myeloblastic/promyelocytic. This 

includes large, rounded, blast-like cells with large nuclei containing 2-4 nucleoli, a 

basophilic cytoplasm and prominent azurophilic granules (Fig. 6.3).” '’

Figure 6.3.- Typical HL-60 cell morphology. 11

The cells are non-adherent and continuously proliferate in suspension with a ~36 - 48 

hour doubling time. This makes them unique compared to other myeloid leukaemia cells
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which undergo a limited number of cell divisions prior to cell death. In addition, they have 

the ability of autonomous growth (the ability to grow in the absence of a continuous supply of 

conditioned media). Another feature is their remarkable ability to differentiate into different 

cell types such as macrophage-like cells and eosinophils when induced by certain agents.'"’”

Overall, the HL-60 cell line is a valuable in vitro model system for the study of 

myeloid growth and differentiation and the effects of physiologic and phamiacologic 

elements. It has been used in numerous cytotoxicity and apoptotic studies in the literature. 

Examples of DNA-targeting agents that have been tested on the cell line include 

camptothecin'"' and distamycin'^. The next section in this chapter describes the viability 

results that were obtained for derivatives synthesised during the course of this work.

6.2.1 AlamarBlue" Viability Assays on the HL-60 Cell Line

AlamarBlue® viability assays using the HL-60 cell line were carried out accordingly 

on the bis- and /wo«6»-isouronium (33b - 40b and 30b - 32b) and Z>A-hydroxyguanidinium 

(54b - 59b) families central to this work. In addition to this, assays were carried out on 

appropriate previously synthesised'^’” symmetric and asymmetric guanidinium (61b - 66b 

and 67b - 68b), 2-aminoimidazolinium (69b - 73b and 74b - 75b) and guanidinium/2- 

aminoimidazolinium derivatives (76b - 78b) (Fig. 6.4). These studies would allow a number 

of comparisons to be made and conclusions to be reached. Firstly, with the cationic moieties 

differing in properties such as basicity and hydrogen bonding (HB) ability, it would allow the 

identification of the most favourable positively charged group. Secondly, comparisons 

between guanidine/2-aminoimidazoline and mono- and di-derivatives would allow the need 

for symmetry/asymmetry and indeed the requirement for two cations in the case of the latter 

to be investigated. Thirdly, central linker groups, varying in polarity, HB ability and 

geometry, could be compared. Lastly, and perhaps most significantly, a correlation could be 

made between minor groove binding ability of the different families of compounds and 

cytotoxicity. This would evaluate their potential as DNA-targeting anticancer agents.
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Figure 6.4.- Families of minor groove binders tested using the alamarBlue® assay.
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Prior to carrying out the bioassays of the above derivatives, it was necessary to 

optimise the experimental conditions involved. Two compounds, the -CH2-linked his- 

guanidinium (61b) and ft/i-2-aminoimidiazolinium (69b), were chosen as test subjects in 

order to determine the conditions required. The two compounds were dried under vacuum, 

weighed out and 10 mM stock solutions prepared in sterilised water (ddH20) and kept at -20 

°C for subsequent use.

In order to determine a suitable test concentration range, stocks of varying 

concentrations (10 nM, 100 nM, 1 pM, 10 pM, 100 pM, 1 mM and 10 mM) of both 

derivatives were prepared using standard procedures. HL-60 cells were grown and cultured as 

described in Section 9.3.3 and when in their log phase of growth were seeded at 2 x 10^ 

cells/mL in RPMI medium. A volume of 200 pL of this solution was then transferred into 

each well on a 96-well plate. Three wells were assigned for each concentration of each drug 

so that an average of triplicate values could be obtained. Each well was treated with 2 pL of 

each drug concentration (1/100 dilution) giving final drug concentrations of 100 pM, 1 nM, 

10 nM, 100 nM, 1 pM, 10 pM and 100 pM respectively. Control cells were left untreated and 

sterile ddH20 was applied to vehicle control cells. Three wells of media alone were also 

included as a blank. Once treated, the plate of cells was incubated for a period of 72 hours at 

37 °C. After this, 20 pL (1/10 dilution) of alamarBlue® dye was added into each well and the 

cells left to metabolise the dye in darkness in the incubator for 4.5 hours. An appropriate 

colour change to pink/purple could then be observed for a number of the higher drug 

concentrations. Since only living cells can metabolise the dye to its reduced fomi, the wells 

with concentrations that could inhibit cell proliferation remained blue. The observed 

fluorescence was measured using a plate reader and results analysed accordingly.

Effects on cell viability were observed in the micro-molar (pM) range. It was 

therefore decided that in future viability assay experiments of the two derivatives, and indeed 

the rest of the families of compounds, a more refined concentration range would be assessed. 

Consequently, stock concentrations of 10 niM, 5 mM, 4 mM, 3 mM, 2.5 mM and 1 mM, 

which would give final concentrations of 100 pM, 50 pM, 40 pM, 30 pM, 25 pM and 10 pM 

respectively, were then prepared for each drug.
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With the experimental conditions established and the procedure optimised, 

alamarBlue® assays were carried out accordingly on the HL-60 cell line as described above. 

Each derivative (Fig. 6.4) was assessed in triplicate in at least three independent experiments. 

Results were analysed and mean values with standard error were obtained using Prism 

Graphpad. In each case, the dye was reduced by the proliferating cells with a resulting colour 

change as expected. Depending on the activity of the drug and the concentrations in question, 

the extent of this reduction, and hence colour gradient, varied amongst the derivatives. 

Nevertheless, a clear relationship between drug concentration and alamarBlue® reduction was 

established. As can be seen from Fig. 6.5 (data from the -CH2CH2- hybrid 78b), the 

compound induces a dose-dependent reduction in alamarblue® fluorescence.

Figure 6.5.- 78b dose-dependent reduction of alamarBlue® fluorescence.

As mentioned above, raw data was obtained in the form of fluorescence values 

resulting from alamarBlue® reduction. Mean percentage values were thus calculated with 

respect to vehicle control with the resulting figures providing a reflection of the remaining 

growing cell population at each particular concentration. These results were further analysed 

using Prism Graphpad and are presented in Figs. 6.6 - 6.10. Furthermore, IC50 ±S.E.M. were 

calculated for each derivative and are presented in Table 6.1.
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The first compounds that were evaluated were the his- (33b - 35b) and mono- (30b - 

32b) isouronium derivatives. The derivatives that produced a sufficient reduction in viability 

(at least 50% cell viability reduction at the highest concentration and IC50 values of <100 

pM) are presented along with the inactive derivatives (IC50 values of >100 pM). As can be 

seen in Fig 6.6A, the -S-linked 35b was found to be the only active /lA-isouronium derivative 

at the chosen concentration range. It produced on average a 95.8% cell viability reduction at 

100 pM as calculated from six independent experiments. At 50 pM a mean value of 30% 

inhibition was obtained, hence indicating a reduction in compound activity at lower 

concentrations. A corresponding IC50 value of 57.4 ±1.11 pM was obtained for this 

derivative. In comparison, the -CH2- and -0-linked 6A-isouroniums (33b and 34b 

respectively) produced little or no cell growth inhibition at the concentration range in 

question and as a result feasible IC50 values could not be deduced. Interestingly, furamidine 

(24), which was chosen as an appropriate reference for the compounds in this study, produced 

poorer results relative to 35b with an average 64.4% inhibition value as obtained over four 

independent experiments and a corresponding ICsoof 77.6 ±1.15 pM.

Despite producing less favourable minor groove binding when compared to their di- 

cationic counterparts, the wowo-isouronium derivatives (30b - 32b) were also assessed using 

the same bioassays (Fig. 6.6B). Somewhat surprisingly, two of the three derivatives (31b and 

32b) were found to be active at the chosen concentration range and IC50 values were 

calculated accordingly. As before, the -S-linked derivative (32b) produced encouraging 

inhibitory results with an average of 93.4% reduction in cell viability at the highest 

concentration. Again, it was observ'ed that this activity declines rapidly with lower 

concentrations but nevertheless, an ICsoof 52.9 ±1.45 pM was calculated. In addition to this, 

the -O-linked 31b derivative was found to be even more active than 32b. Despite producing 

lower cell viability inhibition at 100 pM (85.6%) in comparison, the preferable activity at 

lower concentrations ensured a lower IC50 value (36.9 ±1.15 pM) overall.

The next groups of derivatives to be evaluated were the bis- and mo/ro-guanidinium 

and 2-aminoimidazolinium families (61b - 66b, 67b - 68b, 69b - 73b and 74b - 75b) and as 

can be seen from Figs. 6.7 - 6.9, a range of activities was observed for all sets of compounds. 

Regarding the 6A-guanidinium derivatives (Fig 6.7), two members of this family produced
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sufficient viability reduction. As in previous results, the -S-linked derivative (63b) was found 

to be active with an average 55.3% reduction in cell viability as deduced from four 

independent experiments. In addition to this, the -CH2CH2-linked 66b proved even more 

potent with a mean value of 79.2% at the highest concentration. IC50 values for both 

derivatives were found to be 88.4 ±1.16 pM and 43.9 ±1.12 pM respectively. Two mono- 

guanidinium compounds (67b and 68b) were also tested (Fig. 6.8A) and in comparison to the 

aforementioned di-guanidiniums were found to be of insufficient activity. Interestingly, the 

-0-linked derivative (68b) was inactive compared to the active /wowo-isouronium 31b 

mentioned previously.

The bis- and mowo-2-aminoimidazolinium derivatives (69b - 73b and 74b - 75b) 

overall were found to produce poor results in the HL-60 cell line (Figs. 6.9 and 6.8B 

respectively). Although some activity was observed in the case of all of the derivatives with 

values of 32.7% and 24% being obtained for the -S- and -NH-linked 71b and 72b, viable 

IC50 values could not be calculated. Nevertheless, one derivative, the mono -S-linked 75b, 

was found to be active with an acceptable IC50 value of 83.8 ±1.13 pM being obtained.

The effects of the AA-hydroxyguanidinium (54b - 59b) group on the cell line growth 

and proliferation was also evaluated and results displayed in Fig 6.10. As can be seen three of 

the four members of this family were found to be inhibitory with regard to cell viability. Yet 

again, the best derivative of this group was found to be the -S-linked compound (57b). Over 

the course of three independent experiments, the mean value of cell viability reduction of the 

derivative was found to be 96.2% at 100 pM and 49% at 50 pM. A corresponding IC50 value 

of 46.4 ± 1.13pM was obtained. The other active hydroxyguanidinium derivatives (the 

-CH2- and -O-linked 54b and 56b) were slightly less active. At their highest concentrations, 

viability inhibition results of 80.3% and 93.75% respectively were obtained as mean values 

of three independent experiments. Corresponding IC50 values of 71.3 ±1.1 pM and 61.5 ±1.12 

pM were deduced accordingly.

The final group of compounds to be assessed on the cell line in question were the 

guanidinium/2-aminoimidazolinium hybrids (76b - 78b). These asymmetric derivatives
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would provide an interesting comparison to the symmetric 6/5-analogues of the 

aforementioned groups. The results obtained for the -S-, -CO- and -CH2CH2-linked 

compounds are presented in Fig. 6.11. The first two derivatives, the -S- (76b) and -CO- 

(77b) linked derivatives, produced no inhibition and hence no accurate IC50 values were 

obtained. The -CH2CH2-derivative (78b) on the other hand produced encouraging results and 

proved to be the best derivative of the library of compounds tested on the HL-60 cell line. 

Activity of this derivative was observed at lower concentrations with mean reductions of cell 

viability of 98%, 76.2% and 64.2% being obtained at 100 pM, 50 pM and 40 pM 

respectively. Correspondingly, an IC50 of 30.1 ±1.15 pM was calculated for the derivative.
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Figure 6.6.- The effects of bis- (A) and mono- (B) isouronium derivatives (33b - 35b and 30b - 
32b) on the viability of HL-60 cells as determined by alamarBlue viability assays. Cells were 
seeded at a density of 4 x 10'' cells per well on a 96-well plate and treated with the compounds at 10 
pM, 25 |iM, 30 pM, 40 pM, 50 pM and 100 pM. Furamidine (24) was used as a reference and tested 
in the same manner. Cells were incubated for 72 hours at 37 °C after which they were treated with 
alamarBlue®' and left in darkness in an incubator for 4.5 h. The resulting fluorescence was read using 
a plate reader from which percentage viability was calculated. The points on the graph represent mean 
values iS.E.M. from at least three independent experiments performed in triplicate.
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Figure 6.7.- The effects of 6«-guanidinium (A and B) derivatives (61b - 66b) on the 
viability of HL-60 cells as determined by alamarBlue® viability assays. Cells were seeded at a 
density of 4 x lO'^ cells per well on a 96-well plate and treated with the compounds at 10 pM, 
25 pM, 30 pM, 40 pM, 50 pM and 100 pM. Furaniidine (24) was used as a reference and 
tested in the same manner. Cells were incubated for 72 hours at 37 °C after which they were 
treated with alamarBlue® and left in darkness in an incubator for 4.5 h. The resulting 
fluorescence was read using a plate reader from which percentage viability was calculated. 
The points on the graph represent mean values ±S.E.M. from at least three independent 
experiments performed in triplicate.
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Figure 6.8.- The effects of /Mo«o-guanidinium (A) and /wo/7o-2-aminoimida2olinium (B) 
derivatives (67b - 68b and 74b - 75b) on the viability of HL-60 cells as determined by 
alamarBlue®^ viability assays. Cells were seeded at a density of 4 x 10"* cells per well on a 96- 
well plate and treated with the compounds at 10 pM, 25 pM, 30 pM, 40 pM, 50 pM and 100 
pM. Furamidine (24) was used as a reference and tested in the same manner. Cells were 
incubated for 72 hours at 37 °C after which they were treated with alamarBlue® and left in 
darkness in an incubator for 4.5 h. The resulting fluorescence was read using a plate reader 
from which percentage viability was calculated. The points on the graph represent mean 
values ±S.E.M. from at least three independent experiments performed in triplicate.
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Figure 6.9.- The effects of /?M-2-aminoimidazolinium (A and B) derivatives {69b - 73b) on 
the viability of HL-60 cells as determined by alamarBlue® viability assays. Cells were seeded 
at a density of 4 x 10“* cells per well on a 96-well plate and treated with the compounds at 10 
pM, 25 pM, 30 pM, 40 pM, 50 pM and 100 pM. Furamidine (24) was used as a reference 
and tested in the same manner. Cells were incubated for 72 hours at 37 °C after which they 
were treated with alamarBlue® and left in darkness in an incubator for 4.5 h. The resulting 
fluorescence was read using a plate reader from which percentage viability was calculated. 
The points on the graph represent mean values ±S.E.M. from at least three independent 
experiments performed in triplicate.
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Figure 6.10,- The effects of 6«-hydroxyguanidinium (A and B) derivatives (54b - 59b) on 
the viability of HL-60 cells as determined by alamarBlue® viability assays. Cells were seeded 
at a density of 4 x 10'' cells per well on a 96-well plate and treated with the compounds at 10 
pM, 25 pM, 30 pM, 40 pM, 50 pM and 100 pM. Furamidine (24) was used as a reference 
and tested in the same manner. Cells were incubated for 72 hours at 37 °C after which they 
were treated with alamarBlue® and left in darkness in an incubator for 4.5 h. The resulting 
fluorescence was read using a plate reader from which percentage viability was calculated. 
The points on the graph represent mean values ±S.E.M. from at least three independent 
experiments performed in triplicate.

168



Chapter 6 Cvtotoxicin’ Evaluation

76b
77b
78b

■24

Figure 6.11.- The effects of guanidinium/2-aminoimidazolinium derivatives (76b - 78b) on 
the viability of HL-60 cells as determined by alamarBlue*'viability assays. Cells were seeded 
at a density of 4 x 10'^ cells per well on a 96-well plate and treated with the compounds at 10 
pM, 25 pM, 30 pM, 40 pM, 50 pM and 100 pM. Furamidine (24) was used as a reference 
and tested in the same manner. Cells were incubated for 72 hours at 37 °C after which they 
were treated with alamarBlue® and left in darkness in an incubator for 4.5 h. The resulting 
fluorescence was read using a plate reader from which percentage viability was calculated. 
The points on the graph represent mean values ±S.E.M. from at least three independent 
experiments performed in triplicate.

The cell viability assays presented above can be summarised in terms of IC50 values 

for all of the tested derivatives. These values, along with DNA binding figures as detemiined 

by thermal denaturation measurements using either natural salmon sperm DNA or poly(dA- 

dT)2, are presented in Table 6.1. Taking the original objectives of the study into consideration 

and the attempt of identifying the necessary motifs for inhibiting cellular proliferation, these 

results are discussed henceforth.
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Table 6.1.- IC50 values of bis- (33b - 40b) and mono- (30b - 32b) isouroniums, bis- (61b - 66b) 
and mono- (67b - 68b) guanidiniums, bis- (69b - 73b) and mono- (74b - 75b) 2- 
aminoimidazoliniums, bis- (54b - 59b) hydroxyguanidiniums and guanidinium/2-
aminoimidazolinium hybrids (76b - 78b) in HL-60 cells. Values are mean ±S.E.M. 
representatives of at least three independent experiments performed in triplicate. DNA binding 
affinity (ATm) using salmon-sperm DNA and poly(dA-dT)2 are shown for comparative purposes.

Code
Linker

(X)
AT„
(“C)b

IC50

(pM) Code
Linker

(X)
AT„,
(°C)^

AT„
(“C)”

IC50

(pM)

33b CH2 4 >100 69b CH2 - 19 >100

34b 0 6 >100 70b 0 - 27 >100

35b s 5 -
57.4

(±1.11)
71b s - 24 >100

40b NHCO 2 - 72b NH - 39 >100

30b CH2 2 >100 73b NHCO - - >100

31b 0 4 -
36.9

(±1.15)
74b 0 0 - >100

32b S 2 -
52.9

(±1.45)
75b S 0 -

83.8
(±1.13)

61b CH2 8 15 >100 54b CH2 0 -
71.3

(±1.1)

62b 0 - 22 >100 56b 0 1 -
61.5

(±1.12)

63b S - 20 88.4
(±1.16)

57b S 1 -
46.4

(±1.08)

64b NH 8 30 >100 59b CO 0 - >100

65b CO 4 38 >100 76b S 7 - >100

66b CH2CH2 - 26
43.9

(±1.12)
77b CO 8 15 >100

67b CH2 3 - >100 78b CH2CH2 8 16
30.1

(±1.15)

68b 0 2 - >100 24
Furan
Ring

- 26.237 77.6
(±1.15)

’ using poly(dA-dT)2; obtained previously by Rozas and co. ° and Dardonville et al:
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Comparing the different families of compounds that were tested on the HL-60 cell 

line, a number of interesting observ'ations can be made. On first examination, there does not 

appear to be a strong correlation between DNA binding affinity and effects on cell viability. 

Closer examination, however, allows a number of conclusions to be drawn up.

Firstly, comparisons of the derivatives in terms of the cationic moieties they possess 

reveals that most of the derivatives in the ^A-hydroxyguanidinium (54b - 57b) series were 

found to be active with IC50 values in the range of 61.5 - 83.8 pM. Although these inhibitory 

values are not the best in the overall library, their consistency suggests the idea that the 

hydroxyguanidinium functionality is the most favourable in the group of tested cations. This 

may be attributed perhaps to delivery and bioavailability. Relative to the other cations, the 

hydroxyguanidinium functionality is less basic and has a lower pKa (Chapter 5). As a result, 

derivatives which would be expected to be more lipophilic in nature, would be more 

bioavailable since an increase in lipophilicity favours passage across the cell membrane.' In 

comparison, the more basic (previously detennined in the Rozas group'^) and hydrophobic 

guanidinium and 2-aminoimidazolinium (61b - 75b) derivatives produced fewer active 

derivatives across the bis- and mono-s,tx'\ts.

The second objective of screening the library of compounds was to compare features 

such as symmetry/asymmetry of the molecules. In terms of bis- and mono-functionalised 

derivatives, it is evident that neither fonn is solely active or inactive on the cell line. Out of 

the ten active derivatives in the library, seven were di-cationic but nonetheless a mono- 

derivative (31b) produced the second lowest IC50 value in the study. This somewhat 

surprising result suggests that these mono-derivatives may be inhibiting cell viability by 

alternative modes of action. As mentioned previously (Chapter 5), a study of the uptake of 

furamidine and its analogues showed that the presence of two or four cationic groups favours 

nuclear uptake and that those bearing only one positive group may be omitted. The same 

study shows that a mono-cationic furamidine derivative distributes into the cytoplasm and 

may enter the mitochondria.^' Therefore, it is possible that the mono-fimctionalised agents in 

this library of compounds are acting in the same manner and possibly causing cytotoxic 

effects by an intrinsic apoptotic mechanism.
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The symmetry/asymmetry requirement in terms of the presence of different cationic 

groups was also assessed by comparison of twin /jw-derivatives and guanidinium/2- 

aminoimidazolinium hybrids (76b - 78b). Although the most active compound in the series 

was a hybrid (78b), the lack of activity of the remaining hybrid derivatives relative to the 

other compounds in the library suggests that the activity is not mutual and a plausible 

conclusion cannot be made based on these compounds alone.

Thirdly, a correlation between the effects on cell viability and the nature of the linker 

groups was made. As was described previously, the difference in the nature of these affects 

overall compound length and geometry. Therefore they could provide significant variation in 

compound activity. Analysis of Table 6.1, however, reveals that there is no obvious variation 

among the linkers and no obvious trend relating structural attributes to cell inhibition can be 

established. Activity was observed with a number of linkers including the -CH2CH2- (66b 

and 78b), -O- (31b and 56b) and -CH2- (54b) derivatives. What is clear, however, is that the 

majority of active members of the library of compounds tested possess the -S- linker. 

Interestingly, apart from the 2-aminoimidazolinium-functionalised -S-linked derivatives (71b 

and 76b), all other compounds containing this bridge produced acceptable IC50 values 

irrespective of the cationic moieties present (35b, 32b, 63b, 75b and 57b). Studies of the 

literature have shown that sulfur-containing compounds can induce apoptosis in numerous 

cancer cell lines by different modes of action. In HL-60 cells, although exact modes of action 

remain unclear, studies have shown caspase-3 activation and cleavage of anti-apoptotic Bcl-2 

proteins.In human cancer cells, a study of organosulfur compounds shows that they bind to 

tubulin, disrupt the microtubule assembly and thereby cause cell cycle arrest and the 

subsequent trigger of mitochondrial mediated apoptosis.This may suggest that the 

derivatives in this work may not exert their effects by minor groove binding but by 

alternative modes of action.

Lastly, but most importantly, it is vital to consider HL-60 inhibition as a function of 

minor groove binding ability. In theory, the compounds that bind most tightly into the groove 

should interfere with DNA replication most effectively and elicit the strongest anticancer 

effects through processes such as apoptosis. Analysis of thermal denaturation data (Table 6.1) 

and available binding constants (Table 6.2) provides some evidence for this hypothesis.
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Table 6.2.- Binding constants of selected derivatives and furamidine (24).

Linker
(X)

KM 1

Code Calf
Thymus
DNAI8

Poly-

(dA-dT)2^^

(AT)426 d(CGCGAA-
TTCGCG)226

61b CH2 3.5 x 104 - - -

64b NH 1.79 x 105 - 3.2 X 105 -

69b CH2 - - - -

72b NH 1.07 x 105 - 4.6 X 105 -

77b CO - 0.2x105 - -

78b CH2CH2 - 0.3x105 - -

24
Furan
Ring

6.7 X 105

For instance, the -CH2CH2-linked 78b which has a favourable ATmOf 8 and a binding 

constant (A^ of 0.3 x 10^ M’' produced the lowest IC50 value and thus supports this theory. 

However, other derivatives with similar binding constants and high ATm values were found to 

be less active. This is most evident with furamidine (24) which is known to bind 

exceptionally to the minor groove {K = 6.7 x 10^ M"', Table 6.2) and yet only produced some 

activity. Also, the -CO-linked hybrid (77b) which has the same AT^ as 78b but binds by a 

slightly lower binding constant (K - 0.3 x 10^ M"'), was shown to have no inhibitory effect 

(IC50 of >100 pM). In addition, the -NH-linked 64b and 72b which are also strong groove 

binders - with the latter having been crystallised with a specific oligonucleotide^^ - did not 

show sufficient biological activity. Interestingly, compounds which are known to bind poorly 

to DNA in some cases exhibited encouraging inhibitory effects. This is most evident with the 

rtjcwo-derivatives 31b and 32b. Furthemiore, derivatives of the two families central in this 

work (35b and 54b - 57b) which have shown poor DNA thennal denaturation results induced 

significant reductions in cell viability and produced favourable IC50 values. It is therefore
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possible that despite the derivatives in this study being minor groove binding agents, the 

activity observed is not directly related to the expected mode of action.

Taking the above observations into consideration, a number of possible conclusions 

concerning the relationship between compound structure, minor groove binding and HL-60 

inhibition can be drawn up. Firstly, it is important to consider that the available biophysical 

data concerns studies performed in cell-free systems. Therefore, factors such as 

bioavailability are not considered. Nevertheless, from the results obtained, it is evident that a 

direct relationship between minor groove binding and inhibition of cell viability cannot be 

observed. It is possible that 78b exerts its effects by targeting the minor groove. However, 

the lack of strong inhibition among the other strong minor groove binders and conversely the 

activity of derivatives that do not have a strong DNA affinity suggest that these compounds 

may be functioning by an alternative mode of action. Literature studies mentioned 

previously,"'^'"'' show that the prevalence of sulfur-containing compounds function by 

induction of apoptosis through modulation of regulatory enzymes and by tubulin binding. 

Therefore it is possible that the encouraging activity observed by the -S-linked derivatives in 

this work is as a result of similar modes of action.

Having completed the viability assays of the library of compounds on the HL-60 cell 

line and identified a number of significantly potent derivatives, it was decided to further 

study the active agents. Compounds that failed to produce adequate IC50 values (>100 pM) in 

the chosen compound concentration range were omitted. The active derivatives were tested 

on two additional cancer cell lines; the MCF-7 (mammalian tumour) and the Kelly (human 

neuroblastoma) cell lines. Both cancer cell lines are adherent, more resistant and possess 

unique characteristics. Therefore the bioassays would further identify active derivatives and 

allow the comparison of activity in different cancerous cell lines.
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6.3 The MCF-7 Cell Line

The MCF-7 (Michigan Cancer Foundation) cell line was originally derived from a 

pleural effusion of a 69-year old patient with metastatic breast cancer.^’ The cell line is useful 

as it retains several characteristics of differentiated mammary epithelium such as the ability 

to process estradiol. Consequently, a number of cytoplasmic receptors for estrogens, 

androgens, glucocorticoids and progestins have been identified. The binding of tumour 

necrosis factor-a (TNF) to these receptors activates signal transduction pathways which 

inhibits the growth of the cells. As a result, the MCF-7 cell line is an excellent in vitro 

breast cancer cell model and is useful for the study of tumour response to endocrine therapy 

and the nature of binding and biological functioning of these honnones.*’ In the literature, 

many studies have used the cell line in the evaluation of the cytotoxic effects of specific 

DNA-targeting agents such as minor groove/alkylating amidine-chloroambucil analogues and 

the novel GL020924 minor groove binder which was designed to target a specific cyclin D1 

gene sequence.In addition, cyclic carbocyclic i/.s-amidine-like and Z>A-netropsin-like 

potential minor groove binding derivatives were evaluated as antiproliferative agents in the

cell line. .n

The morphology of MCF-7 cells is epithelial-like (Fig. 6.12); they are adherent and at 

confluence grow in continuous monolayers on plastic surfaces with a doubling time of ~29 

hours. Cluster and dome (hemicyst) formation has also been reported in dense confluent 

cultures.^^”^'’ This distinct morphology and growth pattern therefore means that special 

treatment and culturing of such cells is required and that experimental conditions must be 

altered when compared to the previous HL-60 cells. As described in Section 9.3.2, this 

includes the trypsinisation of the adherent cells for passaging or experimental set-up. This 

process involves the treamient of the cells with a solution of the proteolytic enzyme trypsin in 

order to disrupt proteins which enable adherence of cells to the experimental flask and hence 

allow their dissociation into solution.
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Figure 6.12.- Typical MCF-7 cell morphology 34

6.3.1 AlamarBlue® VTability Assays on the MCF-7 Cell Line

The alamarBlue® assay, which was described in detail in the previous section, is 

applicable to many cancer cell lines including the MCF-7 cell line. There are numerous 

examples in the literature that utilise alamarBlue® dye to monitor proliferating MCF-7 cells 

including a recent study of rotenone, a naturally occurring hydrophobic pesticide, and its 

ability to induce apoptosis.

In this w'ork, it was decided that a select group of compounds would be tested on this 

cell line. Based on the results of the HL-60 assays, the most active compounds (those that 

produced IC50 values lower than 100 pM) across the series were selected whilst the 

remaining inactive ones (IC50 values of >100 pM) were omitted. Those tested included the 

/u5-isouronium 35b, the wowo-isouroniums 31b and 32b, the Zi/T-guanidiniums 63b and 66b, 

the 7wo«o-2-aminoimidazolinium 75b, the ZuT-hydroxyguanidiniums 54b - 57b and the 

guanidinium/2-aminoimidazolinium 78b. Evidently, this selection of di- and inono- 

functionalised derivatives covers a range of compounds and as before would allow 

comparisons to be made in terms of physical features such as cationic moieties and linking 

groups and correlations between minor groove binding and cytotoxicity to be made.

AlamarBlue® viability assays of adherent cells require modifications of the previously 

described experimental procedure for the HL-60 suspension cells. As described in Section
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9.3.3, MCF-7 cells were first trypsinised in order to dissociate them from their vessel. They 

were then treated in an appropriate manner and a homogenous solution of 5 x 10'* cells/mL in 

MEM prepared. A volume of 200 pL of this solution was transferred to each well on a 96- 

well plate with three wells being used for each concentration. The untreated plate of cells was 

then incubated at 37 °C for 24 hours after which they were observed under a light 

microscope. Once adherence and sufficient confluency of cells had been confirmed, each well 

was treated with 2 pi of drug solution of specific concentration. The same test concentration 

as for the HL-60 assays was used for each compound (a 1/100 dilution was made with final 

concentrations of 10 - 100 pM). As before, control cells were left untreated, ddH^O was 

applied to vehicle control cells and three wells of MEM media alone were included as a 

blank. Once treated, the plate of cells was left to incubate for 72 hours at 37 °C after which 

20 pL (1/10 dilution) of alamarBlue'^ dye was added into each well and the plate left in 

darkness in the incubator at the same temperature. A time period of 4.5 hours was sufficient 

for the cells to metabolise the dye.

Once it was established that the alamarBlue® viability assay functions efficiently for 

the library of compounds in question, and with the experimental procedure optimised, assays 

of the ten active derivatives were carried out accordingly on the MCF-7 cell line with each 

derivative being assessed in triplicate in at least three independent experiments. 

Subsequently, Prism Graphpad was used to analyse results which were obtained as mean 

±S.E.M. values. As before, the relationship between alamarBlue fluorescence and cell 

number was found to be directly proportional. In addition, a dose-dependent relationship was 

observed for the active agents. For most of the derivatives in question, a clear gradient of 

colour across the plate was not obtained and a very clear colour change to bright pink/purple 

was observed with most of the concentrations. This was an early indication that most of the 

cells were viable and were fully metabolising the dye. Nevertheless, a number of agents {66b 

and 78b) were found to be potent and as a result were consequently tested at even lower 

concentrations (5 pM, 1 pM and 0.1 pM). The viability results that were obtained are 

presented in Fig. 6.13 with results for 32b, 75b, 54b and 57b (IC50 values of >100 pM) 

being omitted for clarity. Corresponding IC50 values for the derivatives are presented in Table 

6.3.
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Figure 6.13.- The effects of the mo«o-isouronium 31b, te-isouronium 35b, his- 
guanidinium 63b and 6/5-hydroxyguanidiniuni 56b (A) and the ^w-guanidinium 66b and 
guanidinium/2-aminoimidazolinum hybrid 78b (B) derivatives on the viability of MCF-7 
cells as detenuined by alamarBlue® viability assays. Cells were seeded at a density of 1 x lO"* 
cells per well on a 96-well plate and treated with the compounds at 10 - 100 pM (A) and at 
0.1 - 100 pM (B). Furamidine (24) was used as a reference. Cells were incubated for 72 
hours at 37 °C after which they were treated with alamarBlue® and left in darkness in an 
incubator for 4.5 h. The resulting fluorescence was read using a plate reader from which 
percentage viability was calculated. The points on the graph represent mean values ±S.E.M. 
from at least three independent experiments performed in triplicate.
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Table 6.3.- IC50 values of d/s-isouronium (35b), /MO«o-isouronium (31b and 32b), his- 
guanidine (63b and 66b), mo/70-2-aminoimidazolinium (74b - 75b), te-hydroxyguanidinium 
(54b - 57b) and guanidinium/2-aminoimidazolinium hybrid (78b) derivatives in MCF-7 
cells. Furamidine (24) was used as areference. Values are mean ±S.E.M. representatives of at 
least three independent experiments performed in triplicate. ATm values obtained in this 
work, previously by Rozas and co. and by collaborators are included.

Code Linker (X) ATm (°C)a ATm i°cr IC50 (pM)

35b S 5 - >100

31b 0 4 - >100

32b S 2 - >100

63b S - 20 16.1 (±1.18)

66b CH2CH2 - 26 21.1 (±1.24)

75b S 0 - >100

54b CH2 0 - >100

56b 0 1 - 45.2 (±0.97)

57b S 1 - >100

78b CH2CH2 8 16 25.2 (±1.15)

24 Furan Ring - 26.237 97.4 (±1.23)

" using salmon-sperm DNA; obtained in this work and previously by Rozas and co.‘*
’’ using poly(dA-dT)2; obtained previously by Rozas and co.'^and Dardonville and co.‘“

The results of the viability assays presented above indicate that in comparison to the 

HL-60 cell line, the refined library of compounds displays a considerably different spectrum 

of activity in the MCF-7 cell line. Despite only four (63 b, 66b, 56b and 78b) of the ten 

derivatives tested being cytotoxic towards the cell line, these were found to be significantly 

more potent and as a result produced lower IC50 values. This is conceivably surprising since 

the MCF-7 cell line is more resistant and would penaps be expected to require much more 

potent drugs in comparison to the HL-60 cell line.
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Analysis of Fig. 6.13 clearly indicates the cytotoxic effects of the four derivatives on 

the viability of the MCF-7 cells across suitable concentration gradients. As before, the 

-CH2CH2- guanidinium/2-aminoimidazolinium hybrid 78b was found to be very active with 

an average of 81.1% reduction in cell viability at 100 pM as deduced from three independent 

experiments. A corresponding IC50 value of 25.2 ±1.15 pM was obtained. This can be 

comparable to an MTT assay study done in collaboration with Margison et. al. (pers. 

comm.).'^ Here the same compound was tested (along with additional hybrid compounds) in 

the same cell line with employment of varying experimental conditions such as cell density 

and exposure time. The result in this case was that the compound was the best in the series of 

derivatives tested with an ICsoof 1.5 pM. Although this does not match the work obtained in 

this work, the potency and activity of the 78b derivative relative to the other derivatives is 

evident. In addition, the difference can be accounted for by the nature of the two assays and 

the variations of the conditions used.

However, in this case, 78b, although very cytotoxic, was not the most potent and 

better results with two other derivatives were obtained. The -CH2CH2-linked guanidinium 

66b produced excellent inhibition with a mean cell viability reduction of 80.7% at the highest 

concentration. Satisfactory activity was also observed at lower concentrations with mean 

values of 74%, 70.6%, 60.7%, 58.9% and 12.4% for 50 pM, 40 pM, 30 pM, 25 pM and 10 

pM respectively. Accordingly, an IC50 value of 21.1 ±1.24 pM was determined. In addition 

to this, the -S-linked guanidinium 63b exhibited favourable potency with the lowest IC50 of 

the compounds in the series. Satisfactory mean cell viability reductions of 84.5%, 81.1%, 

79.3%, 70.8% and 42.7% for 50 pM, 40 pM, 30 pM, 25 pM and 10 pM respectively were 

obtained. Therefore, having demonstrated only moderate activity in the HL-60 cell line with 

an IC50 of 88.4 pM, here a much more acceptable value of 16.1 ±1.18 pM was obtained. In 

addition to the aforementioned derivatives, the -0-linked derivative 56b produced 

satisfactory activity with an IC50 of 45.2 ±0.97 pM.

Analysis of the above results allows a number of interesting observations to be made. 

Firstly, di-functionalised derivatives showed preferable activity with mono-derivatives (31b, 

32b and 75b) showing insufficient potency (IC50 values of >100 pM) at the chosen 

concentration range. Secondly, it is possible to make a correlation between the cytoxicity
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among this series of compounds and the cationic moieties present with the guanidinium 

functional group proving to be a required pharmacophoric feature. Two of the top active 

members of the group (63b and 66b) are ftw-guanidinium compounds. The third most potent 

derivative (78b) contains a guanidine and a 2-aminoimidazoline as part of a hybrid structure. 

The last derivative (56b), which was found to be considerably less active in comparison, 

contains a hydroxyguanidinium motif

Studies found in the literature can possibly justify the above observations. Firstly, 

from before, the mono-cationic derivatives are generally found to be less active than the 

corresponding A/5-derivatives. As mentioned previously, di-functionalised furamidine-based 

derivatives have demonstrated favourable nuclear uptake whereas mono-analogues have 

remained in the cytoplasm.Secondly, regarding the presence of the cationic group, it is not 

surprising that the guanidinium group has shown to be very effective. Guanidine-based 

derivatives have exhibited inhibitory effects on cell proliferation and have shown apoptotic- 

inducing ability on human tumour cell lines. An example of a recent study showing such 

behaviour on MCF-7 cells is a series of chalcone guanidines, the most potent of which 

produced an IC50 of 0.09 ±0.01 Another study relevant to this work, takes advantage of

the fluorescence of furamidine and its derivatives in order to evaluate their intracellular 

distribution patterns. Using epifluorescence and confocal microscopy, it was shown that 

furamidine and its guanidine-derivative selectively accumulate in the cell nuclei. The same 

study also shows guanidine to be cytotoxic to B16 cells with an IC50 of 11.2 ±0.9 

Therefore, taking this activity into consideration, as well as its inclination for nuclear 

accumulation, it is not suiprising that the guanidinium moiety is an effective structural feature 

in this series of compounds.

It is interesting to note that in the studies by Lansiaux et al~’^^ mentioned above, no 

direct correlation was found between the cytotoxicity observed and nuclear uptake. 

Furthermore, cytotoxicity was not associated with the binding strength of furamidine and its 

derivatives. Indeed compounds in this case with binding constants of >10* M"' were found to 

be poorly toxic to the growth of the tumour cells whereas those exhibiting weaker affinity 

(A^ = 5 X 10’M’') were more inhibitory towards cellular growth. Similar results were obtained 

in this work (Table 6.3). Although binding constants for a number of the derivatives are

181



Chapter 6 Cvtotoxicin’ Evaluation

unknown, this activity pattern is evident with fliramidine which only produced an IC50 of 97.4 

±1.23 pM despite exhibiting strong binding to DNA {K= 6.7 x 10^ from Table 6.2, AT = 34 x 

10® towards AT as determined by Lansiaux et a!'''). This can be compared to 78b, which 

although being a strong minor groove binder in terms of DNA thermal denaturation and 

binding affinity relative to the other derivatives, is a much weaker DNA-targeting agent. As 

previously mentioned it has a binding constant of 0.3 x 10^ in poly(dA-dT)2, yet favourable 

inhibitory effects were nevertheless observed with an IC50 of 25.2 ±1.15 pM (Fig. 6.10 and 

Table 6.3).

The observed results may possibly be justified as follows. Taking into consideration 

that in the case of such amidine compounds it has been shown that there is a competition 

between nuclear and mitochondrial uptake,’^^ the demonstration that furamidine itself and its 

guanidine derivative enter the nucleus suggests a mode of action associated with the targeting 

of nuclear DNA. However, the observed cytotoxicity may depend on their ability to recognise 

sequences on the DNA macromolecule and interfere with the correct expression of critical 

genes. Further work will have to be undertaken in order to investigate this theory.

In addition to evaluating the activity of the derivatives on the MCF-7 cell line, it was 

also decided to evaluate their potential anticancer effects on another adherent cell line. As 

before, based on the HL-60 ceil line, compounds that failed to produce adequate IC50 values 

(>100 pM) in the original library of compounds were omitted. The ten active derivatives that 

proved to have only moderate activity in the MCF-7 cells were tested on the Kelly (human 

neuroblastoma cell line) accordingly. Like the previous breast cancer cell line, Kelly cells are 

adherent, more resistant and possess unique characteristics. The bioassays would therefore 

provide an interesting comparison to a distinct type of cancer as well as further identifying 

active anticancer agents.
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6.4 The Kelly Cell Line

The Kelly cell line belongs to a group of neuroblastoma cell lines which account for 

approximately 9% of all childhood cancers.’^ Neuroblastomas in general arise from a single 

cell that is transformed from a normal cell by two mutations; prezygotically in the germline 

and the second w^hich arises in a somatic cell of the target tissue. These may lead to 

abnormalities such as chromosomal alterations and deletions. More specifically, the 

amplification of a DNA domain detectable by partial homology to the myc gene is observed 

m the Kelly cell line. This feature is characteristic of late stage disease from w’hich 

experimental cell lines are derived.

Morphologically, primary neuroblastoma cells in culture are small, rounded and tear

shaped with a neuroblastic (do not possess a non-neuronal phenotype), substrate-adherent or 

flat appeareance.^* These characteristic features typical of a neuroblastoma cell (SK-N-SH 

cell line)"*® are shown in Fig. 6.14. More specifically, the Kelly cells display a growth pattern 

which involves growing in clumps, with the majority adhering to the vessel they are 

contained in and a small population remaining in suspension. As with the MCF-7 cells, this 

morphology and growth pattern requires special handing and treatment of the cells in culture. 

This includes the trypsinisation of the adherent cells for passaging or experimental set-up.

rysd'r;?.
• ^ ^ J A*-AjrKa

Figure 6.14.-Typical human neuroblastoma cell morphology.40

Neuroblastoma cancers are generally very difficult to diagnose and treat with current 

therapeutic treatments including topotecan (a topoisomerase I inhibitor) and a combination of 

topotecan and cyclophosphamide or carboplatin. Irinotecan, another topoisomemerase I
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inhibitor, is currently in clinical trials.'*’ The severity of this type of cancer and hence the need 

for novel cytotoxic agents is therefore evident.

6.4.1 AlamarBlue® Viability Assays on the Kelly Cell Line

As mentioned above, the morphological features of the Kelly cell line are 

predominantly neuroblastic, making the cell line a suitable model for neuroblastoma 

studies.*^ Although a survey of the literature shows that in comparison to other cell lines, 

alamarBlue® viability assays have seldom been used with this specific cell line, a recent study 

has employed the bioassay in the measure of cell proliferation and clonogenic growth.** 

Nevertheless, having used this technique for the evaluation of the previous HL-60 and 

MCF-7 cell lines and taking into consideration its reliability and ease of use, it was decided to 

carry out cell viability assays on the Kelly cell line.

As before, based on the results of the HL-60 cell line, only active derivatives (IC50 

values of <100 pM) were selected for testing on this cell line. These included the his- 

isouronium 35b, the mono-isouroniums 31b and 32b, the b/s-guanidiniums 63b and 66b, the 

/wo/70-2-aminoimidazolinium 75b, the te-hydroxyguanidiniums 56b and 57b and the 

guanidinium/2-aminoimidazolinium hybrid 78b. In addition, the amide-linked 6/5-isouronium 

(40b) which had not been tested on the previous cell lines, was included in the library of 

compounds. Furamidine (24) was once again evaluated in the cell line as an interesting 

comparison. As before, this select group of cationic derivatives would allow structural 

comparisons to be made and the pharmacophoric features of Kelly line inhibition to be 

identified.

AlamarBlue® viability assays using the Kelly cell line and employing similar 

procedures as before were carried out accordingly. Like the MCF-7 cell line, these cells 

required a modified experimental procedure and set-up. This involved initial trypsinisation of 

the adherent cells, followed by the preparation of a solution 3 x 10* cells/mL in RPMI 

medium. Cells were then seeded on a 96-well plate in the usual manner and the untreated 

plate left to incubate at 37 °C for 24 hours. Subsequent obseiv'ation of the cells using a light
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microscope ensured cell adherence and sufficient confluency at the specific cell density. 

Once this was confirmed, each well was treated with 2 pL of drug solution of specific 

concentration. Initially, the same test concentrations (10 - 100 pM) as for the HL-60 assays 

were used for each compound. However, once it was observed that the derivatives were 

having a substantial inhibitory effect on the Kelly cell line, solutions at additional lower 

concentrations (1 - 0.1 pM) were administered. Once treated, the cells were allowed to 

metabolise for 72 hours at 37 °C. Cells were then treated with alamarBlue®" in the usual 

manner and after 4.5 hours of incubation, the plate was read using a fluorescence reader and 

results obtained as before. Subsequently, a clear trend of fluorescence values was obtained 

indicating that the dye had been metabolised. Therefore, as per previous experiments, a clear 

relationship between fluorescence and compound concentration was observ^ed.

With the protocol for the Kelly cell line established, the bioassays for the library of 

compounds were carried out accordingly. Viability results and corresponding IC50 values 

were obtained and analysed in the usual manner. They are presented in Figs. 6.15 and 6.16 

with 40b being omitted for clarity. Table 6.4 then presents the summary of the corresponding 

IC50 values along with available DNA binding data.
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Figure 6.15.- The effects of the bis- 35b and mono- 31b and 32b isoiu-onium (A) and the 
/wo/7o-2-aminoimidazolinium 75b, 6/5-hydroxyguanidinium 56b and 57b (B) derivatives on 
the viability of Kelly cells as determined by alamarBlue® viability assays. Cells were seeded 
at a density of 6 x 10'^ cells per well on a 96-well plate and treated with the compounds at 1 - 
100 pM (A). Furamidine (24) was used as a reference. Cells were incubated for 72 hours at 
37 °C after which they were treated with alamarBlue® and left in darkness in an incubator for 
4.5 h. The resulting fluorescence was read using a plate reader from which percentage 
viability was calculated. The points on the graph represent mean values ±S.E.M. from at least 
three independent experiments performed in triplicate.
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Figure 6.16.- The effects of /)«-guanidinium (63b and 66b) and guanidnium/2- 
aminoimidazolinium hybrid (78b) derivatives on the viability of Kelly cells as determined by 
alamarBlue® viability assays. Cells were seeded at a density of 6 x lO’ cells per well on a 96- 
well plate and treated with the compounds at 0.1 - 100 pM. Furamidine (24) was used as a 
reference and tested in the same manner. Cells were incubated for 72 hours at 37 °C after 
which they were treated with alamarBlue*’ and left in darkness in an incubator for 4.5 h. The 
resulting fluorescence was read using a plate reader from which percentage viability was 
calculated. The points on the graph represent mean values ±S.E.M. from at least three 
independent experiments perfonned in triplicate.

187



Chapter 6 Cvtotoxicin’ Evaluation

Table 6,4.- IC50 values of 6w-isouronium (35b and 40b), wono-isouronium (31b and 32b), 
A/5-guanidinium (63b and 66b), wono-2-aminoimidazolinium (74b - 75b), bis- 
hydroxyguanidinium (56b and 57b) and guanidinium/2-aminoimidazolinium hybrid (78b) 
derivatives in Kelly cells. Furamidine (24) is a reference. Values ±S.E.M. are mean 
representatives of at least three independent experiments performed in triplicate. ATm values 
obtained in this work, previously by Rozas and co. and by collaborators are included.

Code Linker (X) ATn, ATn, (°C)b IC50 ()iM)

35b S 5 - 28.7 (±1.76)

40b NHCO 1 - >100

31b 0 4 - 17.3 (±1.3)

32b S 2 - 33.9 (±1.24)

63b S - 20.1 6.0 (±1.39)

66b CH2CH2 - 26.1 3.8 (±1.36)

75b S 0 - 54.9 (±1.15)

56b 0 1 - 13.2 (±1.42)

57b S 1 - 8.6 (±1.66)

78b CH2 CH2 8 16 3.0 (±1.21)

24 Furan Ring - 26.237 28.0 (±1.55)

using salmon-sperm DNA; obtained m this work and previously by Rozas and co.
*’ using poly(dA-dT)2; obtained previously by Rozas and co. and Dardonville et al.^°

The results obtained for the Kelly cell line (Figs. 6.15 and 6.16 and Table 6.4) show 

very encouraging inhibitory potential for the library of compounds in question. Evidently, all 

cancerous cell lines are unique genetically and phenotypically but taking into consideration 

the resistant nature of neuroblastoma cells, the activity observed is therefore very significant. 

The results are discussed below in an effort to identify the active moieties required for this 

cell line.
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It is evident that apart from the -NHCO-linked ft/i-isouronium (40b) all of the 

derivatives tested were found to be of significant activity with IC50 values in the range of 3.0 

- 54.9 pM being obtained. Analysis of these values overall suggests that this potency is 

common among this series of compounds irrespective of their cationic nature or groove 

binding ability. However, closer analysis allows some interesting observations to be made 

and activity patterns to be identified.

Firstly, despite all of the derivatives with varying cationic groups showing favourable 

results, a general pattern can be recognised. The highest inhibitory effects in the series was 

observed for the -CH2CH2-linked AA-guanidinium/2-aminoimidazolinium hybrid 78b and 

^/5-guanidinium 66b with IC50 values of 3.0 ±1.21 pM and 3.8 ±1.36 pM being obtained 

respectively. These encouraging results correspond to the drastic reduction in cellular growth 

and proliferation as is presented in Fig. 6.16. As can be observ'ed, almost complete inhibition 

of cell viability is evident even at lower concentrations with severe reduction in viability of 

96.8%, 96.4%, 95.7%, 95.1%, 94.7% and 81.5% for 78b and 97.6%, 96.8%, 96.4%, 95.3%, 

95.8% and 85.8% for 66b at 100 pM, 50 pM, 40 pM, 30 pM, 25 pM and 10 pM 

respectively. Consequently, both derivatives were evaluated at lower concentrations (5 pM, 1 

pM and 0.1 pM) in order for a range of activity to be observed. This was also the case for the 

third most potent derivative, the -S-linked to-guanidinium 63b, which produced an IC50 

value of 6.0 ± 1.39 pM accordingly. The remainder of the compounds were evaluated at a 

concentration range of 1 - 100 pM. From these, the next most potent derivatives were the -S- 

and -0-linked 675-hydroxyguanidiniums (57b and 56b) which had IC50 values of 8.6 ±1.66 

pM and 13.2 ± 1.42 pM correspondingly. The isouronium derivatives exhibited slightly 

lower but nevertheless considerable activity with IC50 values of 17.3 ±1.3 pM and 33.9 ±1.24 

pM being obtained for the mowo-cationic 32b and 31b and 28.7 ±1.76 pM for the di-cationic 

35b. Finally, the weakest derivative in terms of inhibitory effect in this cell line was found to 

be the -S-linked wo«o-2-aminomidazolinium derivative 75b which produced a respectable 

IC50 of 54.9 ±1.15 pM. In addition to this, the amidine-based furamidine (24) showed 

positive results with an IC50 of 28.0 ±1.55 pM.

The above observations allow a number of conclusions to be drawn for the results 

obtained in this cell line. Clearly, in terms of the cationic moieties present, a general pattern
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emerges with the compounds with decreasing activity as follows: guanidinium/2- 

am.inoimidazolinium (hybrid) > guanidinium > hydroxyguanidinium > isouronium > 2- 

aminoimidazolinium. It is interesting to note that this activity follows the same trend 

observed in the MCF-7 cell line where the most active derivatives were the hybrid, bis- 

guanidiniums and the ftw-hydroxyguanidinums (63b, 78b, 66b and 56b) in that order 

respectively. As before, the activity of the guanidinium functionality may be justified by its 

inhibitory and antiproliferative effects and its tendency to accumulate in the nuclues.^"”^^”^^ 

The pattern of distribution may also relate to the hydroxyguanidinium moiety, which being of 

lower basicity, may readily enter the cell and accumulate in the nucleus.

A number of other conclusions can be made based on the above bioassays. As with 

the MCF-7 cell line, the di-functionalised derivatives produced the most favourable results. 

The mono-derivatives (31b, 32b and 75b) produced satisfactory IC50 values (33.9 ±1.24 pM, 

17.3 ±1.3 pM and 54.9 ±1.15 pM respectively) and proved to be active in their own right in 

this cell line. However, these values are lower compared to those of the /^A-counterparts. This 

may be attributed to the potential difficulty of passing the cellular and nuclear membranes as

suggested for similar derivatives in previous studies. 22,.17

In addition to the above, if the compounds are indeed exerting effects by minor 

groove binding in the Kelly cell line, then this may be a plausible explanation for poorer 

activity in the mo/ro-derivatives. This could further be supported by the favourable minor 

groove binding values of the leading agents in this series of compounds (Table 6.4). In 

hindsight however, as with the previous two cell lines, it is probable that minor groove 

binding strength is irrelevant to the biochemical effect. This is clearly demonstrated with 

furamidine which has a strong affinity for DNA but only produced a moderate IC50 of 28.0 ± 

1.55 pM in comparison to the other derivatives. Additionally, the 6A-isouronium 35b which 

is a much poorer minor groove binder in comparison, produced almost the same inhibitory 

effect (28.7 ±1.76 pM). Furthermore, the Z)A-hydroxyguanidinums 56b and 57b and even the 

mono-isouronium 31b, which have all been shown to have a poor affinity for DNA produced 

lower IC50 values (13.2 ±1.42 pM, 8.6 ±1.66 pM and 17.3 ±1.3 pM respectively). Therefore, 

despite producing some results that correlate minor groove binding and cell viability 

reduction, overall it cannot be concluded that this is the mode of action in this cell line.
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6.5 Summary of Results and Conclusions

The inhibitory effects of a library of minor groove binders, consisting of mono- and 

bis- isouronium, guanidinium, 2-aminoimidazolinium and hydroxyguanidinium cationic 

moieties, were evaluated on three different cancerous cell lines. The alamarBlue® viability 

assay was employed as an appropriate means of accurately monitoring the reducing 

environment of the cells and thereby allowing viability and proliferation to be assessed. From 

this, IC50 values could be calculated and the derivatives evaluated in terms of potency. In 

addition, the derivatives could be assessed in relation to minor groove binding and 

cytotoxicity and the required phanuacophoric features for each cell line identified.

The three different cell types (HL-60, MCF-7 and Kelly) were chosen as suitable 

representative models of three different cancer types. Like all cancer cell lines, these are 

distinct in terms of gene expression and mutation and as a result possess unique genotypic 

and phenotypic characteristics. Nevertheless, it was hoped that due to the minor groove 

binding nature of the derivatives, the target of the derivatives and hence the resulting 

biological effect would be the same in each cell line.

The HL-60 cell line was chosen as the first in vitro model for the screening of the 

entire collection of compounds. From here, the active derivatives (those with IC50 values 

lower than 100 pM) were identified. The potency of these was then further assessed on the 

adherent, more resistant MCF-7 and Kelly cell lines.

A summary of the IC50 values of the most active derivatives in the three cell lines is 

presented in Fig. 6.17 and Table 6.5. As can be seen, the range of activities varies among the 

cell types and no apparent trend exists among the tested derivatives. Instead, the results of 

each individual cell line must be analysed independently. Firstly, using the HL-60 cell line 

IC50 values in the range of 30.1 - 88. 4 pM were obtained. Activity was observed with his- as 

well as /wo/7o-derivatives with a variety of cationic moieties and, interestingly, compounds 

with the -S- linker {35b, 32b, 63b, 75b and 57b) proved to be active in this cell line. 

Secondly, the MCF-7 cell line was found to be more resistant with activity being observed
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with four (63b, 66b, 56b and 78b) of the ten compounds tested. All active derivatives here 

were twin di-cations with most being guanidinium-based. Despite the lower number of active 

derivatives, their potency was considerably stronger with lower IC50 values in the range of 

16.1 - 45.2 pM being obtained. Lastly, a select group of compounds was tested on the Kelly 

cell line. Surprisingly, with the exception of one derivative, all compounds tested were found 

to be highly potent towards cell growth with the lowest IC50 values (3.0 - 54.9 pM) being 

obtained out of the three cell lines. Interestingly, as with the MCF-7 cell line, the same trend 

of structure-activity was observ'ed with the most active derivatives being bA-derivatives 

containing guanidine-based moieties. Encouraging growth inhibition was also observ^ed with 

the bis- and mono- isouroniums, hydroxyguanidiniums and 2-aminoimidazoliniums that had 

shown limited activity in the MCF-7 and HL-60 cell line at the chosen concentration range.

As mentioned above, activity in the three cell lines was observed with a vast range of 

derivatives and a strong structure-activity relationship could not be confirmed. Nevertheless, 

some interesting observations can be made and h>T)otheses suggested. As can be seen in Fig. 

6.17, the three most potent derivatives from the series (highlighted in blue) are the -CH2CH2- 

linked hybrid 78b, the -CH2CH2-linked ^izs’-guanidinium 66b and the -S-linked his- 

guanidinum 63b respectively. Each produced moderate inhibition of the HL-60 cells, an 

improved activity with the more resistant MCF-7 cells and excellent antigrowth effects with 

the Kelly cell line. As can be seen in Table 6.5, only 3-6 pM concentrations are required for 

-50% cell viability inhibition of this cell line. Another potent derivative that is worth 

mentioning here is the -0-linked 6A-hydroxyguanidinium 56b which produced substantial 

IC50 values in all three cell lines in the range of 61.5 - 12.2 pM. The rest of the derivatives 

produced considerable activity in one or two cell lines but not in all three. This is most 

evident with the -S-linked Zi/s'-hydroxyguanidinium 57b which produced IC50 values of 46.4 

pM and 8.6 pM in the HL-60 and Kelly cell lines respectively but no inhibition in the MCF-7 

cell lines. In addition, the -0-linked /no/to-isouronium derivative produced similar results 

with IC50 values of 36.9 pM and 17.3 pM for the two cell lines correspondingly.

Taking the observations discussed above into consideration, the activity of the 

derivatives among the three cell lines can be summarised as follows. In general, the most 

active derivatives overall are the twin bA-functionalised agents. Regarding the cationic
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moieties, these results allow activity to categorised in decreasing order as follows; 

guanidinium/2-aminoimidazolinium (hybrid) > guanidinium > hydroxyguanidinium > 

isouronium > 2-aminoimidazolinium. Some mono-derivatives also produced satisfactory 

activity but not in the aforementioned order. Out of the mono-derivatives tested, activity in 

temis of cationic moieties can be classified as: isouronium > 2-aminoimidazolinium > 

guanidinium.

In terms of minor groove binding ability and inhibitory potential, it is evident that 

although some correlation was observed, this behaviour was not obseiv'ed in enough 

derivatives and as a result this mode of action could not be confirmed. For instance, the two 

most potent derivatives in the series (78b and 66b) both have been shown to efficiently bind 

in the minor groove of poly(dA-dT)2 DNA with ATm values of 16 '^C and 26 °C respectively. 

However, derivatives such as 64b, 65b and 72b (ATm= 38 °C, 30 °C and 39 °C) which bind 

more strongly than furamidine to this type of DNA (ATm = 26 °C) produced insignificant 

activity in the HL-60 cell line. Alternatively, furamidine (24) which was tested on all three 

cell lines, produced considerably poorer inhibition in comparison to poorer binders such as 

hydroxyguanidinium- (56b) and isouronium- (35b) based derivatives. In addition, mono- 

derivatives such as 31b and 75b which are known to bind poorly to DNA, exhibited 

favourable activity in comparison to their /lA-counterparts.

Taking the above into consideration and bearing in mind the studies by Lansioux et 

al.,~~^'’ it is probable that furamidine and the tested 6A-derivatives do indeed enter the 

nucleus and target the minor groove. However, as with these studies, there is insufficient 

evidence here that links uptake and minor groove binding to the cytotoxic effects observed. 

Instead, activity may depend on the ability of these compounds to recognise specific DNA 

sequences and interfere with the expression of critical genes involved in cellular viability. 

The memo-derivatives on the other hand may not enter the nucleus and may function in the 

extranuclear cytoplasm by for instance, targeting an alternative target or pathway.
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Figure 6.17.- Comparison of IC50 values of the active derivatives in HL-60, MCF-7 and

Kelly cells.
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Table 6.5.- Summary of the IC50 values of active derivatives in the HL-60, MCF-7 and Kelly 
cell lines. S.E.M values have been omitted for clarity.

Code Structure
HL-60
(mm)

MCF-7
(HM)

Kelly
(liM)

35b 57.4 >100 28.7

31b 36.9 >100 17.3

32b 52.9 >100 33.9

63b
H H

88.4 16.1 6.0

66b
H .

• MH, NH,

H

43.9 21.1 3.8

75b
H H

83.8 >100 54.9

54b
H H ‘ 71.3 >100 -

56b rY°Y^
H H

61.5 45.2 12.2

57b
^°:nh hn:°"

H H
46.4 >100 8.6

78b

M ,
/,». ir*r~XJ
H H

30.1 25.2 3.0

24
HjN NH2

77.6 97.4 28.0
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The results obtained in this chapter are very encouraging in terms of inhibition of cell 

viability and IC50 values. As mentioned previously, it is interesting that among all three cell 

lines, the derivatives in this work were found to be more potent than the known minor groove 

binder furamidine. A literature search further provides an interesting comparison. The IC50 

values of furamidine in human ovarian (A2780, CHI, SKOV-S)'*'* and melanoma (B16)'^’ 

cancer cell lines are presented in Table 6.6. Comparisons to the values of the HL-60, MCF-7 

and Kelly cell lines (77.6 pM, 97.4 pM and 28 pM respectively) reveals similar cytotoxicity 

to the Kelly cell line. The derivatives in this work were found to be more cytotoxic (with 

lower IC50 values) in the resistant MCF-7 and Kelly cell lines and therefore hold potential as 

anticancer agents and should be investigated further.

Table 6.6.- Literature IC50 values of furamidine (24).

Cell Line IC50 (pM)

B16 9.2“

A2780C 46b

A2780R 15.5b

CHI 46.5b

SKOV-3C 42.5b

" values from Refs [37],[44], respectively 
human ovarian cell lines resistant to cisplatin

The evaluation of any potential anticancer agents via cell viability assays allows their 

cytotoxicity to be determined and potentially allows drug pharmacophores to be identified. 

However, the results are preliminary as only the effects on growth and proliferation is 

determined. The effects on the cell cycle, and indeed the type of cell death that is induced, 

remains unclear. Therefore, appropriate further studies must be carried out. Morphological 

studies followed by flow cytometry were thus carried out on the derivatives in question. The 

results obtained in terms of cell cycle events and the induction of apoptotic cell death are 

discussed in the next chapter accordingly.
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Chapter 7 Apoptosis Evaluation

7.1 Introduction

The evaluation of potential anticancer agents on particular cell lines using viability 

assays such as the alamarBlue® viability assay is a very efficient means of directly observing 

effects on cell viability and proliferation. These assays, however, are preliminary experiments 

and are limited as they do not provide information regarding cell pathologic mechanisms and 

how these biochemical changes have been induced. Anticancer therapies normally involve 

the inhibition of cell viability via the induction of apoptosis' but nevertheless potential 

contenders in the form of non-apoptotic death or cell cycle arrest are possible. Thus, once 

screening of compounds is complete, further investigation of active derivatives is required. 

This may be achieved by analysis of cell morphology characteristics and by quantifying DNA 

content with respect to cell cycle stages.

Cytocentrifugation is a practice based on centrifugal principles and is employed 

primarily by biologists for the preparation of thin-layer cell extracts from biological 

matrices.^ As mentioned in the introductory chapter (Chapter 1) of this work, for a long time, 

the fate of cells was detemiined by morphological changes that were observed using a light 

microscope. This process was useful for detecting apoptosis since cells that have undergone 

this process display a distinct phenotypic morphology. These characteristic features include 

cell shrinkage, cell membrane blebbing, chromatic condensation and nuclear condensation.’’ 

In addition to identifying apoptotic cell death, cytopsin preparations can also be used for 

quantification purposes by direct microscopic counting.

Flow cytometry is a quantitative technique that allows the examination of cells in 

terms of a number of variables including size, relative granularity and internal fluorescence 

intensity. These features are determined using an optical-to-electronic coupling system that 

records how the cells scatter incident laser light and emit fluorescence.This data is then 

collected and processed by an appropriate computer programme. The relative DNA content 

of cells (which are first treated with a DNA-binding fluorescent dye) can therefore be 

evaluated using this process. This provides information concerning populations of cells in
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different stages of the cell cycle and hence allows the determination of the amount of cells 

undergoing apoptosis (pre-Gi peak).

Therefore, having screened several families of minor groove binding agents and 

identified active derivatives in three different cell lines, the next objective was to further 

analyse their effects and to evaluate their potential as apoptosis-inducers and anticancer 

agents. A number of active derivatives were therefore firstly assessed in the HL-60 and Kelly 

cell lines using morphology studies. These would allow the effects of the derivatives to be 

identified by morphological features and would hence allow apoptosis to be identified. This 

would then lead to more complex cell cycle studies in the form of flow cytometry. 

Subsequently, flow cytometric analysis would confirm and quantify the extent of apoptosis 

that has been induced.

7.2 Cell Morphology Studies

As mentioned previously, for many years, the study of apoptosis depended solely on 

the apoptotic morphological features of the cell that were observed using a light microscope. 

This somewhat crude manner of cellular event determination and quantification of cell 

numbers is useful in certain cases as many processes possess a set of distinct and unique 

morphological characteristics. Indeed apoptotic cell death, as has already been discussed, 

entails phenotypic transformations such as shrinkage of the cell, cell membrane blebbiiig, 

chromatin condensation, nuclear fragmentation and the formation of apoptotic bodies.'^ 

Therefore, although in modem times this technique may seldom be used for quantitative 

purposes, it still retains its utility as a means of identifying processes such as apoptosis.

Having investigated the library of compounds using viability assays and hence 

evaluated their effects on cell growth and viability, it was decided to carry out confirmation 

studies by consideration of their effects on cell morphology. A select group of active 

derivatives were chosen for investigation in the HL-60 and Kelly cell lines. These were tested 

at specific concentrations and time-points as is described below.
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7.2.1 Cell Morphology Studies: The HL-60 Cell Line

The establishment and nature of the HL-60 cell line was briefly introduced in 

Chapter 6 (Section 6.2) and so the focus henceforth will solely be on the morphology of this 

cell type. This cell line consists of large rounded, blast-like suspension cells with large nuclei. 

Closer examination reveals 2-4 nucleoli and a basophilic cytoplasm.^ Fig 7.1 shows typical 

HL-60 morphology as viewed at 40x magnification using an Olympus DP71 1X81 

microscope.
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Figure 7.1.- Typical HL-60 cell morphology in solution

Prior to treatment of cells with the test compounds, an experiment using a positive 

control was firstly carried out in order to demonstrate the typical morphology of apoptotic 

HL-60 cells. This consisted of the treatment of experimental cells with ultraviolet (UV) light. 

UV light was chosen as a suitable positive control as it has been shown to be highly cytotoxic 

towards the DNA of several cell lines. Although the exact mechanism of apoptosis induction 

remains unclear, it has been suggested that DNA lesions directly activate apoptotic pathways 

and indirectly by interfering with transcription and replication. Interestingly, in the HL-60 

cell line, it has been demonstrated that the mode of action involves caspase-8 activation via 

specific receptors.^ This therefore suggests the extrinsic pathway and involves the fonnation 

of a ‘death inducing signalling complex’ with the activation of relevant procaspases. With 

this in mind, cells were exposed to UV light as described in Section 9.3.1. After incubation 

at 37 °C, cells were fixed onto slides by cytocentrifugion and dyed using the RapiDiff kit 

according to manufacturer’s instructions. The resulting pictures, presented in Fig. 7.2 were 

obtained using a Zeiss Axioplan microscope coupled to a CCD camera.
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A: Vehiclet ^ 1

IT-?.' 5
B: UV Treated

Membrane 
Blebbing

Figure 7.2.- Apoptosis induction by UV light in the HL-60 cell line. Cells seeded at a 
density of 0.5 x 10^ cells/mL were exposed to UV light for 2 minutes and incubated at 37 °C 
for 4 h. Treated and untreated cells were fixed onto slides by cytocentrifiigation using a 
Shandon Cytospin. This was followed by staining using the Rapidiff Kitt according to 
manufacturer’s instructions.

A. Vehicle Control. Typical HL-60 morphology. A cell having undergone cell division is 
appears at the left hand side of the picture (see arrow).

B. UV treated Cells. Apoptotic morphology (cell shrinkage, cell membrane blebbing and 
nuclear DNA fragmentation). An intact living cell appears towards the bottom of the image 
and a burst cell that has undergone necrosis on the bottom left (see arrows).
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As can be observed from Fig. 1.2, UV light induces apoptosis in HL-60 cells. In 

comparison to the vehicle, the cells that have undergone apoptosis undergo marked physical 

transfonnations and display a distinct morphology. As expected, this includes an obvious 

reduction in volume, nuclear fragmentation and cell membrane blebbing. Evidently, UV light 

is a highly potent agent which activates apoptosis in these cells. The activities of genotoxic 

drugs however vary and thus cellular destruction may not be observed to the same extent.

Having established the features of apoptotic cell death in the HL-60 cells by using UV 

light as a positive control, it was decided to evaluate the effects of a number of active 

derivatives in the library of compounds. Based on previous cell viability results, 66b was 

chosen as a suitable derivative. Taking into consideration the previously determined IC50 

value (43.9 ±1.12 pM), it was decided to evaluate the derivative at 100 pM and at 72 h. 

Accordingly, cells were seeded at 200,000 cells/mL, treated with compound solution and left 

to incubate at 37 °C as described in Section 9.3.4. After the required incubation time period, 

cells were firstly observ'ed via a light microscope. Pictures of the cells in solution were 

directly taken at a magnification of 20x using the Olympus DP71 1X81 microscope. As can 

be seen in Fig. 7.3, although a detailed morphology of the cells is not possible, there is a clear 

difference between treated and vehicle cells. Image A in Fig 7.3 represents control vehicle 

cells and shows them as being full and round. The other image depicts cells after treatment 

with 66b which have evidently shrunk and degraded and undergone membrane blebbing.

Figure 7.3.- A. HL-60 Vehicle Control. B. HL-60 cells treated with 100 pM 66b after 72 h.
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Having examined vehicle and compound treated cells directly in solution, the next 

step was to analyse the cells on a more detailed level and to evaluate whether apoptosis has 

taken place. Therefore, cell pellets were isolated in the usual manner, resuspended in 2 mL of 

fresh media and an aliquot of 200 pL cytocentrifiiged as with the UV-treated samples. Once 

fixed onto the glass slides, cells were stained using the Rapidiff Kitt in an appropriate 

manner. Slides were examined using a light microscope and images taken at a magnification 

of 40x using again the Olympus DP71 1X81 microscope. Resulting images of treated and 

untreated HL-60 cells are presented in Fig. 7.4.

As can be seen from Fig. 7.4, the vehicle control represents full round cells 

analogous to the control cells in Fig. 7.2A. In contrast, the cells that have been treated with 

66b appear less viable and damaged with some apparent apoptotic morphological features. 

Although some intact nuclei are evident, deformation and fragmentation of nuclear DNA can 

also be observ^ed (indicated by an arrow).

It is important to compare the morphological results to the previously calculated IC50 

value of 66b (43.9 ±1.12 pM). Interestingly, the derivative was evaluated a 100 pM at the 

same time-point as the viability assay (72 h). However, as previously mentioned the viability 

assays are preliminary results that only give infonnation concerning cell growth inhibition 

and provide no evidence for apoptosis or any other form of cell death. Therefore, the 

remaining viable cells that have not undergone apoptosis may have undergone cell cycle 

arrest at a particular checkpoint. The cells would have to be analysed further by cell cycle 

analysis (flow cytometry) in order to confirm apoptosis and alternative cell cycle events. 

Flow cytometric analysis would also accurately quantify the extent of apoptosis that has 

taken place.
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A: 72 h Vehicle B: 72 h66b(100 .uAI)

Figure 7.4.- Cytospin images of HL-60 vehicle (A) and 66b-treated cells (B). Cells seeded 
at a density of 2 x 10^ cells/mL were treated with 66b (100 pM) and incubated at 37 °C for 
72 h. Treated and vehicle cells were fixed onto slides by cytocentrifugation using a Shandon 
Cytospin. This was followed by staining using the Rapidiff Kitt according to manufacturer’s 
instructions. Pictures were taken at a magnification of 40x using an Olympus DP71 1X81 
microscope.

A. V’ehicle Control. Typical HL-60 morphology.

B. 66b-treated cells. Evidence of apoptosis with cell shrinkage and nuclear DNA 
fragmentation (see arrow).

7.2.2 Cell Morphology Studies: The Kelly Cell Line

The cell morphology results observed in the HL-60 cell line were in agreement with 

the previous cell viability studies of the derivative in question. Some apoptotic activity was 

obseiv’ed in the cells but further studies would have to be carried out to confirm these. 

Therefore, having carried out viability assays on the Kelly cell line, and obtained more 

encouraging cytoxicity results than the aforementioned cell line, it was decided to also carry 

out morphological analyses on the adherent cells. As mentioned in Chapter 6, the Kelly cell 

line consists of small, rounded and tear-shaped cells which grow in a flat adherent manner. 

Their growth pattern consists of growing in clumps with the majority adhering to the vessel 

they are contained in. An image of typical Kelly cell morphology as viewed at 40x 

magnification using an Olympus DP71 1X81 light microscope is presented in Fig. 7.5.
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Figure 7.5.- Typical Kelly cell morphology in solution.

Due to the different nature of the adherent Kelly cells, specialised treatment and 

optimisation of the procedure was required for the cells prior to preparations of cytospins. 

Taking the previous results obtained and the cytotoxicity observed into consideration, it was 

decided to evaluate the effects of 66b at an appropriate concentration (50 pM) at the 72 h 

time-point. The experimental set-up consisted of seeding cells at an appropriate density, 

followed by an incubation period of 24 h at 37 °C with subsequent treatment with the 

compound in question. After 72 hours of incubation, media was collected so as to recover any 

dead and floating cells, the adhered cells were then washed with PBS and finally trypsinised 

in the usual manner. The combined solutions were centrifuged as described in Section 9.3.4 

and the resulting cell pellets isolated. These were then resuspended in 2 mL of fresh media 

and aliquots of 200 pL cytocentrifuged as with the previous HL-60 cells. The remainder of 

the procedure then consisted of fixing the cells onto glass slides and Rapidiff Kitt staining in 

the usual manner. As before, slides were firstly examined using a light microscope and 

images were taken at magnification 40x using again the Olympus DP71 1X81 microscope 

accordingly.

As with the HL-60 cell line, using a simple light microscope, it was clearly possible to 

observe the effects of the compound on the cells directly in solution at the 72 h time-point. 

Due to the adherent nature of the cells, the effects were more prominent in comparison to the 

aforementioned suspension cells. Pictures of vehicle cells and cells treated with 66b (at 50 

pM) as observed at a magnification of 40x and using the Olympus DP71 1X81 microscope 

are presented in Fig. 7.6.
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As can be seen from Fig. 7.6, image A depicts adhered Kelly cells displaying typical 

neuroblastoma cell morphology. In comparison, image B shows that obvious morphological 

changes have been induced in the treated samples. The cells in image B which have been 

treated with 50 pM 66b have shrunk and condensed and are no longer adhered to the 

experimental flask. Interestingly, as with the HL-60 eells, some eell membrane blebbing is evident.

Having examined vehicle control and treated Kelly cells directly in their flasks, the 

next step was analysis in more detail by examination of the cytospin preparations. As before, 

slides were examined at a magnification of 40x using the Olympus DP71 1X81 microscope 

and selected images are presented in Fig. 7.7. Some interesting and encouraging observations 

can be made from these images. Firstly, it is interesting to note that the vehicle control cells 

do not hold a likeness to their elongated form shown before in Figs. 7.5 and 7.6A. This loss 

of histological characteristics is due to the trypsinisation process used to detach the cells from 

the walls of the flasks. As a result, cells appear rounded and resemble the previously 

discussed HL-60 suspension cells. Secondly, there is a clear transformation of 66b-treated 

cells over the 72 hours (Fig. 7.7B). As can be observed the cell morphology resembles the 

UV-treated cells previously shown in Fig. 7.2B. Complete eradication of cells has occurred 

with strong evidence of apoptotic cell death. This includes a clear reduction of cell volume 

and DNA fragmentation.
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The results obtained using this technique on the Kelly treated cells are in accordance 

with the previous viability results of 66b (IC50 value of 3.8 ±1.36 pM). It is interesting to 

note that some characteristic apoptotic morphological features, indeed those corresponding to 

early apoptotic events, are not as evident. Early signs of apoptosis include cell shrinkage and 

pyknosis (chromatin condensation) followed by extensive cell membrane blebbing and the 

separation of cell fragments into apoptotic bodies.^ Some of these features are identified in 

Fig. 7.7 as is discussed above. Nonetheless, at the 72 h time-point it is apparent that the 

complete apoptotic program has taken place and the cells are almost completely eradicated. 

Analysis of morphologies at earlier and more refined time-points would possibly allow the 

clear observation of the expected apoptotic transformations.

A: 72 h Vehicle B: 72 h 66b (50 fiAI)

^^ell Shrinkaget m .

Figure 7.7.- Cytospin images of Kelly vehicle (A) and 66b-treated cells (B). Cells seeded 
at a density of 1.2 x 10^ cells/mL were treated with 66b (50 pM) and incubated at 37 °C for 
72 h. Treated and untreated cells were treated as described in the text and fixed onto slides by 
cytocentrifugation using a Shandon Cytospin. This was followed by staining using the 
Rapidiff Kitt according to manufacturer’s instructions. Pictures were taken at a magnification 
of 40x using an Olympus DP71 1X81 microscope.

A. Vehicle Control. Typical Kelly cell morphology.

B. 66b-Treated Cells. Evidence of apoptosis with arrows showing cell shrinkage and 
deformation and fragmentation of nuclei.

It can be observed thus far that like the cell viability assays, cell morphological 

studies are very efficient in identifying apoptosis by characteristic morphological features. 

Therefore, with some typical morphological traits being apparent in both the 66b-treated HL-
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60 and Kelly cell lines, it was next necessary to confinn that cells have undergone apoptotic 

cell death by cell cycle (flow cytometry) studies. In addition to this, the extent of apoptosis 

could be accurately determined. It was, thus, decided to analyse the effects of 66b in both cell 

lines. The results of this derivative and other compounds that were evaluated by this 

technique are presented accordingly.

7.3 Flow Cytometry

7.3.1 Flow Cytometry: The HL-60 Cell Line

Taking the IC50 values of the library of compounds into consideration (Chapter 6, 

Table 6.2), a limited number of active derivatives were assessed by flow cytometry on the 

HL-60 cell line. These included the te-isouronium 35b, wo«o-isouronium 32b, his- 

guanidiniums 63b and 66b, Az.v-hydroxyguanidinium 57b and guanidinium/2- 

aminoimidazolinium 78b (Fig. 7.8). In this manner, the assessment of a number of families 

would allow the required pharmacophoric features for apoptotic induction to be identified.

Figure 7.8.- Derivatives evaluated by flow cytometry in the HL-60 cell line.
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Flow cytometric studies on the HL-60 cell line were performed as described in 

Section 9.3.5. This involved seeding cells in small flasks at a density of 2 x 10^ cells/mL in 

RPMI medium. They were then treated with a specific volume and concentration (50 pM) of 

compound and left to incubate at 37 °C with aliquots of the drug solution and control being 

taken at 24 h, 48 h and 72 h. These were subsequently fixed in ice-cold 70% EtOH/PBS and 

left at -20 °C for overnight fixation. Samples were then treated in an appropriate manner so 

as to isolate the cell pellets which were resuspended in PBS accordingly. Each sample was 

then treated with RNase in order to denature RNA and consequently only allow DNA to be 

observed. This was then followed with treatment by propidium iodide (PI). PI, a DNA- 

binding agent, intercalates between base pairs and the resulting fluorescence (which is 

directly proportional to DNA content) can then be measured. After incubation, samples were 

analysed on the flow cytometer and accompanying Cell Quest computer programme. Mean 

iS.E.M results were then calculated (presented in Table 7.1).

Flow cytometry results are recorded as plots consisting of a series of peaks for each 

sample of treated and untreated cells (Fig. 7.1). The horizontal axis of each graph represents 

increasing amounts of DNA from left to right while the vertical axis corresponds to the 

number of cells detected. In this case, 10,000 cells were monitored per experiment. 

Accordingly, each peak signifies the total number of cells consisting of a particular DNA 

content and hence is indicative of the proportion of cells in a particular phase of the cell 

cycle. For instance, cells in Gq/Gi are diploid and have a DNA content of two sets of 

chromosomes (2N). Cells in the S phase contain 2 - 4 N and cells in the G2/M phase have a 

DNA content of 4N. Polyploid cells possess more than four sets of chromosomes (>4N 

DNA). Therefore the peaks from flow cytometry may be summarised as follows; Ml (pre-Gi 

<2N DNA), M2 (Go/G, phase, 2N DNA), M3 (synthesis phase, 2N - 4N DNA), M4 (G2/M 

phase, 4N DNA) and M5 (polyploidy, >4N DNA) from left to right respectively. Apoptotic 

cells are subdiploid, given that characteristically programmed cell death is associated with 

nuclear fragmentation and as a result, a low (>2N) DNA content.

It is important to consider the above cell cycle processes in terms of cancer cells. 

These cells often present abnormal cell cycle activity as a result of genetic defects. For 

instance cells may often have an altered ploidy (chromosomal number) as a result of 

chromosomal rearrangements and deletions. Noraially, healthy cells are protected from
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processes such as polyploidisation by p53 regulation. Cells that have undergone DNA 

damage may nevertheless enter mitosis and be confronted by a tetraploid checkpoint which 

leads to cell cycle arrest at Gi and apoptosis. A defect in p53 however, may result in 

tetraploid cells proceeding through cell division, reentering mitosis and eventually leading to 

further polyploidisation. This could lead to possible cell death, yet viable clones often 

emerge.^ Treatment of cancer cells with spindle-damaging (tubulin binding) drugs also causes 

polyploidy. Problems in mitotic spindle structures are associated with G2/M arrest and lead to 

mitotic arrest.^ Exit from mitotic arrest may, however, allow cells to proceed into the S phase 

and undergo DNA endoreplication which subsequently leads to polyploidisation.^

Taking the cell cycle events into consideration, flow cytometry experiments were 

performed accordingly. The results obtained for each derivative from at least three 

independent experiments are presented in Table 7.1 as mean ±S.E.M. values. As can be seen, 

quite a lot of information can be obtained concerning the potency of each compound and 

events that are induced in tenus of the cell cycle and DNA content. For instance, at the 24 h 

time-point, it is evident that in general the compounds (35b, 63b, 66b, 57b and 78b) have 

very little effect on the cell viability and proliferation. This is indicated by the proportion of 

cells m the apoptotic (Ml) peak for the majority of the derivatives (ranging from 0.96 

±0.25% to 1.66 ±0.55%). These values are more or less equal to or only slightly higher than 

the vehicle (0.81 ±0.11%) Ml population. Correspondingly, the proportion of cells in the 

alternative M2 - M5 phases are analogous to the vehicle control. This suggests two 

possibilities; the compounds require a longer time period to exert their cytotoxic effects on 

the HL-60 cells or the derivatives are inactive in the cell line.

However, the wono-isouronium derivative 32b induces 9 ±1.55% apoptosis at the 

24 h time-point. Interestingly, there is also a significant increase in the percentage of cells in 

the G2/M (M4) phase (52.36 ±5.21%) and in the polyploid Gn (M5) peak (11.58 ±0.23%) of 

the cell cycle in comparison to 16.73 ±0.59% and 2.96 ±0.79% respectively of the vehicle 

control. As a result of these changes, there is a reduction in normal cell activity such as 

synthesis (M3, S phase) and gap phase events (M2, Gq/G] phase). This decrease is evident 

with only 11.17 ±4.75% and 14.86 ±2.8% in M2 and M3 compared to the vehicle 56.05 

±1.4% and 24.46 ±1.15% respectively. This early effect suggests that this compound is toxic 

and eliciting alternative cell cycle changes in comparison to the other derivatives. The 

considerable increase of cells in the G2/M phase (which indicates that cell cycle arrest at this
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vital checkpoint is taking place) and increase in polyploid cells (Gn peak) suggests that this 

cytotoxic agent may function via an alternative mode of action.

As with the 24 h time-point, interesting observations can be made after 48 hours of 

incubation. Firstly, analysis of the values of the Ml peak show that a significant amount of 

apoptosis has not been induced by the majority of the compounds. In the case of 35b, 63b, 

66b and 78b the proportion of apoptotic cells ranges from 1.24 ±0.15% to 2.25 ±1.04% 

which is analogous to the 1.41 ±0.32% of cells in the vehicle control. The bis- 

hydroxyguanidinium in the series (57b) shows modest apoptotic induction with 6.44 ±1.55% 

cells in pre-Gi. Analysis of the phases M2 - M5 shows that the 6/5-isouronium 35b induces 

some G2/M arrest (29.12 ±10.73%) and polyploidy cell fomiation (8.42 ±3.59%). However, 

in general, significant changes have not occurred with the derivatives in question and most 

values are analogous to those of the vehicle. Nevertheless, notable potency is again observed 

with 32b with more than 50% of the cells undergoing apoptotic cell death. As a result, there 

are a large proportion of cells moving from the remaining phases into the Ml peak with 

evident reduction of the percentage of cells in M2, M3 and M4 phases. Considerable 

polyploidy (15.31 ±7.53% in comparison to 3.02 ±0.56% of the vehicle) has also been 

induced. Interestingly, comparison of the activity of 32b to the earlier 24 h time-point 

suggests that the compound first induces cell cycle arrest which subsequently leads to 

programmed cell death.

The most significant changes among the HL-60 cell line are evident after 72 hours of 

incubation with apoptosis having been induced to different extents among the different 

compounds. As can be seen, the most potent derivative is 78b which was found to be 

producing no significant activity in the earlier stages but produces toxic effects at this late 

stage with 71.89 ±14.07% of cells deemed apoptotic. As expected, another effect of this 

derivative is a drastic reduction in the proportion of cells in the remaining cell cycle phases as 

the cells are forced to move into Ml. The second most cytotoxic compound is 32b which, as 

discussed previously, was also found to be active at the earlier time-points. Here there is a 

significant increase in apoptotic cells (39.89 ±13.61%) and considerable reductions in the M2 

- M4 phases. Interestingly, there is a slight increase in the polyploidy M5 phase with 15.78 

±3.16% of total cells in comparison to 3.43 ±0.48% of the vehicle. Further analysis of results 

shows that moderate apoptotic effect was induced by 66b and 57b with approximately a fifth 

of the cell population appearing in the pre-Gi peak in each case. For both derivatives, the
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numbers of cells in the remaining M2 - M5 stages are similar to that of the vehicle.

The remaining derivatives at the 72 h time-point (35b and 63b) also produced some 

interesting results. Although analysis of the Ml peaks indicates that these compounds have 

not induced apoptotsis to a significant extent (4.87 ±3.44% and 2.97 ±0.77% respectively), 

other significant cell cycle events have taken place. For instance, 63b produces some cell 

cycle arrest at Go/Gi with 65.7 ±6.45% of total cells in the M2 peak in comparison to 59.5 

±1.5% of the vehicle. Alternatively, as in the case of the wowo-isouronium derivative 32b, the 

Z)A-isouronium 35b has also induced considerable cell cycle arrest at the G2/M checkpoint 

(21.91 ±6.34% in comparison to 10.53 ±0.81% of the vehicle). In addition to this, a 

significant population of ceils has become polyploid with 22 ±10.65% of the total number in 

the Gn polyploidy peak in comparison to 3.43 ±0.48% of the vehicle. These events and indeed 

all of the aforementioned events are summarised in Table 7.1 accordingly.
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Table 7.1.- The effects of the te-isouronium 35b, 777(wo-isouronium 32b, to-guanidiniums 
63b and 66b, ^/i’-hydroxyguanidinium 57b and guanidinium/2-aminoimidazoliniuiTi hybrid 
78b on the cell cycle of the HL-60 cell line. Cells were treated with 50 pM of compound and 
analysed by flow cytometry as described in the text and Section 9.3.5. Mean values ±S.E.M. 
of the proportion of cells of each phase of the cell cycle from at least three independent 
experiments are shown with Ml = pre-G] (<2N DNA), M2 = Go/Gi (2N DNA), M3 = S 
(2N - 4N DNA), M4 = G2/M (4N DNA) and M5 = G,, (>4N DNA). Percentage apoptosis is 
determined from the Ml (pre-G 1) peak.

Compound Ml M2 M3 M4 M5
(50 p.M) (pre-Gi) (Go/Gi) (S) (Gz/M) (Gn)

24 h

Vehicle 0.81 (± 0.11) 56.05 (± 1.4) 24.46 (± 1.15) 16.73 (±0.59) 2.96 (± 0.79)

35b 1.46(10.38) 52.05 (± 5.4) 26.92 (± 2.87) 18.11 (± 3.21) 3.11 (± 0.66)

32b 9 (± 1.55) 11.17 (± 4.75) 14.86 (±2.8) 52.36 (± 5.21) 11.58 (± 0.23)

63b 1.21 (± 0.09) 57.03 (± 1.06) 27.47 (±0.63) 13.02 (± 0,38) 1.3 (± 0.32)

66b 1.66 (± 0,55) 55.91 (± 3.01) 26.9 (± 1.16) 12.71 (± 0.61) 1.48 (± 0.15)

57b 1.53 (± 0.28) 55.9 (±0.57) 25.85 (±2,23) 14.57 (± 1.62) 2.35 (± 0.98)

78b 0.96 (±0.25) 60.57 (± 3.41) 25.22 (±2.05) 11.88 (± 1.77) 1.86 (± 0.28)

48 h

Vehicle 1.41 (i 0.32) 58.77 (±2.33) 24.29 (± 1,37) 11.35 (± 1.05) 3.02 (± 0.56)

35b 2.25 (± 1.04) 38.27 (± 12.59) 21.91 (±3.11) 29.12 (± 10.73) 8.42 (± 3.59)

32b 55.5 (1 18.73) 12.69 (± 6.23) 10.42 (±4.46) 5.98 (± 2,6) 15.31 (± 7.53)

63b 1.24 (1 0,15) 64.7 (±3.32) 21.84 (±2.51) 10.57 (±0.79) 1.88 (± 0.66)

66b 2.2 (± 0.76) 58.47 (± 1.85) 24.65 (±1.94) 13.92 (± 1.49) 1.75 (± 0.03)

57b 6.44 (11.55) 56.62 (± 6.66) 21.71 (±6,29) 10.78 (± 0.39) 1.94 (± 0.14)

78b 1.6 (±3.02) 45.03 (± 7.67) 29. 11(± 1.61) 14.31 (±3.72) 2.96 (±0.1)

72 h

Vehicle 2.21 (±0.57) 59.5 (± 1.5) 23.58 (± 1,38) 10.53 (±0.81) 3.43 (± 0.48)

35b 4.87 (±3.44) 35.53 (± 14.35) 15.59 (±3.39) 21.91 (± 6.34) 22 (± 10,65)

32b 39.89 (± 13.61) 18.21 (±6.26) 16. 18(± 3.39) 8.67 (±2,14) 15.78 (± 3.16)

63b 2.97 (±0.77) 65.7 (± 6.45) 18.9 (±3.97) 9.51 (±0.87) 2.64 (± 0.94)

66b 20.51 (± 5.49) 41.61 (±2.95) 24.27 (±4.31) 10.13 (±2.06) 2.69 (±0.42)

57b 22.2 (±6.97) 44.8 (± 11.13) 15.99 (±4.7) 14.54 (±5.67) 2.1 (± 0.33)

78b 71.89 (± 14.07) 5.64 (±2.33) 11.98 (±8.56) 12.61 (±2.54) 2.23 (± 0.72)
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The mean values presented in Table 7.1 are derived from a series of plots obtained for the 

untreated and treated samples. Plots obtained from select experiments for 78b and 57b are 

presented below for demonstrating these events.
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Figure 7.9.- The effects of 78b and 57b (50 pM) on the viability of HL-60 cells as 
determined by flow cytometry. Cells were seeded at a density of 2 x 10^ cells/mL and treated 
with 50 pM of each compound or ddH20 (vehicle). Aliquots of treated {middle and right) and 
vehicle control (left) cells were then taken at 24 h, 48 h and 72 h and treated as described in 
Section 9.3.5. Ml = pre-G, (<2N DNA), M2 = Gq/Gi (2N DNA), M3 = S (2N - 4N DNA), 
M4 = G2/M (4N DNA), M5 - Gn (>4N DNA).

As can be seen from Fig. 7.9, the experiment is useful in monitoring the percentage of 

cells in different phases of the cell cycle along with cells undergoing polyploidy and 

apoptosis. For instance, in the examples provided, it is evident that 24 hours after treatment, 

no changes have been induced as the 78b- and 57b-treated samples are analogous to the 

vehicle controls. At the 48 h time-point however, there is a decrease in the intensity of peaks 

corresponding to the M2, M3 and M4 phases in both cases. This is in agreement with 

reductions in cellular activity and relates to the increase of the proportion of the cells 

undergoing apoptosis as depicted by the Ml peak intensities. These events are further
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observed after 72 hours of incubation with additional depletion of cells as indicated by higher 

populations of cells in the apoptotic regions.

Thus far, interesting observations have been made based on flow cytometry studies 

of the library of compounds in the HL-60 cell line. As with the viability assays discussed in 

the previous chapter, these results allow for a number of important conclusions to be made. 

Firstly, it is vital to address the most important question and reflect on the role of the minor 

groove binding agents in apoptotic cell death. As can be observed in Table 7.1, a variable 

spectrum of activity was observed among the different compounds in the chosen cell line. 

Derivatives 35b and 63b were found to be poor apoptotic-inducers as very little activity was 

observed at the chosen concentration (50 pM) and 24 h - 72 h time-points. Nevertheless, as 

was previously mentioned, alternative cell cycle events were observed In the case of 63b, a 

high IC50 value of 88.4 ±1.16 pM was previously calculated from viability studies on the cell 

line (Table 6.1, Chapter 6). Consequently, only limited cell viability inhibition was observed. 

Interestingly, this reduction in cell growth was as a result of cell cycle arrest at Go/Gj. 

Regarding 35b, an IC50 of 57.4 ±1.11 pM would imply a stronger inhibitory effect at 50 pM 

than the resulting 4.87 ±3.44% apoptotic cells. This may be justified as follows. Firstly, as 

was observed in the viability studies (Chapter 6), the compound is highly potent with on 

average 95.8% inhibition of cell growth and proliferation at 100 pM and 30% cell inhibition 

at 50 pM. Having evaluated the compound by flow cytometry, it can be confirmed that this 

inhibition does not correspond to apoptotic cell death but to the cells undergoing cell cycle 

arrest at G2/M and polyploidy (Gn). Therefore, 35b and 63b, although not playing a 

significant role in inducing apoptosis, are cytotoxic towards cell viability by causing cell 

cycle arrest.

In comparison to the two aforementioned agents, derivatives 66b and 57b were found 

to induce considerable apoptotic activity with results of 20.51 ±5.49% and 22.2 ±6.97% 

respectively with no other significant cell cycle events taking place. These values correspond 

to IC50 values of 43.9 ±1.12 pM and 46.4 ±1.08 pM that were previously observed. 

Derivatives 78b and 32b on the other hand, were found to be even more potent apoptotic- 

inducers in the chosen cell line. As previously discussed, 32b was found to induce apoptosis 

at both the 48 h and 72 h time-points which corresponds to its IC50 value (52.9 ±1.45 pM).
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Interestingly, the derivative was found to have substantial effects on the cell cycle with a 

considerable population of cells undergoing G2/M arrest and polyploidy at all three time- 

points. 78b on the other hand was found to induce an even stronger apoptotic effect and 

indeed proved to be the most toxic agent among the library of compounds. Unlike 32b, it did 

not induce cell cycle arrest and was found to be solely active in killing cells. Although a 

longer time frame is required for the apoptotic effects to be induced, a mean total of -72% 

cells were found to undergo programmed cell death. This corresponds to the encouraging 

results previously observed in the viability assays and its IC50 value (30.1 ±1.15 pM).

Therefore, based on the results obtained, it can be concluded that 78b and 32b are the 

most cytotoxic derivatives in the HL-60 cell line. Considering their structural features and 

indeed the structures of all of the compounds evaluated in this study, a strong correlation 

between minor groove binding and cytototoxicity cannot be made. Although there is some 

evidence relating DNA affinity to apoptotic effect, a larger range of derivatives would have 

to be evaluated in order to further explore this.

It may be possible that the guanidinium/2-aminoimidazolinium hybrid 78b exerts its 

effects by binding to the minor groove whilst the moMO-isouronium 32b functions by 

affecting an alternative target. Considering the poor groove binding ability of 32b and studies 

by Lansiaux et. al.'^ " which suggest that wowo-cations do not necessary accumulate in the 

nucleus, this may be a plausible proposition. This hypothesis is further suggested by 

regarding the different events observed by flow cytometry. For instance, 78b exhibits limited 

inhibitory activity until the 72 h time-point and solely induces apoptosis with negligible 

activity m the remaining phases. 32b on the other hand is found to be cytotoxic earlier on and 

initially induces G2/M arrest and polyploidy which subsequently leads to apoptosis.

Interestingly, as mentioned previously, G2/M arrest and polyploidy are associated 

with compounds that bind to tubulin and disrupt spindle-structures. ' Furthermore, cell death 

following G2 arrest has been reported in several cancer types in the presence of DNA- 

damaging agents.* Therefore, further consideration of the effects of 32b led to a thorough 

literature search and subsequent comparisons to ABT-751, an orally bioavailable tubulin
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binder which functions by blocking the cell cycle at G2/M and inducing apoptosis.’^ This 

agent is associated with significant anticancer potential as it has shown antitumour activity in 

30 cell lines and is currently in phase I clinical trials against a variety of relapsed and

refractory solid tumours. 1.1,14

As can be seen from Fig. 7.10, although it is less bulky, 32b shares a number of 

structural features with ABT-751. These include a sulfur group and a bridged diphenyl 

system with a phenotypic hydroxyl group. Analysis of the two structures using the OSIRIS 

property explorer'^ determines the drug scores of ABT-751 and 32b to be 0.703 and 0.52 

respectively. The value, which evaluates potential drugs in terms of molecular properties such 

as cLogP and molecular weight, predicts 32b to have no risk of irritation, mutagenic, 

tumorgenic or reproductive effects. Therefore, although it is not as potent as ABT-751 (which 

has IC50 values of about 1.5 pM and 3.4 pM in neuroblastoma and non-neuroblastoma cell 

lines’^), 32b could possibly bind to the same target and share the same mode of action. 

Further investigations would have to be carried out in order to confirm this hypothesis. These 

tubulin binding studies may include immunofluorescence confocal microscopy which has 

previously been used in the literature to detect the tubulin distribution profile of paclitaxel- 

treated parasites.Additionally, western blots and tubulin polymerisation studies should be 

used to further probe potential tubulin-binding activity.

O—

HO"

NHo

Figure 7.10,- ABT-751 {left) and 32b {right)

Overall, it can be concluded that in the HL-60 cell line, the derivatives tested were 

found to have a broad spectrum of apoptotic activity which correlates with the IC50 values 

obtained from the previous chapter. This activity, which was observ'ed over three time-points, 

is summarised in Fig. 7.11 and shows that in general, most apoptotic activity is observed at a 

later time-period. In particular, as can be obseiv'ed, 32b and 78b were found to have the 

greatest effects and therefore should be of particular interest for further investigation.
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Figure 7.11.- Apoptosis induction by derivatives in the HL-60 cell line as determined by 
flow cytometric analysis. Cells were seeded at a density of 2 x 10^ cells/mL and treated with 
50 pM of each compound. Aliquots were collected at 24 h (A) 48 h (B) and 72 h (C) and 
treated as described in Section 9.3.5. Values are representatives of mean ±S.E.M. from at 
least three independent experiments. * p < 0.005; *** p < 0.001 (as determined by Student’s 
unpaired t-test, part of Prism Graphpad 4 statistical software).
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Having carried out flow cytometry analysis on the HL-60 cel! line and thereby 

demonstrated the efficacy of this technique, it was decided to employ similar experiments in 

evaluating the derivatives in an adherent cell line. Taking into consideration the encouraging 

viability results previously obtained, it was decided to analyse the Kelly cell line as a 

representative adherent cell line. The experimental procedures and the subsequent results 

obtained are discussed henceforth.

7.3.2 Flow Cytometry: The Kelly Cell Line

As with the HL-60 cell line, based on the activity observed against cell viability and 

the ensuing IC50 values of the derivatives in the Kelly cell line, two select compounds were 

taken into consideration for flow cytometry analysis (Fig 7.12). These were the -0-linked 

wo/7o-isouronium 31b and the -CH2CH2-linked 6/5-guanidinium 66b which had IC50 values 

of 17.3 ±1.3 pM and 3.8 ±1.36 pM respectively (Chapter 6, Table 6.4). Although, a full 

assessment of the families was not carried out, it was hoped that these derivatives would 

provide an insight into the general inhibition observ'ed and evaluate their role in apoptosis. In 

addition, pharmacophoric features required for these biochemical changes could possibly be 

identified.

Figure 7.12.- Derivatives evaluated by flow cytometry in the Kelly cell line.

The evaluation of the Kelly cell line using flow cytometry involved a modified 

procedure that had previously been employed for the suspension cells and is described in 

Section 9.3.5. Firstly, in order to detenuine the ideal seeding cell density and optimise 

experimental conditions a trial experiment using 66b was set up. This involved seeding cells 

on six-well plates at densities of 1 x 10^ cells/mL and 1.2 x 10^ cells/mL and allowing cells to

222



Chapter 7 Apoptosis Evaluation

adhere over an incubation period of 24 hours. Each well was then treated with 25 pM or 

50 pM of compound with two wells being used for the control and vehicle control. Plates 

were subsequently incubated at 37 °C and cells harvested at 24 h, 48 h and 72 h time-points. 

Unlike the suspension cells, the adherent cells required additional treatment which involved 

collection of media, rinsing of adherent cell layers with PBS, trypsinisation and the collection 

of cell pellets from the combined solutions by centrifugation. Pellets were then resuspended 

in PBS, fixed in ice-cold 70% EtOH/PBS and finally left at -20 °C for overnight fixation. 

When required for analysis, pellets were isolated and treated with RNase and PI and analysed 

on the flow cytometer in an appropriate manner.

After examination of experimental wells and analysis of flow cytometry data, it was 

decided that the most optimal cell seeding density in this cell line was 1.2 x 10^ cells/mL. In 

addition, the initial set-up and procedure described above was found to be a satisfactory 

protocol for the remaining experiments using this cell line. The results obtained for 31b and 

66b at 25 pM and 50 pM concentrations were analysed as before with the mean ±S.E.M. 

values of at least three independent experiments being presented in Table 7.2 below.
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Table 7.2.- The effects of the /wowo-isouronium 31b and 6/5-guanidinium 66b on the cell 
cycle of the Kelly cell line. Cells were treated with 25 pM and 50 pM of each compound and 
analysed by flow cytometry as described in the text and Section 9.3.5. Mean values ±S.E.M. 
of the proportion of cells of each phase of the cell cycle from at least three independent 
experiments are shown with Ml= pre-Gi (<2N DNA), M2 = Go/Gi (2N DNA), M3 = S (2N - 
4N DNA), M4 = G2/M (4N DNA) and M5 = Gn (>4N DNA). Percentage apoptosis is 
detennined from the Ml (pre-Gi) peak.

Compound Ml
(pre-Gi)

M2
(Go/Gi)

M3
(S)

M4
(Gz)

M5
(G„)

24 h

Control 5.84 (± 1.92) 52 (± 2.21) 19.02 (± 1.24) 13.83 (± 1.22) 8.81 (± 1.79)

Vehicle 6.12 {± 0.95) 52.37 (+ 1.44) 18.67 (± 1.9) 13.12 (±0.93) 9.85 (± 1.54)

31b (25 pM) 20.41 (±3.99) 31.2 (±3.23) 25.59 (± 2.4) 11.27 (±0.45) 13.49 (± 1.06)

31b (50 p.M) 24.33 (± 6.65) 42.14 (+ 2.39) 15.98 (± 2.21) 8.23 (± 1.4) 7.77 (± 0.81)

66b (25 pM) 28.3 (± 6.7) 43.8 (± 3.29) 16.21 (± 1.152) 10.08 (± 1.05) 7.17 (± 1.04)

66b (50 pM) 34.27 (±7.88) 33.89 (± 3.9) 18.46 (± 0.46) 6.24 (±0.4) 6.21 (± 0.49)

48 h

Control 5.43 (± 2.11) 50.74 (± 1.72) 18.89 (± 0.67) 14.16 (± 0.49) 8.55 (± 0.41)

Vehicle 5.88 (± 1.13) 52.54 (± 2.32) 19.05 (±2.11) 13.68 (± 0.74) 8.97 (± 1.27)

31b (25 pM) 38.02 (± 5.71) 22.2 (± 1.06) 27.52 (±2.71) 7.65 (± 1.38) 6.91 (± 0.62)

31b (50 pM) 50.72 (± 5.65) 25.17 (± 1.04) 11.71 (±0.45) 3.5 (± 0.49) 4.19 (±0.06)

66b (25 p.M) 55.36 (± 2.67) 26.04 (± 2.77) 13.12 (± 1.51) 2.24 (±0.38) 1.62 (± 0.25)

66b (50 pM) 46.68 (± 7.69) 28.86 (± 3.97) 16.96 (± 3.04) 3.72 (± 1.08) 2.03 (±0.38)

72 h

Control 8.1 (± 1.48) 51.78 (±3.36) 16.84 (±0.55) 13.45 (± 0.57) 10.21 (± 1.87)

Vehicle 10.21 (±2.85) 46.82 (± 1.46) 16.29 (±0.81) 13.84 (± 0.76) 13.07 (± 0.25)

31b (25 p.M) 48.35 (± 3.5) 26.17 (± 2.64) 16.38 (±4.82) 5.04 (± 0.88) 4.09 (± 0.64)

31b (50 p.M) 49.49 (± 6.99) 29.01 (± 5.64) 17.34 (± 3.52) 2.44 (± 0.28) 2.69 (± 0.26)

66b (25 p.M) 62.46 (± 4.81) 24.93 (±3.53) 9.32 (± 0.81) 1.78 (± 0.45) 0.88 (± 0.12)

66b (50 pM) 58.43 (±9.32) 31.04 (± 7.87) 11.91 (± 1.02) 2.1 (± 0.92) 0.92 (± 0.39}
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As with the HL-60 cell line, flow cytometry was found to be a very useful method in 

determining the cellular events that are induced in terms of the cell cycle and DNA content. 

In addition, the two compounds were evaluated at two concentrations which provided 

additional information regarding their potency.

Analysis of the values presented in Table 7.2 reveals that 31b and 66b show a 

spectrum of activity in the Kelly cell line over a broad time range. Results obtained 24 hours 

after treatment reveal that the two compounds show some inhibitory activity towards cell 

viability and proliferation even at this early time-point. As before, the proportion of cells that 

have been induced to undergo apoptosis is indicated by the population of cells in the 

apoptotic (Ml) peak. Expectedly, the highest values obtained here were for the highest (50 

pM) concentrations with 34.27 ±7.88% and 24.33 ±6.65% for 66b and 31b respectively. 

Therefore, in comparison to the cell population in the Ml peak of the vehicle control (6.12 

±0.95%) both derivatives showed considerable cells in pre-Gi. Interestingly, similar 

cytotoxicity was observed at the lower (25 pM) concentrations with 28.3 ±6.7% and 20.41 

±3.99% apoptosis being observ'ed for 66b and 31b in that order. Correspondingly, analysis of 

the remaining M2 - M5 peaks reveals reductions in cell populations and cell activity with no 

other significant phase activity such as cell cycle arrest being observed at this time-point.

Further analysis of Table 7.2 reveals additional cell inhibition at the 48 h time-point. 

As expected, there is an increase in the proportion of cells undergoing apoptosis with -50% 

of the total cell population in Ml in the case of both 66b and 31b at the higher concentration. 

Evidently, this has a profound effect on the cell cycle activity with the reductions by more 

than a half of cell numbers in the gap (M2 and M4) phases being observed. Similar activity 

and potency is observed with the derivatives at the lower concentration with 55.36 ±2.67% 

and 38.02 ±5.71% apoptosis for 66b and 31b respectively. As before, reductions in the cell 

populations of the remaining peaks are observed with no other additional cell cycle activity. 

This indicates that both derivatives are cytotoxic and induce similar biological consequences 

irrespective of compound concentration at this time-point.

Finally, the activity observed for either 66b or 31b is at its highest after 72 hours of 

incubation and ranges between 48.35 ±3.5% and 62.46 ±4.81% for the two test 

concentrations. As expected, the high proportion of cells undergoing apoptosis results in a 

drastic reduction of cell growth as indicated by the low numbers of cells in the remaining
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phases. As before, this reduction in activity is most obvious with the Gq/Gi (M2) and G2(M4) 

stages with no further events such as cell cycle arrest being observ'ed for both compounds and 

concentrations. These findings are demonstrated with 66b (25 pM) which reduces cell 

numbers by almost a half in the first (M2) gap phase from 46.82 ±1.46% (vehicle) to 24.93 

±3.53% and the synthetic (M3) stage from 16.29 ±0.81% (vehicle) to 9.32 ±0.81%. In 

addition there is almost complete eradication of cells at G2/M and in polyploidy form (1.78 

±0.45% and 0.88 ±0.12% compared to 13.84 ±0.76% and 13.07 ±0.25% of the vehicle). 

Similar results were obtained for the remaining 72 h time-point data.

The above cell cycle results are obtained from a series of plots depicting cell cycle 

populations. As with the HL-60 cell line, these correspond to the movement of the cells in 

question between the Ml - M5 peaks over the three time-points. The vehicle treated Kelly 

cells, similar to the HL-60 cells, remain unaffected throughout the course of the experiment. 

The treated cells however display activity from the earliest 24 h time-point. Taking the values 

presented in Table 7.2 into consideration, it is apparent that the 31b and 66b derivatives are 

cytotoxic towards the Kelly cell line and therefore exhibit substantial apoptotic effects even 

at lower concentrations. This is observed with an increase of the proportion of apoptotic cells. 

As expected, this corresponds to a simultaneous reduction of the percentage of cells in the 

remaining cell cycle phases as indicated by lower intensitities of the corresponding peaks. A 

significant increase of these effects is further observed at the later 48 h time-point. Here the 

majority of the cells are undergoing apoptosis as indicated by an increase of the pre-G) peak 

intensity with a corresponding decline of cells in the gap (Gq/Gi and G2) and DNA synthesis 

(S) stages. At the 72 h time-point, further inhibition is observed as for the previous 48 h time- 

point with further reductions of cell viability and an increase of apoptotic cells. Some of the 

effects of 66b at 25 pM and 31b at 50 pM are presented Fig. 7.13.
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Figure 7.13.- The effects of 31b (50 ^M) and 66b (25 |iM) on the viability of Kelly cells as 
determined by flow cytometry. Cells were seeded at a density of 1.2 x 10^ cells/mL and 
treated with each compound or ddH^O (vehicle). Aliquots of treated (middle and right) and 
vehicle control (left) cells were then taken at 24 h, 48 h and 72 h and treated as described in 
Section 9.3.5. Ml = pre-G, (<2N DNA), M2 = Go/Gi (2N DNA), M3 = S (2N - 4N DNA), 
M4 = G2/M (4N DNA), M5 = Gn (>4N DNA).

Thus far, it is evident that flow cytometry is a very useful technique in determining 

apoptotic effects in different cell lines. Despite only select derivatives being evaluated in the 

Kelly cell line in this manner, some interesting observations could still be made. These 

allowed a number of conclusions to be drawn which are exemplified accordingly.

Having discussed the results obtained, it is firstly important to address the 

fundamental question regarding the ability of the tested derivatives in inducing programmed 

cell death in Kelly cells. Taking their encouraging viability results into consideration and 

their low IC50 values (Table 6.4, Chapter 6) positive results were expected. Indeed, as was
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mentioned previously, encouraging results were observed with both 31b and 66b with a 

gradual increase of the proportion of cells in the Ml peak over the three test time-points. 

Interestingly, apoptotic activity was solely observed w’ith no other cellular activities such as 

cell cycle arrest taking place. It should be noted that significant apoptotic induction was 

observed at both 25 pM and 50 pM concentrations with 66b (25 pM) inducing 62.46 ±4.81% 

of total cells to undergo apoptosis. This correlates with the earlier viability studies and leads 

to the conclusion that the two derivatives do indeed induce cell death through apoptosis. This 

apoptotoic induction over the three time-points is summarised in Fig. 7.14.

It is next vital to consider the structure-activity relationships of both 31b and 66b in 

an effort to decipher pharmacophoric features required for inhibition of Kelly cell growth. 

31b IS an -0-linked mowo-cationic isouronium whilst 66b is a -CH2CH2-linked te-cationic 

guanidinium. Evidently, despite both being phenyl amidinium-based derivatives, they are 

distinct structurally not only in terms of their linkers but their symmetry as well and would 

hence be associated with differing groove binding abilities and physiochemical properties. 

As can be seen from Table 6.1 (Chapter 6), 66b has a strong AT affinity and is hence a strong 

minor groove binding agent while 31b exhibits poor interactions with the groove. 

Nevertheless, both have exhibited a similar potency and have induced the same cell cycle 

effects in the Kelly cell line. It may be possible that 66b does indeed target the minor groove 

while 31b targets an alternative organelle or pathway. Recalling studies by Lansiaux et 

fliramidine 6/5-derivatives (including the 6/5-guanidinium analogue) were shown to 

readily traverse the cell membrane and accumulate in the nucleus while in general mono- 

derivatives distributed in the cytoplasm with possible mitochondrial accumulation. Despite 

this behaviour, a mowo-derivative in the same studies was found to be amongst the most 

cytotoxic agents in the library of compounds. Therefore, a similar distribution pattern may be 

occurring here. Overall, although 31b and 66b may target different upstream pathways, they 

both result in the same downstream effect of apoptotic cell death.
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Figure 7.14.- Apoptosis induction by derivatives in the Kelly cell line as determined by 
flow cytometric analysis. Cells were seeded at a density of 1.2 x 10^ cells/mL and treated 
with 31b and 66b (25 pM and 50 pM). Aliquots were collected at 24 h (A) 48 h (B) and 72 h 
(C) and treated as described in Section 9.3.5. Values are representatives of mean ±S.E.M. 
from at least three independent experiments. * p < 0.005; ** p < 0.01; *** p < 0.001 (as 
detennined by Student’s unpaired t-test, part of Prism Graphpad 4 statistical software).
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It is useful to compare the flow cytometry analyses obtained in the HL-60 and Kelly 

cell lines. A number of interesting observations and conclusions based on these results can be 

made.

Firstly, a larger selection of compounds was evaluated in the HL-60 cell line and as a 

result a broader spectrum of activity was observed. As was previously discussed, 32b and 

78b (50 pM) were found to be the strongest apoptosis inducers in the HL-60 cells (39.89 

±13.61 % and 71.89 ±14.07% respectively). In addition to this, interestingly, a number of 

derivatives produced alternative cell cycle events in the form of G2/M arrest and polyploidy. 

This cell viability inhibition correlates with the previous viability results. In comparison to 

these results, two selected 31b and 66b derivatives were evaluated on the Kelly cell line. 

Although a direct comparison cannot be made overall, both were found to be very cytotoxic 

towards the cells with a more potent apoptotic effect being observ'ed even at lower 

concentrations in comparison to the previous cell line (49.49 ±6.99% and 62.46 ±4.81% for 

25 pM 31b and 66b respectively). Interestingly, 66b, which was evaluated in both cell lines 

at 50 pM and thus allows a direct comparison to be made, induced 20.51 ±5.49% and 58.43 

±9.32% apoptosis at 72 h in the HL-60 and Kelly cell lines respectively. These encouraging 

results confirm that 66b is twice as potent in the more resistant cell line.

Secondly, comparing the values and figures presented thus far, it is interesting to note 

that the active derivatives exhibit their effects at different time-points in the n\'0 cell lines. As 

is clearly demonstrated in Fig. 7.11, almost all of the observed apoptotic effects in the HL-60 

cell line occur at a later time-point. An example, illustrating this, concerns 78b where no 

apoptosis occurs at the 24 h or 48 h, yet an encouraging 71.89 ±14.07% of cells undergo the 

process after 72 hours. In comparison, as can be observed from Fig. 7.14, activity of 31b and 

66b is evident over a broad time line in the adherent Kelly cell line with 20.41 ±3.99% to 

62.46 ±4.81% cells undergoing apoptosis between the three time-points. Apart from these 

results confirming the potency of these compounds in this cell line, this questions the ease of 

delivery of the compounds to their intended targets. In addition, this may lead to the 

speculation that the compounds function by alternative modes of action.
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Apart from the tested derivatives exhibiting apoptotic effects to different extents and 

at different time-points, another interesting contrast concerns the cell cycle profile following 

treatment with the derivatives. In the Kelly cell line, apoptotic activity is indicated by a 

gradual increase of the apoptotic (Ml) cell population with the corresponding steady 

reduction of the proportion of cells in all of the cell cycle phases. No other significant cell 

cycle events such as cell cycle arrest are observ'ed. In the HL-60 cell line however, although a 

similar increase in apoptosis is obseiv-ed with most derivatives, additional activity is observed 

in the form of cell cycle arrest and polyploidy. As previously discussed this is evident with 

32b which initially induces more than 50% of cells to undergo cell cycle arrest followed by 

apoptosis. In addition, 35b induces some polyploidy in the HL-60 cell population. Therefore, 

taking these cell cycle changes into consideration, it can be confirmed that the derivatives in 

this study induce different cell cycle effects. It may be possible that different upstream 

pathw'ays are being targeted but that the same dowmstream apoptotic effects are being 

observed. Further studies would have to be carried out in order to confirm the exact modes of 

actions of these compounds and the pathways that are being targeted.

7.4 Summary of Results and Conclusions

This chapter presents different methods of detennining the cell cycle effects and 

apoptosis-inducing abilities of some of the compounds in this work. Based on previous 

viability results, the HL-60 and Kelly cell lines were used in the execution of these 

experiments.

Having performed cell viability studies and determined corresponding IC50 values 

(Chapter 6), the next step was to assess whether the compounds induce apoptotic cell death. 

Therefore, the first technique to be employed was cell morphology studies. 66b, as one of the 

most active derivatives in the cell viability studies was chosen as a suitable representative in 

the HL-60 and Kelly cell lines. Accordingly, this was tested at specific concentrations at the 

72 h time-point for both cell lines. UV-treated HL-60 cells were used as a positive control in 

order to demonstrate characteristic apoptotic morphology. Some morphological features of 

apoptosis (cell shrinkage, nuclear fragmentation, cell membrane blebbing) were observed in
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66b-treated HL-60 and Kelly cells. In particular cells from the latter cell line were found to 

have completely undergone apoptotic cell death. Therefore, cytocentrifugation and staining of 

cells in this way provided evidence of apoptosis and demonstrated the pro-apoptotic ability of 

66b in both cell lines.

With apoptotic morphological features identified by light microscopy of cytospin 

preparations, the next step was to confirm and quantify the extent of apoptosis. This was 

carried out by cell cycle studies using flow cytometry. Flow cytometry considers cell 

populations based on their cell cycle stages and provides a direct means of accurately 

quantifying the proportion of cells that have undergone apoptosis. Experiments were firstly 

performed on the HL-60 cell line and included the evaluation of a series of derivatives (35b, 

32b, 63b, 66b, 57b and 78b) at 50 pM. The results obtained depict a broad spectrum of 

activity of the compounds as deduced from at least three independent experiments. The most 

potent derivatives in terms of apoptotic-inducing ability were found to be 78b and 32b 

followed by 66b and 57b which produced moderate effects. 78b produced the greatest 

apoptotic effect with no other significant changes being induced on the cell cycle. 

Interestingly, 32b was found to induce cell cycle arrest at the G2/M checkpoint at an earlier 

time-point followed by apoptosis at a later stage. Lastly, 35b and 63b did not induce 

apoptosis at the chosen concentration but were shown to have induced G2/M arrest and 

polyploidy (35b) and possibly some arrest at Gi (63b). These significant observations led to 

the conclusion that the derivatives in this study induce varying effects on the cell cycle of the 

HL-60 cells. In particular, results obtained for 78b and 32b suggest that these derivatives may 

target different upstream pathways but both result in the same downstream effect of apoptotic 

cell death.

Having provided strong evidence for apoptosis induction in the Kelly cell line, the 

next step was to examine the cell cycle effects by flow cytometry. 66b and 31b were chosen 

as suitable representatives and were evaluated at 25 pM and 50 pM accordingly. Encouraging 

results were observed with gradual increases of apoptotic cells over time with both 

compounds. Interestingly, apoptotic activity was solely observed with no other cellular 

activities such as cell cycle arrest taking place.
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Overall, taking into consideration the previous results from the viability assays and 

the results obtained in this chapter, it can be concluded that in addition to inhibiting cell 

viability and proliferation, a number of derivatives are significant apoptosis-inducers. In 

general, although there is some evidence of correlation between minor groove binding ability 

and cytotoxicity, overall the evidence is limited and no firm conclusions can be drawn 

regarding the mechanism underlying the observed cell cycle and pro-apoptotic effects. 

Hence, further work would be required in order to deduce the exact mode of action of the 

derivatives in the HL-60 and Kelly cell lines.
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Chapter 8 Conclusions and Future Work

8.1 Conclusions

This work sets out a number of objectives to be achieved in the areas of synthesis, 

biophysical chemistry and biochemistry including: the preparation of two novel families of 

potential minor groove binders, the evaluation of their physical characteristics and binding 

ability to DNA, the assessment of their cytotoxicities and the determination of their role in 

apoptotic cell death in several tumour cell lines. Based on the results obtained, some 

interesting conclusions can be made.

8,1.1 Synthesis

Firstly, based on methodology originally described by Kim et. al}, the successful 

synthesis of novel his- and /wowo-functionalised isouronium derivatives was achieved. The 

synthetic route, which was previously used in the synthesis of ^w-guanidines and his-2- 

aminoimidazolines, involves the reaction of appropriate commercially available starting diols 

with Boc-protected thiourea in the presence of HgCB and TEA. This was subsequently 

followed by Boc-deprotection using TFA/DCM and treatment with Amberlite resin to 

generate the required hydrochloride salts. The synthesis of the -CH2-, -O- and -S-linked 

mono- (30b - 32b) and his- (33b - 35b) isouronium derivatives was successfully completed 

in satisfactory yield. In addition to this, the synthesis of the amide-linked dication (40b) was 

explored and accomplished. This involved the preparation of the amide-linked starting 

material and subsequent amidylation procedures.

It was also possible to confirm the stmcture of some of the isouronium derivatives by 

X-ray crystallographic studies. Crystal structures of Boc-protected intermediates (29a, 33a 

and 34a) were firstly resolved. These showed that the phenyl rings in the twin molecules 

adopt a curvature, an ideal characteristic of potential minor groove binders. Additionally, it 

was found that these rings lie perpendicular to each other which did not agree with the 

structure that a related ^)/5-2-aminoimidazoline derivative showed to have within the minor 

groove (coplanar rings) as per a study published later on. However, parallel studies within the 

Rozas’ laboratory showed that the torsion from the perpendicular to the coplanar
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conformation was energetically very accessible. The resolution of the hydrochloridic salts 

34b and 40b followed and both confirmed that the molecules are fully protonated by the 

presence of chloride ions and equidistant bonds in the isouronium moiety. The crystal of 34b 

was found to resemble the Boc-intermediates and adopted a curved conformation. 

Comparably, 40b was found to adopt a linear structure due to the planar amide linker.

Following the successful preparation of the isouronium derivatives, the design and 

synthesis of the hydroxyguanidinium family was explored. Two synthetic routes were 

thoroughly investigated. The first employed the methodology of Martin et. aJ.~ and involved 

the generation of an active thiourea intermediate from a carbodiimide species followed by 

reaction with a protected-hydroxylamine under forcing conditions. The resulting N- 

hydroxyguanidine was then treated with TFA/thioanisole as described by Kiso et al.^ and 

Amberlite resin as before. Two derivatives were obtained in this manner; however, due to the 

troublesome nature of the reaction and purification procedures, it was decided to abandon this 

synthetic route.

Therefore, a second synthetic route which employed synthetic procedures of 

Pankratov et. al.'^ was undertaken. This involved the transfonnation of an amino functionality 

to an active cyanamide intermediate by the use of CNBr as cyanating agent. The intermediate 

cyanamides (54a - 60a) were then reacted with hydroxylamine hydrochloride in the presence 

of K2CO3 and the resulting hydroxyguanidines subsequently converted to their 

hydrochlorides salts and purified by reverse-phase chromatography to give 54b - 60b. The 

synthesis of the -CH2-, -0-, -S-, -CO-, -CH2CH2- and amide-linked dications was 

accomplished accordingly.

8.1.2 Biophysical Chemistry'

With the synthesis of the isouronium and hydroxyguanidinium families successfully 

completed, the next step was to evaluate the ability of these potential minor groove binders to
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bind to their intended target. DNA thermal denaturation assays were thus perfomied on the 

derivatives. In addition, the ionisation constants (pKa values) which would provide 

information concerning their protonation states and solubility at physiological pH were 

evaluated.

DNA thermal denaturation assays were performed by using sequence unspecific 

salmon sperm DNA and employing appropriate experimental conditions. As was initially 

expected, the isouronium mono-derivatives (30b - 32b) exhibited poor binding with Aim 

values of 2 - 4 °C. This can be explained by the compounds possessing only one cationic 

moiety. 5A-cationic isouroniums (33b - 40b) on the other hand only produced slightly better 

ATm results in the range of 2 - 6 °C. It can thus be concluded that the substitution of an -NH- 

group (as in the guanidinium cation) by an -O- atom (as in the isouronium cation), with the 

idea of interchanging a HB donor by a HB acceptor does not produce stronger interactions. 

Alternatively, the binding results obtained for the hydroxyguanidinium series (54b - 60b) 

were considerably poorer with ATm values of 0 - 1 °C. This, somewhat surprisingly, indicates 

that the hydroxylation of guanidine groups leads to the complete loss of binding and is in 

agreement with some related literature results.^ Nevertheless, despite losing ability in 

binding, hydroxyguanidinium derivatives produced significant cytotoxic effects against a 

number of cell line. This may question the target and mode of action of the 

hydroxyguandinium derivatives.

Ionisation constants (pKa) of representative compounds (34b and 56b) of the two 

families were investigated by UV-vis techniques. This involved titration of an acidic solution 

of each protonated compound to its neutral form by addition of aliquots of NaOH. The pH 

was recorded for each addition and the corresponding UV spectra subsequently recorded. 

Changes of the UV spectrum were monitored over a wide range of pH values. The combined 

spectral changes were used to determine the pKa values accordingly. These were found to be 

10.4 for the isouronium (34b) and 8.33 and 10.88 for the hydroxyguanidinium (56b) 

respectively. This concluded that, both are weaker bases than the guanidinium functionality 

and both are protonated at physiological pH.
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8.1.3 Biochemistry

The biochemical effects - not only of the isouronium and hydroxyguanidinium 

derivatives synthesised but also those of related guanidinium and 2-aminoimidazolinium 

analogues previously prepared in Rozas’ laboratory - were evaluated in two ways. Firstly, the 

inhibitory effects of the compounds (and corresponding IC50 values) were assessed by cell 

viability assays on three different cell lines. Secondly, the role of active derivatives in 

apoptosis, and hence their potential as anticancer agents, was evaluated by morphological 

studies and flow cytometry analyses.

The alamarBlue® cell viability assay was chosen as a suitable means of evaluating 

cytotoxic effects on cell viability and proliferation. Firstly, a library of 30 compounds 

- which included the known minor groove binder furamidine - was screened on the 

leukaemia HL-60 cell line. Each derivative was tested in at least three independent 

experiments and IC50 values subsequently determined. Active derivatives (those with IC50 

concentrations lower than 100 pM) were thus identified and inhibitory values of 30.1 - 88. 4 

pM obtained. Analysis of these results indicates that activity was observed with bis- as well 

as mowo-derivatives with a variety of cationic functionalities. Therefore, although some 

correlation between cytotoxicity and minor groove binding was obtained, this cannot be 

confirmed to be the sole mode of action of this group of compounds. Interestingly, a common 

trend that was identified among the active derivatives of this cells line was the presence of the 

-S- linker.

The derivatives that were found to by cytotoxic in HL-60 cells were further evaluated 

in the more resistant MCF-7 breast cancer cell line. A total of ten compounds were tested and 

four active derivatives identified. These produced significantly lower IC50 values (16.1 -45.2 

pM) compared to results in the previous HL-60 cell line. Interestingly, all four active 

derivatives were found to be di-cationic in nature with the guanidinum functionality 

exhibiting most cytotoxicity. These findings may relate to studies of the furamidine- 

guanidinium derivative which has been shown to traverse the cell membrane and accumulate 

in the nucleus.^ In addition, recent literature studies of guanidinium-based chalcones have
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exhibited potent cytotoxicity in the MCF-7 cell line.^ As before, although a number of known 

strong minor groove binding derivatives were found to be active in this cell line, in general, a 

direct correlation between DNA-binding affinity and cytotoxicity cannot be concluded.

The ten compounds evaluated in the MCF-7 cell line were also assessed in the more 

resistant human neuroblastoma Kelly cell line. With the exception of one derivative, all tested 

derivatives were found to be highly cytotoxic towards cell growth and proliferation with the 

lowest IC50 values of the three cell lines (3.0 - 54.9 pM) being obtained. As with the MCF-7 

cell line, the same trend of structure-activity was observ'ed with the most active derivatives 

being di-cationic and containing guanidinium functionalities. Significant growth inhibition 

was also observed with the bis- and mowo-isouroniums, hydroxyguanidiniums and 2- 

aminoimidazoliniums that had previously shown no activity in the MCF-7 cells and only 

modest activity in the HL-60 cell line.

In order to assess the inhibition observ'ed by viability assays and to identify any 

apoptotic activity by characteristic topological features, cell morphology studies were carried 

out on a select active derivative in the HL-60 and Kelly cell lines (66b, -CH2CH2-linked bis- 

guanidinium). Cells were treated with specific concentrations and cytospin preparations 

examined at the 72 h time-point. Some evidence of programmed cell death was confirmed 

with apoptotic morphology including cell shrinkage, cell membrane blebbing and nuclear 

fragmentation being observed.

Having identified some apoptotic morphology in both cell lines, it was then decided to 

confirm and accurately quantify to what extent apoptosis has taken place. Flow cytometry 

was therefore carried out on six active derivatives in the HL-60 cells and two in the Kelly 

cells. In addition, this would evaluate the effects of the tested derivatives on the cell cycle of 

the two cell lines. Regarding the HL-60 cell line, the most potent derivative, the -CH2CH2- 

linked guanidinium/2-aminoimidazolinium hybrid (78b, at 50 pM) was found to induce 71.89 

±14.07% apoptosis at 72 h with no other significant cell cycle events taking place. 

Interestingly, the -S-linked mono-isouronium (32b) was found to induce cell cycle arrest at 

G2/M and polyploidy of cells at an earlier time-point followed by 39.89 ±13.61% apoptosis.
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These effects may suggest that the derivative, which is a poor minor groove binder, may be 

targeting tubulin. Alternatively, in the Kelly cell line, the -CH2CH2-linked 6A-guanidinium 

(66b) and -0-linked wowo-isouronium (31b) were found to be even more potent with -60% 

apoptosis overall. No significant events were observ ed in the remainder of the cell cycle.

Taking the biophysical and biochemical results obtained into consideration, the 

derivatives can be considered in terms of 1) cell entry; 2) nuclear entry and 3) minor groove 

binding. Firstly, in terms of cell entry, di-cationic drugs are generally known to have a slow 

rate of diffusion across biological membranes and their uptake is dependent on specific 

transporters.* As previously discussed, recent studies have shown that furamidine and related 

di-cationic systems are substrates for the human organic tranporter 1 (hOCTl).^ Therefore it 

can be hypothesised that because our compounds are cationic and share structural features 

with furamidine, they too may enter the cell via such transporters. Secondly, in terms of 

intracellular distribution and nuclear entry, it is important to recall studies by Lansioux el 

^^ 6,10 jj^ggg studies have shown that the presence of two or four positive charges normally 

favours nuclear uptake whilst the presence of only one cationic group disrupts entry. 

Therefore, it is possible that the di-cations in our library of compounds accumulate in the 

nucleus while the wowi-derivatives remain in the cytoplasm. This is further suggested by cell 

cycle effects which are associated with tubulin binding being observed. Lastly, in terms of 

minor groove binding, a direct structure-activity relationship could not be established. 

Although some strong minor groove binders did indeed induce cytotoxic effects (e.g. 78b), 

the potency of some derivatives that had previously showed no binding interactions {mono- 

derivatives, hydroxyguanidiniums) questions the exact mode of action.

Nevertheless, taking the viability assays and apoptotic studies of the different cell 

lines into consideration, it can be confirmed that some of the derivatives play a significantly 

active role in the induction of apoptosis in the HL-60, MCF-7 and Kelly cell lines. In 

particular, special attention should be paid to the high toxicity observed in the resistant 

neuroblastoma Kelly cell line. The potency observed amongst the range of derivatives and 

corresponding low IC50 values are very encouraging results and consequently make these 

derivatives excellent candidates for further investigation as potential future cancer therapeutic

agents.
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8.2 Future Work

Throughout this project some interesting and very encouraging results were obtained 

and therefore present areas that require further investigation. This proposed future work is 

outlined below for each synthetic, biophysical and biochemical field.

8.2.1 Synthesis

This work has involved the synthesis of tw'o novel families of minor groove binders 

and more uniquely, their evaluation as apoptosis-inducers, and hence, as anticancer agents. 

The encouraging cytotoxic properties of the compounds (as well as that of related 

derivatives) that were observed lead to the idea that these agents should categorically be 

explored further. Therefore, synthetic strategies can be approached in a number of ways.

The basic framework that is common to all the derivatives can be considered as a 

unique pharmacophore for the observed activity. In other words, for future synthesis, a 

system consisting of two aromatic groups and cationic moieties bridged by a particular group 

should remain as a suitable structural scaffold. As the cationic moieties, symmetrically 

substituted guanidinium, hydroxyguanidinium and isouronium derivatives should be 

considered as well as all the possible asymmetric systems. In addition, the number of cationic 

moieties present in the molecule should be increased as this will encourage uptake and 

nuclear accumulation as well as being the driving force for binding to the minor groove.

The bridging groups should not be explored further as single atoms or groups varying 

in terms of polarity and HB interactions in this work as well as recent crystallographic 

studies” have shown that the linker does not directly interact with the minor groove. Instead, 

the linking moieties could be explored further by varying their length. This would lengthen 

the molecule and possibly provide a stronger fit into the minor groove overall. Taking known 

minor groove binders into consideration, the linker could consist of a simple carbon or ether 

chain linking the phenyl-cations (as in pentamidine) or polar amide groups (as in netropsin or
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distamycin). In addition, aromatic substituents such as pyrrole (as in netropsin or distamycin) 

or benzimidazole (as in the Hoechst derivative) rings could be incorporated for improved 

binding.

Another interesting approach to improving DNA binding interactions would include 

the attachment of an additional DNA-targeting moiety to the stronger minor groove binders 

in the series. The attachment of a well-known intercalating moiety to the minor groove 

binders is currently being investigated in the Rozas group. Therefore, an alternative strategy 

would be the attachment of an alkylating agent such as a nitrogen mustard. As was previously 

discussed in Chapter 1, alkylators are amongst the most potent agents in anticancer therapy 

but are limited by their toxic side effects. Attachment of a minor groove binder would 

therefore possibly direct the DNA alkylation to more specific stretches of DNA. In recent 

times, similar studies of a distamycin-derived nitrogen mustard have shown promising 

antitumour properties against human K562 leukaemia cells with an IC50 value of 0.03 pM.'^ 

Therefore, this strategy may provide an additional potency to the compounds in this work.

8.2.2 Biophysical Evaluation

Taking into consideration the limited binding ability exhibited by both the isouronium 

and hydroxyguanidinium families towards the minor groove by DNA thermal denaturation 

assays, further biophysical evaluation could include DNA footprinting assays. This technique 

is used for identifying sequence-selectivity of compounds and has previously been used in the 

study of ftA-benzimidazole minor groove binding interactions. In short, it is based on an 

enzymatic methodology and incorporates DNase I for differentiating the sites of reversible 

binding of DNA-targeting drugs.

In addition to the above, if binding were to be improved by appropriate structural 

modifications as discussed previously, there are numerous biophysical techniques that could 

be utilised to study binding interactions. These include circular and linear dichroism (CD and 

LD) for confirming minor groove binding and isothermal calorimetry (ITC) and biosensor-
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surface plasmon resonance (SPR) for binding constant determination and thermodynamic 

parameter evaluation.

8.2.3 Biochemical Evaluation

The biochemical evaluation throughout this work has allowed for some imperative 

observ'ations to be made and very encouraging results to be obtained, most notably in the 

MCF-7 and Kelly cell lines. In particular, the substantial apoptotic activity that was observed 

in the neuroblastoma Kelly cell line (both by morphological and flow cytometry studies) 

present significant results that may be of clinical relevance. Neuroblastoma cancers 

collectively account for 7% of malignancies in patients younger than 15 years of age and 

around 15% of all paediatric oncology deaths. In addition to this, half of all cases are 

classified as high-risk with some tumours undergoing spontaneous regression and others 

showing relentless progression. Overall, survival rates are currently at less than 40%.'‘* 

Current drugs used to treat neuroblastoma cancers include mitotic inhibitors such as 

vincristine and alkylating agents such as cyclophosphamide and cisplatin.’^ As was 

previously mentioned in Chapter 1, DNA-targeting drugs (in particular alkylators) are often 

limited by their lack of specificity and toxic side effects. Treatment often involves a 

combination of chemotherapy, surgery and irradiation and although these result initially in 

tumour regression, many of these patients frequently relapse with an acquired multi-drug- 

resistant tumour phenotype, therefore this condition poses a major challenge to paediatric 

oncology.'^ There is thus a compelling demand for new treatment strategies for this cancer. 

Therefore, considering the challenges of treating this disease, minor groove binding agents 

such as 66b presented in this work, could provide a novel means of treating the disease.

Therefore, in order for these derivatives to be considered as potential agents for future 

clinical studies, further and more in-depth analyses are critical to exactly determine their 

mode of action. In addition to the studies that have already been performed, there are 

numerous techniques that can be used for apoptosis evaluation. Firstly, treated cells of the 

chosen cell line may be evaluated by agarose gel electrophoresis and western blot analysis. 

Gel electrophoresis is a technique that separates components such as proteins on the basis of 

physical characteristics and could therefore be used for measuring DNA fragmentation of
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nuclear extracts or for probing specific proteins associated with apoptotic pathways. The 

fonuer, DNA fragmentation, would involve southern blotting with radiolabelled total cell 

probes which would allow visualisation of the DNA.'^ The latter, the probing of proteins, 

would involve western blotting which involves transferring the specific protein from the gel 

to a nitrocellulose membrane via specific protein-binding antibodies. A protein that could be 

analysed in this way is the nuclear enzyme poly(ADP-ribose) polymerase (PARP) which is a 

DNA repair enzyme. This enzyme synthesises poly(ADP-ribose) in response to DNA strand 

breaks and thus plays an active role in DNA synthesis and replication. It is one of the first 

substrates that is inactivated by caspase cleavage during all forms of apoptosis. In addition to 

this, in order to identify the exact caspase (usually caspases 3 or 7) that cleaves the enzyme in 

question, a polymer blot assay could be carried out. This assay determines the relative 

affinities of the caspases to poly(ADP)ribose and hence provides an insight into the apoptotic 

pathway.'* Therefore, studies of PARP in this way, could be another verification of apoptosis 

induction by the derivatives in question.

As previously discussed in Chapter 1, an integral part of the apoptotic regulation 

concerns the mitochondria. When an intrinsic apoptotic pathway is triggered, a cascade of 

events occurs which includes release of cytrochrome c and subsequent activation of caspases. 

An important feature of the mitochondria is a mitochondrial membrane potential (Av|/m or 

MMP) or proton gradient across its inner membrane. This is maintained by a continuous 

supply of oxidisable substrates which depend on the concentration of external growth factors. 

Withdrawal of these growth factors leads to a decrease of MMP accordingly. When this 

occurs, cytochrome c is released and apoptosis is initiated.These changes in MMP may be 

evaluated by mitochondrial staining with cationic lipophilic fluorochromes such as 

[DiOCeCS)] followed by flow cytometric analysis. Cells undergoing apoptosis show a 

reduction of the incorporation of MMP-sensitive dyes and thus the technique is a reliable 

method for studying apoptosis.'^

Thirdly, in addition to assessing apoptosis, experiments that evaluate the ease of 

delivery and distribution patterns of the compounds in this work should be carried out. 

Biophysical experiments such as thermal denaturation assays and CD demonstrate nuclear 

binding by utilising either natural or synthetic DNA oligonucleotides in cell-free
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environments. Therefore, experiments that use actual tumour cells and that confirm passage 

across the cell membrane should be perform.ed. Studies by Ming et. al.^ have determined that 

di-cationic drugs such as furamidine (24) and pentamidine (19) are substrates for the human 

organic cation transporter 1 (hOCTl) and, therefore, it can be hypothesised that the drugs in 

this study enter the cells in a similar manner. However, their distribution patterns once inside 

the cell remain unclear. As mentioned previously, taking into consideration studies by 

Lansiaux et it is probable that the majority of the compounds (mostly the bis-

derivatives) are attracted to the nucleus whilst a competitive nuclear-mitochondrial 

distribution pattern exists for the mono-cations. This could be confirmed by encorporation of 

fluorescent conjugates and accompanying fluorescence microscopy and appropriate staining 

procedures.

As was outlined in Chapter 7, encouraging cytotoxic results were observed with some 

derivatives, most notably by 32b which produced significant G^/M arrest and polyploidy 

followed by apoptotic induction. This activity is characteristic of tubulin-binding compounds 

such as ABT-751, vincristine and paclitaxel.'^ Therefore, taking into consideration the 

relatively poor minor groove binding ability of the compound it is possible that it exerts its 

biological effects by targeting tubulin. Tubulin is the main component of microtubules that 

are involved in cellular processes such as mitotic spindle formation and cell division. 

Microtubule-targeting agents inhibit the formation of mitotic spindle or prohibit the 

disassembly of mitotic spindle once it has formed. Therefore, 32b should be evaluated by 

appropriate tubulin binding studies. For instance, polymerisation or depolymerisation of 

tubulin can be evaluated spectrophotometrically by an in vitro tubulin polymerisation assay. 

This is based on the principle that light is scattered by microtubules to an extent that is 

proportional to the concentration of the microtubule polymer. Binding of certain drugs to 

tubulin alters its pol>Tnerisation and this is detected by a change in absorbance accordingly."'

Possible future work may also include the evaluation of additional related derivatives 

in the Kelly and MCF-7 cell lines in order to identify an exact framework of pharmacophore 

features that are important for cytotoxic efficacy in each cell line. Once a structure activity 

relationship has been identified further more potent derivatives can be rationally designed, 

synthesised and tested. When a potent lead compound has been identified, it would be
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important to test its efficacy in an in vivo tumour model of neuroblastoma to detennine 

whether it can inhibit tumour growth. In addition to this, similar studies may be carried out on 

additional multidrug resistant cancers such as pancreatic or prostate cancer.
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9.1. Synthesis

All commercial chemicals were obtained from Sigma-Aldrich or Fluka and were used without 

further purification. Deuterated solvents for NMR use were purchased from Apollo. Dry solvents 

were prepared using standard procedures, according to Vogel, with distillation prior to use. 

Chromatographic columns were run using Silica gel 60 (230-400 mesh ASTM). Solvents for 

synthetic purposes were used at GPR grade. Analytical TLC was performed using Merck 

Kieselgel 60 F254 silica gel plates. Visualisation was by UV light (254 nm). NMR spectra were 

recorded in a Bruker DPX-400 Avance spectrometer, operating at 400.13 MHz and 600.1 MHz for 

'H-NMR and 100.6 MHz and 150.9 MHz for 'V-NMR. Shifts are referenced to the internal 

solvent signals. NMR data were processed using Bruker Win-NMR 5.0 software. Electrospray 

mass spectra were recorded on a Mass Lynx NT V 3.4 on a Waters 600 controller cormected to a 

996 photodiode array detector with methanol as carrier solvent. Melting points were determined 

using an Electrothermal IA9000 digital melting point apparatus and are uncorrected. Elemental 

analysis was carried out at the Microanalysis Laboratory, School of Chemistry and Chemical 

Biology, University College Dublin.

9.1.1 Preparation of the Isouronium Family

Method A; General method for the preparation of A/s-Boc-protected isoureas

The corresponding starting diol was treated with 2.2 equivs of mercury (II) chloride, 2.0 equivs of 

A,A’-di(/m-butoxycarbonyl)thiourea and 7.2 equivs of TEA in dry DCM (5 mL) at 0 °C and 

under argon. The resulting mixture was stirred for 1 hr at 0 °C and the appropriate duration until 

completion at room temperature. Then the reaction was diluted with EtOAc and filtered through a 

pad of Celite in order to remove the mercury sulfide precipitate formed. The filter cake was then 

rinsed with EtOAc. The organic phase was washed with water (2 x 30 mL), dried over anhydrous 

Na2S04 and concentrated under vacuum. The resulting residue was then purified by silica gel 

chromatography, eluting with the appropriate hexane; EtOAc mixture.
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Method B: General method for the preparation of Boc-protected isoureahydroxybenzene 

derivatives

Mercury (II) chloride (I. I equivs) was added to a solution containing an excess (3.0 equivs) of the 

corresponding diol, 1.0 equiv of 7\^,7'/’-di(/ert-butoxycarbonyl)thiourea and 3.1 equivs of TEA in 

dry DCM (5 mL) at 0 °C under argon. The resulting mixture was stirred for 1 h at 0 °C until 

completion at room temperature. Then, the reaction was diluted with EtOAc and filtered through a 

pad of Celite. The filter cake was rinsed with EtOAc. The organic phase was washed with water (2 

X 30 mL), then with brine (1 x 30 mL), dried over anhydrous Na2S04 and concentrated under 

vacuum. The resulting residue was purified by silica gel column chromatography, eluting with the 

appropriate hexane;EtOAc system, yielding the required mowo-Boc-protected isoureas as white 

solids. Formation of the disubstituted compounds was also observed and the starting material diol 

could be recovered from the column eluting with a more polar hexane:EtOAc mixture.

Method C: General procedure for the synthesis of the hydrochloride salts

The corresponding Boc-protected precursors (0.5 mmol) were treated with 14 mL of a 50% 

solution of trifluoroacetic acid in DCM for 3 hours. After this, the solvent was eliminated under 

vacuum to generate the trifluoroacetate salt. This was dissolved in water (20 mL) and treated for 

24 hr with IRA400 Amberlite resin in its Cl form. The resin was then removed by filtration and 

the aqueous solution washed with DCM (2 x 10 mL). Evaporation of the water afforded the pure 

hydrochloride salt. Absence of the trifluoroacetate salt was checked by '®F NMR.

N, TV-fi/s(/^r/-butoxycarbonyl)-thiourea (26)

I o s o
X A X,.^2 O 3 N 4 N O 

1 H H

A solution of thiourea (3.32 g, 43.56 mmol) in dry THF (600 mL) was prepared and cooled 

under nitrogen. To this mixture, NaH (7.49 g, 312.2 mmol, 60% in mineral oil) was added. 

The ice bath was removed after 5 min and the mixture stirred for 10 more min at room 

temperature. The mixture was then cooled to 0 “C, di-rer/-butyldicarbonate (20.08 g, 92.04 

mmol) was added and the reaction left stirring at room temperature for 30 min. The reaction 

was left overnight and was then quenched by the careful addition of NaHCO.i saturated
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solution. It was then added to deionised water (200 mL). The aqueous layer was extracted 

using EtOAc and the combined organic phases were washed with brine. The solution was 

dried using MgS04 and concentrated under vacuum. The crude product was purified by 

washing with hexane followed by ether which afforded a white solid (4.34 g) as described by 

Rozas and co.‘ Yield: 36%. Mp: 125 - 127 °C (lit. 127-129 °C).-

5h (400 MHz, CDCb): 1.55 (s, 18H, (CH3)3)

5c (400 MHz, CDCI3); 27.5 ((CH,),, C-1), 83.6 (q, C-2), 149.9 (q, C-3), 177.5 (q, C-4)

Vmax(film)/cm'*; 3179 (NH), 1770 (CO), 1720, 1368, 1260, 1155.

l,3-Di(/^i'/-butoxycarbonyl)-2-indan-5-yl-isourea (29a)

5 ® 3^ 4

2 NBoc ¥
O NHBoc

Following Method A, HgCl? (299 mg, 1.1 mmol) was added to a solution of 4,4’- 

dihydroxyphenyl ether (101 mg, 0.5 mmol), 26 (277 mg, 1.0 mmol) and TEA (0.5 mL, 3.6 

mmol) in dry DCM (5 mL) at 0 °C. The resulting mixture was stirred for 1 h at 0 °C and 

further 21 h at room temperature. Usual work-up followed by silica gel chromatography, 

eluting with hexaneiEtOAc (3:1) afforded 29a as a colourless oil (124 mg). Yield: 66%.

5h (400 MHz, CDCI3): 1.44 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 2.06 (m, 2H, CH,, H-6), 

2.90 (m, 4H, 2CH2, H-5 and H-7 ), 6.91 (d, IH, J 8.0, H-2), 7.02 (s, IH, H-4), 7.17 (d, IH, J 

8.0, H-L), 10.63 (broad s, IH, NH)

6c (400 MHz, CDCI3): 25.6 (CH2, C-6), 27.9 (2(CH3)3), 32.2 (CH2, C-7), 32.9 (CH2, C-5), 

80.1 (q, C(CH3)3), 82.7 (q, C(CH3)3), 117.5 (CH, Ar., C-2), 119.2 (CH, Ar., C-4),

124.5 (CH, Ar., C-1), 141.7 (q, Ar., C-8), 145.4 (q, Ar., C-9), 149.6 (q, Ar., C-3), 148.3 (q, 

CO), 158.6 (q, CO), 162.1 (q, CN)
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v,„ax (ATR)/cm'■ 3261 (NH), 1774, 1629 (CO, CN)

HRMS {m/: -ES): Found: 399.1897 (M"+ Na. C2oH28N205Na Requires: 399.1896).

l,3-Di(fer/-butoxycarbonyl)-2-[4-(4-hydroxybenzyl)phenyllisourea (30a)

NBoc

NHBoc

Following Method B, HgCF (896 mg, 3.3 mmol) was added over a solution of 4,4’- 

methylenediphenol (1803 mg, 9.0 mmol), 26 (830 mg, 3.0 mmol) and TEA (1.3 mL, 9.3 

mmol) in dry DCM (5 mL) at 0 °C. The resulting mixture was stirred for 1 h at 0 °C and 

further 16 h at room temperature. Usual work-up followed by silica gel chromatography, 

eluting with hexane:EtOAc (2:1) afforded 30a as a white solid (987 mg). Less than 6% of the 

disubstituted compound (33a) was also observed. Yield: 74%. Mp: 141 - 143 °C.

5h (600 MHz, CDCb): 1.42 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 3.80 (s, 2H, CH2), 5.95 

(broad s, IH, OH ), 6.66 (d, 2H, J 8.3, H-2/H-2’), 6.94 (d, 2H, J 8.3, H-3/H-3’), 7.07 (d, 2H, 

J 8.3, H-7/H-7’), 7.10 (d, 2H, J 8.3, H-8/H-8’), 10.70 (broad s, IH, NH)

6c (400 MHz, CDCI3): 27.8 (2(CH3)3), 40.2 (CH., C-5), 81.3 (q, C(CH3)3), 83.1 (q, 

C(CH3)3), 115.3 (CH, Ar. C-2/C-2’), 121.3 (CH, Ar. C-3/C-3’), 129.6 (CH, C-8/C-8’), 129.7 

(CH, Ar. C-7/C-7’) , 131.7 (q, Ar., C-4), 139.6 (q, Ar., C-6 ), 148.3 (q, Ar., C-1 ), 149.0 (q, 

Ar, C-9), 154.5 (q, CO), 158.7 (q, CO), 161.6 (q, CN)

Vmax (ATR)/cm'': 3345, 3261 (OH, NH) 1762, 1667, 1614 (CO, CN), 1594, 1511, 1503, 

1476, 1457, 1440, 1390,1367, 1298, 1255, 1210, 1137, 1093, 1052, 1024, 1014, 965, 876, 

858, 822, 803, 773, 752, 743, 718,705

HRMS (m/: -ES): Found: 465.1994 (M" + Na. C24H3oN206Na Requires: 465.2002).
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l,3-Di(f^/-/-butoxycarbonyl)-2-[4-(4-hj’droxj phenoxyI)phenyl]isourea (31a)

HO 1
u

8'0 NHBoc

Following Method B, HgCF (419 mg, 1.5 mmol) was added to a solution of 4,4’ 

dihydroxydiphenylether (852 mg, 4.2 mmol), 26 (387 mg, 1.4 mmol) and TEA (0.6 mL, 4.3 

mmol) in dry DCM (5 mL) at 0 °C. The resulting mixture was stirred for 1 h at 0 °C and 

further 15 h at room temperature. Usual work-up followed by silica gel chromatography, 

eluting with hexane:EtOAc (2:1) afforded 31a as a white solid (481 mg). Less than 5% of the 

disubstituted compound (34a) was also obseix'ed. Yield: 77%. Mp: 134 - 136 °C.

5h (400 MHz, CDCI3); 1.37 (s, 9H, (CH.-?).-?), L53 (s, 9H, (CH-?).-?), 6.63 (d, 2H, J 8.8, H-2/H- 

2’) 6.74 (d, 2H, J 8.8, H-3/H-3’) 6.82 (m, 3H, H-6/H-6’ and OH), 7.03 (d, 2H, J 9.3, H-7/H- 

7’), 10.74 (broad s, IH, NH)

5c (400 MHz, CDCI3): 27.7 ((CH3)3), 27.9 ((CH3)3), 81.5 (q, C(CH3)3) 83.2 (q, C(CH3)3), 

116.2 (CH, Ar., C-2/C-2’), 117.8 (CH, Ar., C-3/C-3’), 120.7 (CH, Ar., C-6/C-6’), 122.4 (CH, 

Ar., C-7/C-7’), 145.3 (q, Ar., C-4), 148.2 (q, Ar., C-5 ), 148.9 (q, Ar., C-1), 152.8 (q, Ar., C- 

8), 156.6 (q, CO), 159.1 (q, CO), 161.6 (q, CN)

v„,ax (ATR)/cm ': 3346, 3283 (OH, NH) 1763, 1667, 1615 (CO, CN), 1093 (COC), 1606, 

1507, 1493, 1444, 1390, 1367, 1299, 1256, 1239, 1216, 1192, 1135, 1052, 1024, 1008,962, 

873, 856, 831, 818, 802, 773, 748, 718

HRMS (w/r-ES): Found; 467. 1798(M"+Na. C23H28N207Na Requires: 465.1794).
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l,3-Di(t^/-/-butoxycarbonyl)-2-[4-(4-hydroxyphenvisulfanyl)phenyllisourea (32a)

HO 1
NBoc ¥

8'0 NHBoc

Following Method B, HgCh (896 mg, 3.3 mmol) was added over a solution of 4,4’- 

thiodiphenol (1965 mg, 9.0 mmol), 26 (830 mg, 3.0 mmol) and TEA (1.3 mL, 9.3 mmol) in 

dry DCM (5 mL) at 0 °C . The resulting mixture was stirred for 1 h at 0 °C and further 16 h at 

room temperature. Usual work-up followed by silica gel chromatography, eluting with 

hexane:EtOAc (2:1) afforded 32a as a white solid (1082 mg). Less than 5% of the 

disubstituted compound (35a) was also observed. Yield: 78%. Mp: 153 - 155 °C.

5h (400 MHz, CDCh): 1.38 (s, 9H, 1-54 (s, 9H, (CH3)3), 6.64 (d, 2H, J 8.0, H-2/H-

2’), 6.97 (m, 4H, H-3/H-3’ and H-6/H-6’), 7.02 (broad s, IH, OH), 7.21 (d, 2H, J 8.0, H-7/H- 

7’), 10.76 (broad s, IH, NH)

6c (400 MHz, CDCb): 27.7 ((CH3)3), 27.9 ((CH3)3), 81.7 (q, aCH.,).^, 83.4 (q, C(CH3).,), 

116 (CH, Ar., C-2/C-2’), 121.6 (CH, Ar., C-3/C-3’), 121.9 (CH, Ar., C-6/C-6’), 127.9 (CH, 

Ar., C-7/C-7’), 135.8 (q, Ar., C-4), 137.3 (q, Ar., C-5), 148.2 (q, Ar., C-1), 148.4 (q, Ar., C- 

8), 157.3 (q, CO), 159.0 (q, CO), 161.4 (q, CN)

Vn,ax (ATR)/cm-‘: 3332, 3289 (OH, NH), 1761, 1667, 1611 (CO,CN), 666 (CS), 1599, 1579, 

1493, 1482, 1457, 1425, 1385, 1368, 1297, 1260,1214, 1204, 1169, 1136,1083, 1051, 1023, 

1010, 961,938, 875, 844, 831, 821, 802, 772, 754, 743, 707

HRMS (w/r-ES): Found: 483.1553 (M" + Na. C^.^HjgNjOgNaS Requires: 483.1566).
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4,4’-5«[A^,A^’-di(/e/‘/-butoxycarbonyl)isoureido]diphenylmethane (33a)

3 5 7

NBoc || p ®T| 1 NBoc
BocHN O'l^ NHBoc

Following Method A, HgCF (299 mg, 1.1 mmol) was added to a solution of 4,4’- 

methylenediphenol (101 mg, 0.5 mmol), 26 (277 mg, 1.0 mmol) and TEA (0.5 mL, 3.6 

mmol) in dry DCM (5 mL) at 0 °C. The resulting mixture was stirred for 1 h at 0 °C and 

further 21 h at room temperature. Usual work-up followed by silica gel chromatography, 

eluting with hexane:EtOAc (3:1) afforded 33a as a white solid (202 mg). The mono-Boc- 

protected isoureido derivative 30a was also obtained (32 mg, 14%). Yield: 58%. Mp: 144 - 

146 °C.

5h (400 MHz, CDCb): 1.45 (s, 18H, (CH3)3), 1.54 (s, 18H, (CH3)3), 3.98 (s, 2H, CH., C-5), 

7.12 (d. 4H, J 8.5, H-2/H-2’ and H8/H8’), 7.17 (d, 4H, J 8.5, H-3/H-3’ and H7,/H7’), 10.69 

(broad s, 2H, NH)

5c (400 MHz, CDCI3): 27.9(4(CH3)3), 40.5 (CH., C-5) 81.0 (q, 2C(CH3)3), 82.8 (q, 

2C(CH3)), 121.6 (CH, Ar., C-2/C-2’ and C-8/C-8’), 129.8 (CH, Ar., C-3/C-3’ and C-7/C-7’), 

138.3 (q, C-4 and C-6), 148.2 (q, CO), 149.5 (q, Ar., C-1 and C-9), 158.4 (q, CO), 162.0 (q, 

CN)

v^x (ATR)/cm'': 3178 (NH), 1767, 1655, 1625 (CO, CN), 1601, 1500, 1479, 1455, 1410, 

1391, 1367, 1294, 1253, 1211, 1131, 1086, 1051, 1017, 960,877, 851,806, 768

HRMS {m/z -ES): Found: 707.3240 (M"+ Na. C35H48N40ioNa Requires: 707.3268).
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4,4’-5/s[A^,A^’-di(tei't-butoxycarbonyl)isoureido]diphenylether (34a)

A o A
NBocfl sJl 1 NBocV ji A [I V

BocHN NHBoc

Following Method A, HgCF (1.1 mmol, 299 mg) was added to a solution of 4,4’- 

dihydroxyphenyl ether (102 mg, 0.5 mmol), 26 (277 mg, 1.0 mmol) and TEA (0.5 mL, 3.6 

mmol) in dry DCM (5 mL) at 0 °C . The resulting mixture was stirred for 1 h at 0 °C and a 

further 20 h at room temperature. Lfsual work-up followed by silica gel chromatography, 

eluting with hexaneiEtOAc (3:1) afforded 34a as a white solid (233 mg, 67%). The mono- 

Boc- protected isoureido derivative 31a was also obtained (9 mg, 4%). Yield: 67%. Mp: 142 

- 144 °C.

5h (400 MHz, CDCI3): 1.48 (s, 18H, (CH.^).-?), 1.56 (s, 18H, (CHs),:?), 7.02 (d, 4H, J 9.0, H- 

2/H-2’ and H7/H7’), 7.18 (d, 4H, J 9.0, H-3/H-3’ and H-6/H6’), 10.70 (broad s, 2H, NH)

5c (400 MHz, CDCI3): 27.5 (4(CH3)3), 80.7 (q, 2C(CH3)3), 82.5 (q, 2C(CH3)3), 119.0 (CH, 

Ar., C-2/C-2’ and C-7/C-7’), 122.5 (CH, Ar., C-3/C-3’ and C-6/C-6’), 146.2 (q, Ar., C-4 and 

C-5), 147.8 (q, CO), 154.4 (q, Ar., C-1 and C-8), 158.1 (q, CO), 161.2 (q, CN)

v„ax (ATR)/cm'': 3171 (NH), 1766, 1655, 1623 (CO, CN), 1086 (COC), 1523, 1495, 1456, 

1411, 1391, 1366, 1298, 1249,1212, 1191, 1128, 1052, 1023, 1011, 960, 878, 856, 845, 820, 

808,771,758, 730

HRMS (m/r-ES): Found: 709.3061 (MV Na. C34H46N40nNa Requires: 709.3061).
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4,4’-5/s|7V,7V’-di(/^rf-butoxycarbonyl)isoureido]diphenyithioether (35a)

3 „ 6

NBocjj p I NBoc
BocHN^O'i^ ^'"■'^^O^NHBoc

Following Method A, HgCF (299 mg, 1.1 mmol) was added to a solution of 4,4’- 

thiodiphenol (110 mg, 0.5 mmol), 26 (277 mg, 1.0 mmol) and TEA (0.5 mL, 3.6 mmol) in 

dry DCM (5 mL) at 0 °C. The resulting mixture was stirred for 1 h at 0 °C and a further 21 h 

at room temperature. Usual work-up followed by silica gel chromatography, eluting with 

hexane;EtOAc (5:1) afforded 35a as a white solid (218 mg). The mcwo-Boc-protected 

isoureido derivative 32a was also obtained (48 mg, 20%). Yield; 61%. Mp: 136 - 138 °C.

5h (400 MHz, CDCI3); 1.49 (s, 18H, (CH.;).-?), 1.53 (s, 18H, (CH-?).^), 7.15 (d, 4H, J 8.8, H-2/ 

H-2’ and H-7/H-7’), 7.34 (d, 4H, J 8.8, H-3/H-3’ and H-6/H-6’), 10.69 (broad s, 2H, NH)

5c (400 MHz, CDCI3): 27.9 (4(CH3)3), 81.2 (q, 2C(CH3)3), 83.0 (q, 2C(CH3)3), 122.6 (CH, 

Ar., C-2/C-2’ and C-7/C-7’), 131.9 (CH, Ar., C-3/C-3’ and C-6/C-6’), 133.0 (q, Ar., C-4 and 

C-5), 148.1 (q, CO), 150.2 (q, Ar., C-1 and C-8), 158.1 (q, CO), 161.8 (q, CN)

v„ax(ATR)/cm'':3171 (NH), 1769, 1657, 1624 (CO, CN), 767 (CS), 1585, 1517, 1483, 1457,

1392, 1367, 1295, 1253, 1203, 1133, 1087, 1051, 1013,959, 876, 847, 809

HRMS (w/r-ES): Found: 752.2819 (M" + Na. C34H46N40ioNaS Requires; 725.2832).

2-Indan-5-yl-isouronium chloride (29b)

2 NH
HCI

D A

Following Method C, the Boc-protected precursor 29a (0.5 mmol) was treated with 4 mL of a 

50% TFA/DCM solution and Amberlite resin followed by work-up as described. The
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hydrochloride salt 29b was further purified by reverse-phase column chromatography and 

isolated as a white solid. Yield: 97%. Mp: 142 - 144 °C.

5h (400 MHz, DaO); 1.95-2.00 (m, 2H, CHa, H-6), 2.76-2.84 (m, 4H, CH2, H-5 and H-7),

6.93 (d, IH, J 8.0, H-2), 7.05 (s, IH, H-4), 7.24 (d, IH, J 8.0, H-1)

5c (400 MHz, D2O): 25.0 (CH2, C-6), 31.3 (CH,, C-7), 31.9 (CH2, C-5), 116.5 (CH, Ar., C- 

2), 118.0, (CH, Ar., C-4), 125.3 (CH, Ar., C-1), 144.3 (q, Ar., C-8), 147.1 (q, Ar., C-9), 

147.1 (q,Ar., C-3), 161.6 (q, CN)

Vmax (ATR)/cm'’: 3282 (NH), 1694, 1678 (CO, CN), 1621, 1594, 1547, 1520, 1476, 1435, 

1323, 1236, 1212, 1076, 1040, 1011,947,917,874,830,764,741,693,634,603

HRMS (w/r-ES); Found: 177.1025 (M'+H. C10H12N2O Requires: 177.1028)

Anal. Calc, for C10H13CIN2O O.9H2O: C, 52.61; H, 6.54; N, 12.27. Anal. Found: C, 52.72; H, 

6.54; N, 12.43.

2-|4-(4-Hydroxybenzyl)phenyl]isouronium chloride (30b)

HO 1
A. IJ

NH2 HCI

Following Method C, the hydrochloride salt 30b was isolated as a white solid. Yield: 91%. 

Mp: decomposes over 208 °C.

5h (400 MHz, D2O): 3.90 (s, 2H, CH2, C-5), 6.80 (d, 2H, J 7.0, H-2/H-2’), 7.09-7.19 (m, 4H, 

H-3/H-3’ and H-7/H-7’), 7.35 (d, 2H, J 7.5, H-8/H-8’)

6c (400 MHz, D2O): 39.1 (CH2, C-5), 115.0 (CH, Ar., C-2/C-2’), 120.7 (CH, Ar., C-3/C-3’), 

129.5 (CH, Ar., C-7/C-7’), 130.2 (CH, Ar., C-8/C-8’), 132.8 (q, Ar., C-4 ), 142.0 (q, Ar., C- 

6), 146.9 (q, Ar.,C-l), 153.3 (q, Ar., C-9), 161.4 (q, CN)
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Vmax (ATR)/cm'': 3250 (NH), 1682, 1630 (CO, CN), 1614, 1594, 1513, 1489, 1441, 1416, 

1365, 1300, 1233, 1201, 1165, 1105,1063,1018,1006, 912, 866, 844, 831, 815, 784, 758

HRMS (m/z-ESy. Found: 243.1123 (M"+ H. C14H15N2O2 Requires: 243.1134)

Anal. Calc, for C,4Hi5CIN202- I.2H2O: C, 55.98; H, 5.84; N, 9.33. Anal. Found: C, 56.09; H, 

5.48; N, 9.26.

2-[4-(4-Hydroxybenzyl)phenyl]isouronium chloride (31b)

HO 1
NH

s'O NH2HCI

Following Method C, the hydrochloride salt 31b was isolated as a white solid.

Yield: 93 %. Mp: decomposes over 190 °C.

8h (400 MHz, D2O): 6.89 (d, 2H, J 8.0, H-2/ H-2’), 7.99 (d, 2H, J 8.0, H-3/H-3’), 7.04 (d, 2H, 

J 8.6, H-6/H-6’), 7.24 (d. 2H, J 8.6, H-7/H-7’)

5c (400 MHz, D2O): 116.0 (CH, Ar., C-2/C-2’), 118.5 (CH, Ar., C-3/C-3’), 120.8 (CH, Ar., 

C-6/C-6’), 122.1 (CH, Ar., C-7/C-7’), 143.5 (q, Ar., C-4), 148.4 (q, Ar., C-5), 151.8 (q, Ar, 

C-1), 157.1 (q, Ar,C-8), 161.5 (q,CN)

Vmax (ATR)/cm-’: 3378 (NH), 1693, 1640 (CO, CN), 1097 (COC), 1598, 1566, 1508, 1482, 

1445, 1344, 1299, 1285, 1253, 1200, 1187, 1004, 877, 855, 834, 823, 797, 760

HRMS (m/z -ES): Found: 245.0933 (M V H C13H13N2O3 Requires: 245.0926)

Anal. Calc, for Ci3Hi3ClN2O3-2.0H2O: C, 49.30; H, 5.41; N, 8.84. Anal. Found: C, 49.18; H, 

5.25; N, 8.71.
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2-[4-(4-HydroxyphenylsulfanyI))phenyl]isouronium chloride (32b)

HO 1
u

8'0 NH2 HCI

Following Method C, the hydrochloride salt 32b was isolated as a white solid. Yield: 92%. 

Mp; decomposes over 210 °C.

5h (400 MHz, D2O): 6.82 (d, 2H, J 8.5, H-2/ H-2), 7.08 (d, 2H, J 8.5, H-3/ H-3’), 7.19 (d, 2H, 

J 8.5, H-6/H-6’), 7.33 (d, 2H, J 8.5, H-7/H-7’)

5c (400 MHz, D2O): 116.8 (CH, Ar., C-2/C-2’), 121.8 (CH, Ar., C-3/C-3’), 122.2 (CH, Ar., 

C-6/C-6’), 129.8 (CH, Ar., C-7/C-7’), 136.1 (q, Ar., C-4), 138.7 (q, Ar., C-5), 147.3 (q, Ar., 

C-1), 156.6 (q, Ar.,C-8), 161.7 (q, CN)

Vmax(ATR)/cm-’;3431 (NH), 1691, 1641 (CO, CN), 714(CS), 1597, 1579, 1496, 1478, 1436, 

1399, 1367, 1302, 1274, 1233, 1207, 1168, 1102, 1080, 1058, 1016, 1003, 846, 831, 818, 

802,714

HRMS (/w/r-ES); Found: 261.0686 (M'+ H. C12H13N2O2S Requires: 261.0698)

Anal. Calc, for Ci3Hi3ClN202S-2.5H20: C, 45.68; H, 5.31; N, 8.20. Anal. Found: C, 45.99; 

H, 5.25; N, 8.44.

4,4’-Diisouronium diphenyimethane dichloride (33b)

357
NH N ^ I NH
■iT II A M ¥

CIH.H2N NH2HCI

Following Method C, the hydrochloride salt 33b was isolated as a white solid. Yield: 92%. 

Mp: decomposes over 256 °C.
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6h (400 MHz, D.O): 4.09 (s, 2H, CH., C-5), 7.25 (d. 4H, J 8.0, H-2/H-2’ and H-8/H-8’), 7.42 

(d, 4H, J 8.0, H-3/H-3’ and H-7/H-7’)

5c (400 MHz, D2O): 39.3 (CH2, C-5), 120.8 (CH, Ar., C-2/C-2’ and C-8/C-8’), 130.5 (CH, 

Ar., C-3/C-3’ and C-7/C-7’), 141.0 (q, Ar., C-4 and C-6), 147.2 (q, Ar., C-1 and C-9), 161.4 

(q, CN)

Vmax (ATR)/cm-': 3393 (NH), 1675, 1627 (CO, CN), 1607, 1593, 1537, 1495, 1430, 1328, 

1313, 1299, 1250, 1212, 1191, 1167, 1103, 1079, 1021, 1011, 925, 861, 850, 833, 822, 777, 

751,704

HRMS (m/r-ES); Found; 285.1338 (M"+ H. C,5Hi7N402 Requires: 285.1352)

Anal. Calc, for C,5Hi8Cl2N402-1.8H2O: C, 46.24; H, 5.59; N, 14.38. Anal. Found; C, 46.05; 

H, 5.30;N, 14.28.

4,4'-Diisouronium diphenylether dichloride (34b)

II

CIH.H2N O"! NH2HCI

Following Method C, the hydrochloride salt 34b was isolated as a white solid. Yield: 97%. 

Mp: decomposes over 264 °C.

5h (400 MHz, D2O): 7.19 (d, 4H, J 8.0, H-2/H2’ and H-7/H-7’), 7.34 (d, 4H, J 8.0, H-3/H-3’ 

and H-6/H-6’)

5c (400 MHz, D2O); 120.3 (CH, Ar., C-2/C-2’ and C-7/C-7’), 122.4 (CH, Ar., C-3/C-3’ and 

C-6/C-6’), 144.5 (q, Ar., C-4 and C-5), 155.4, (q, Ar., C-1 and C-8), 161.4 (q, CN)

Vn,a.x (ATR)/cm-‘: 3390 (NH), 1676, 1616 (CO, CN), 1102 (COC), 1594, 1534, 1487, 1300, 

1251, 1188, 1058, 1016, 1008, 968, 946,876,858, 821,791,712, 697
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HRMS (m/r-ES): Found: 287.1 132 (M"+ H. C14H15N4O3 Requires: 287.1144)

Anal. Calc, for C,4Hi6Cl2N403-1 .SH.O: C, 43.54; H, 4.96; N, 14.51. Anal. Found: C, 43.42; 

H,4.65;N, 14.56.

4,4'-Diisouronium diphenylthioether dichloride (35b)

11

CIH.H2N 0'1
U

NH2HCI

Following Method C, the hydrochloride salt 35b was isolated as a white solid.

Yield: 94%. Mp: decomposes over 247 °C.

5h (400 MHz, D2O): 7.30 (d, 4H, J 8.5, H-2/H-2’ and H-7/H-7’), 7.53 (d, 4H, J 8.5, H-3/H-3’ 

and H-6/H-6’).

5c (400 MHz, D2O): 121.8 (CH, Ar., C-2/C-2’ and C-7/C-7’), 132.8 (CH, Ar. C-3/C-3’ and 

C-6/C-6’), 134.6 (q, Ar., C-4 and C-5), 148.2 (q, Ar., C-1 and C-8), 161.1 (q, CN)

v„,ax (ATR)/cm"‘: 3294, 3181, (NH), 1675, 1630 (CO, CN), 712 (CS), 1589, 1519, 1476, 

1401, 1298, 1270, 1209, 1169, 1104, 1077, 1015, 847, 804

HRMS {m/z -ES): Found: 303. 0922 (M^+ H. C14H15N4O2S Requires: 303.0916)

Anal. Calc, for Ci4H,6Cl2N402S- I.5H2O: C, 41.80; H, 4.76; N, 13.93. Anal. Found: C, 41.90; 

H, 4.43; N, 13.59.

263



Chapter 9 Experimental

4-Benz\ioxy-A^-(4-hydroxypheiiyl)benzamide (39)

Following a procedure by Rohrig et al.^, the acid chloride was prepared by making a solution 

of 4-benzyloxybenzoic acid (0.46 g, 2.0 mmol) in SOCF (3 mL, 41.3 mmol) with a catalytic 

amount of anhydrous DMF (3-4 drops) and allowing to reflux for 3.5 h. The yellow solution 

was then cooled at room temperature and the solvent removed. The amine solution was 

prepared by dissolving 4-aminophenol (0.66 g, 6 mmol) in dry DMF (5 mL) along with a 

catalytic amount of DMAP (0.014 g, 5%) and was kept at 0 °C under argon. The acid 

chloride was then dissolved in dry DMF (10 mL) and added cautiously to the amine solution. 

Additional DMF (8 mL) was used to complete the transfer. The mixture was stirred for 21 h 

at 0 °C under argon. The mixture was dissolved in EtOAc (300 mL) after which a precipitate 

(consisting mainly of starting material as detennined by NMR) crashed out. This was 

removed by suction filtration and the organic layer extracted with 2M HCl solution (4 x 100 

mL) and saturated NaHCOj (150 niL). It was then washed with brine (100 mL), dried with 

anhydrous Na^SOs and concentrated under vacuum, yielding a light brown solid. Purification 

by silica gel chromatography eluting with hexane;EtOAc (1:3) afforded 39 as a brown solid 

(0.379 g). Yield; 59%. Mp; 236 - 238 °C.

5h (400 MHz, DMSO): 5.2 (s, 2H, CH2, H-10), 6.72 (d, 2H, J 8.0, H-2/H-2’), 7.12 (d, 2H, J 

8.0, H-8/H-8’), 7.35 (t, IH, J 8.0, H-14) 7.41 (t, 2H, J 8.0, H-13/ H-13’), 7.49 (m, 4H, H-3/H- 

3’ and H-12/H-12’), 7.92 (d, 2H, J 8.0, H-7/H-7’), 9.22 (broad s, IH, OH), 9.86 (broad s, IH, 

NH)

5c (400 MHz, DMSO): 69.4 (CH2, C-10), 114.0 (CH, Ar., C-2/C-2’), 114.8 (CH, Ar., C-8/C- 

8’), 122.2 (CH, Ar., C-3/C-3’), 127.4 (CH, Ar., C-14), 127.4 (CH, Ar., C-13/C-13’), 127.7 (q, 

Ar., C-6), 128.2 (CH, Ar., C-12), 129.3 (CH, Ar., C-7/C-7’), 130.7 (q, Ar., C-4), 136.4 (q, 

Ar., C-11), 153.5 (q, Ar., C-1), 160.6 (q, CO, C-5), 164.5 (q, Ar., C-9)
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v^ax (ATR)/cm'• 3387 (NH), 3329 (OH), 1641 (CO), 1529 (CONH), 1103 (COC), 1505, 

1456, 1432, 1414, 1380, 1370, 1334, 1318, 1309, 1243, 1229, 1173, 1082, 1040, 1027, 1011, 

994, 975, 957, 932, 915, 901, 860, 850, 841, 825, 777, 763, 746, 736, 696, 655, 626, 620

HRMS {m/z -ES): Found; 342.1117 (M" + Na. C2oHi7N03Na. Requires: 342.1106).

4-Hydroxy-jV-(4-hydroxyphenyl)benzamide (38)

HO 1

A solution of 16 (0.379 g, 1.19 mmol) in HPLC-MeOH (60 mL) was prepared. Excess Pd-C 

(5%) catalyst was added to the solution at 0 °C and the hydrogenation run at 3 atm for 2.5 h. 

The catalyst was removed by suction filtration through a pad of celite and solvent removed 

under vacuum to yield a light brown solid (0.255 g). Yield: 94%.

In an alternative synthesis, a solution of 4-hydroxybenzoic acid (0.276 g, 2 mmol) in SOCE 

(4 mL) and anhydrous DMF (5 drops) was refluxed for 3.5 h. Following this, excess SOCL 

was removed by distillation and traces eliminated under vacuum giving an off-white solid. 

The amine solution was prepared by dissolving 4-aminophenol (0.655 g, 6 mmol) in dry 

DMF (4 niL) along with a catalytic amount of DMAP (0.012 g, 0.1 mmol, 5%) and was kept 

at 0 °C under argon. The acid chloride was then dissolved in dry DMF (10 mL) and added 

drop-wise via syringe to the amine solution under argon. The dark red solution was stirred 

overnight at 0 °C under argon. Then the solution was dissolved in EtOAc after which a 

precipitate crashed out. This was removed by suction filtration and the organic layer washed 

with 2M HCl solution (6 x 30 mL) and saturated NaHC03 (60 mL). It was then further 

washed with brine (60 mL), dried with anhydrous Na^SOj and concentrated under vacuum, 

yielding a yellow solid (0.286 g). Yield; 63%. Mp: decomposes over 250 °C (lit. 268 - 269 

°C).^

Sh (400 MHz, DMSO); 6.72 (d, 2H, J 8.0, H-8/H-8’), 6.84 (d, 2H, J 8.0, H-2/ H-2’), 7.5 (d, 

2H, J 8.0, H-7/H-7’), 7.82 (d, 2H, J 8.0, H-3/H-3’), 9.76 (s, IH, NH)
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5c (400 MHz, DMSO): 114.8 (CH, Ar., C-8/C-8’), 114.9 (CH, Ar., C-2/C-2’), 122.2 (CH, 

Ar., C-7/C-7’), 125.5 (q, Ar., C-6), 129.5 (CH, Ar., C-3/C-3’), 131 (q, Ar., C-4), 153.4 (q, 

Ar., C-9), 160.4 (q, Ar., C-1), 164.6 (q, CO, C-5)

\W (ATR)/cm‘’: 3623 (NH), 3383 (OH), 1644 (CO), 1538 (CONH), 1506, 1435, 1378, 

1335, 1323, 1242, 1168, 1119, 1103, 1074, 1045, 971, 958, 933, 903, 827, 777, 762, 660, 

643,632,615,605

HRMS (m/: -ES); Found: 228.0658 (M"-H. C13H10NO3 Requires: 228.0661).

4,4’-S/s[A^,A^’-di(fer/-butoxycarbonyl)isoureido]diphenylamide (40a)

U
BocHN 0'1

A NHBoc
NBocir ^=^5 N

Following Method A, HgCE (0.81 mmol, 221 mg) was added over a solution of 85 mg (0.37 

mmol) of 16 and 205 mg (0.74 mmol) of 1 and 0.4 mL (3.6 mmol) of TEA in dry DMF (1 

mL) at 0 °C. The resulting mixture was stirred for 1.5 h at 0 °C and a further 24 h at room 

temperature. Usual work-up followed by silica gel chromatography, eluting with 

hexane:EtOAc (3:2) afforded 40a as a white solid (58 mg). Yield: 22%.

In an alternative synthesis, following Method A, HgCl2 (1.85 mmol, 502 mg) was added over 

a solution of 191 mg (0.84 mmol) of 38 and 488 mg (1.68 mmol) of \,3-bis-(tert- 

butoxycarbonyl)-2-methyl-2-thiopseudourea (a commercially available substitute of 1) and 

0.9 mL (8.1 mmol) of TEA in dry DMF (3 mL) at 0 °C. The resulting mixture was stirred for 

1 h at 0 °C and 24 hr at room temperature. Work-up followed by silica gel chromatography, 

eluting with hexane:EtOAc (2:1) afforded 40a as a white solid (1749 mg). Yield: 29%.

Mp: 141 - 143 °C.
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5h (400 MHz, DMSO): 1.35 (s, 18H, (CH3)3), 1.45 (s, 18H, (CH3)3), 7.11 (d, 2H, J 9.0, H- 

8/H-8’), 7.29 (d, 2H, J 8.5, H-2/H-2’), 7.79 (d, 2H, J 9.0, H-7/H-7’), 7.99 (d, 2H, J 8.5, H- 

3/H-3’), 10.4 (broad s, IH, NH), 10.83 (broad s, IH, NH), 10.95 (broad s, IH, NH)

5c (400 MHz, CDCI3): 28.2 (2(CH3)3), 31.2 (2(CH3)3), 81.9, (q, 2C(CH3)3), 82.1 (q,

2C(CH3)3), 121.8 (CH, Ar., C-8/C-8’), 122.5 (CH, Ar., C-2/C-2’) 129.8 (CH, Ar., C-7/C-7’), 

133.0 (q, Ar., C-6) 137.3 (q, Ar., C-4), 147.3 (q, Ar., C-9), 150.6 (CH, Ar., C-3/C-3’), 151.5 

(q, Ar., C-1), 151.5 (CO), 152.1 (CO), 157.7 (CN), 158 (CN) 165.3 (q, CO, C-5)

Vmax (ATR)/cm''; 3280 (NH), 1770, 1660, 1625 (CO,CN)

HRMS (w/r-ES): Found; 736.3164 (M"+Na. C35H47N50nNa Requires: 736.3170).

4,4'-Diisouroniumdiphenyiamide dichloride (40b)

NHX
CIH.H2N O"!

O^NH 
9 I

NH2HCI

Following Method C, 40a (0.24 mmol, 171 mg) was dissolved in excess (8 mL) 50% solution 

of TFA in DCM and stirred at room temperature for 3 h. The solvent was then eliminated 

under vacuum to generate the trifluoroacetate salt as a colourless oil. This was dissolved in 

water (5 mL) and treated for 12.5 h with IRA400 Amberlite resin in its CL form. The resin 

was then removed by filtration and the aqueous solution washed with DCM (3 x 30 mL). 

Evaporation of the water followed by further purification by reverse-phase chromatography 

afforded the hydrochloride salt as an off-white solid (80 mg). Absence of the trifluoroacetate 

salt was checked by '^F NMR. Yield: 86%. Mp; decomposes over 162 °C.

5 'H NMR (D2O) 7.28 (d, 2H, J 8.0, H-8/H-8’) 7.39 (d, 2H, J 7.5, H-2/H-2’), 7.59 (d, 2H, J 

8.0, H-7/H-7’), 7.91 (d, 2H, J 7.5, H-3/H-3’)
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5c (400 MHz, D2O): 5 121.2 (CH, Ar., C-8/C-8’), 121.5 (CH, Ar., C-2/C-2’), 123.9 (CH, Ar., 

C-7/C-7’), 129.8 (CH, Ar., C-3/C-3’), 133.2 (q, Ar., C-6 ), 136.2 (q, Ar., C-4), 145.8 (q, Ar., 

C-9), 151.4, (q,Ar., C-1), 160.9 (q, CN), 161.3 (q, CN), 167.8 (q, CO, C-5)

Vmax (ATR)/cm'‘; 3579 (NH), 3545 (NH), 1671, 1650 (CO, CN), 1537 (CONH), 1489, 1446, 

1406, 1322, 1313, 1301, 1267, 1205, 1175, 1166, 1098, 1014, 980, 905, 875, 845, 792, 765, 

728,637, 624,611,604

HRMS (m/r-ES): Found: 314.1259 (M"+H. CisHicNsO.:, Requires: 314.1253)

Anal. Calc, for C15H17Cl2N5O.r4.5H2O: C, 38.66; H, 5.62; N, 15.02. Anal. Found: C, 38.66; 

H, 5.59; N, 15.24.

9.1.2 Preparation of the Hydroxyguanidinium Family- Method 1

Benzylisothiocyanatoformate (50)

O
.ANCS

Following conditions and advise from Martin et al., A solution of potasium isothiocyanate 

(0.5g, 5.14 mmol) in anhydrous tetrachloroehtene (11 mL) was stirred vigorously after which 

18-crown-6 (0.06, 0.21 mmol) and benzyl chloroformate (0.55 mL, 3.9 mmol) were added. 

After stirring at room temperature for 15 min, the mixture was allowed to reflux at 85 °C 

overnight. TLC analysis (DCM:Hexane, 1:4) showed the formation of a more polar major 

product (Rf = 0.3) along with a faint side product (R/-= 0.1). The reaction was stopped, 

diluted with 70 mL hexane, cooled on ice and then filtered through a pad of celite to remove 

salts. These were rinsed with a 1:1 solution of DCM:hexane. The solvent was removed under 

vacuum yielding a yellow oil (1.6 g). 'H NMR analysis showed the formation of product 

which was consistent with literature values.^ As expected, impurities were found also to be 

present. Since it states in the literature that these impurities do not normally interfere with
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subsequent use and are easily removed in later chromatographic purifications, this product 

was carried on with. The crude CbzNCS was dissolved in dry DCM to make a 0.5 M 

solution. This was flushed with nitrogen, sealed and kept in the fridge at 4 °C to be used as a 

stock solution.

5h (400 MHz, DMSO): 5.2 (s, 2H, CH,, H-1), 7.34 (m, 5H, H-2/H2’, H-3/H-3’ and H-4). 

This compound, although not fully pure, was used further as recommended by Martin et al^

v„,ax (film)/cm'': 1974, 801 (NCS), 1751 (CO), 1231, 1119 (COC).

The preparation of compounds 51a and 51b using procedures by Martin et al. may be 
found in the Appendix.

9.1.3 Preparation of the Hydroxyguanidinium Family- Method 2

Method D: General method for the preparation of aromatic cyanamides

A solution of the appropriate starting amine (1 mmol) in anhydrous DMAA (0.8 niL) was 

prepared. This was added drop-wise via syringe to a solution of BrCN (3 mmol) in DMAA (1 

mL) under argon at room temperature. The resulting mixture was stirred for 3 h at 35 °C and 

the appropriate duration until completion.^ TLC analysis (Hexane/EtOAc, 5;3) showed the 

formation of product having almost the same value as the starting material. The reaction 

was then stopped and diluted with EtOAc (5 mL). The product was extracted with distilled 

H2O (5x5 mL), washed with brine (6x5 mL), dried over anhydrous Na2S04 and 

concentrated under vacuum at -30 °C. The resulting residue, a yellow oil, was then used in 

the generation of the hydroxyguanidinium derivatives as the crude without further 

purification.

Method E: General method for the generation of hydroxyguanidinium derivatives

A mixture of the prepared cyanamide (1 equiv), pre-dried hydroxylamine hydrochloride (4 

equivs) and K2CO3 (8 equivs) in anhydrous EtOH* containing 4 A molecular sieves was 

prepared. This was stirred under argon overnight at room temperature. The reaction was
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monitored by TLC (MeOH:DCM, 1 ;7). The mixture was filtered through a pad of celite using 

excess EtOH to complete the transfer. The product was concentrated under vacuum at ~30 °C 

and used without further purification.

Method F: General method for the generation of hydroxyguanidinium hydrochloride 

salts

The hydroxyguanidine free-base derivatives were treated with excess anhydrous IM 

HCl/Ether solution overnight at room temperature. The product was concentrated under 

vacuum. Reverse-phase column chromatography was performed with the product eluting 

early on with H2O alone.

Phenyl-cyanamide (55a)9,10

Following method D, a solution of aniline (3 mmol, 0.274 mL) in anhydrous DMAA (1.8 

mL) was prepared under argon and added drop-wise to a solution of BrCN (3 mmol, 318 mg) 

in DMAA (1 mL). The solution was left stirring overnight at 35 °C under argon. Work-up as 

described afforded 55a as a yellow oil (167 mg, 47%). This was used without further 

purification.

5h (400 MHz, DMSO): 6.95 (d, 2H, J 8.0 H-2/H-2’), 7.04 (t, IH, J 8.0, H-4), 7.36 (t, 2H, J 

8.0 H-3/H-3’), 10.17 (broad s, IH, NH)

v„ax (film)/cm‘': 3445 (NH), 2222.1 (CN),’ 1600 (NH), 745 (NH), 1498, 1434, 1388, 1367, 

1335, 1303, 1288, 1248, 1176, 1157, 1124, 1075, 1028, 983, 961, 891, 829, 688 

HRMS (w/r-ES); Found: 117. 0449 (M^-H. C7H5N2 Requires; 117. 0453).
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4,4 ’-fiw-(A^-methylcyanoamidophenyl)-methane (54a)^

Following method D, a solution of 4,4'-Diaminodiphenylmethane (1 mmol, 198 mg) in 

anhydrous DMAA (0.8 mL) was prepared under argon and added drop-wise to a solution of 

BrCN (3 mmol, 318 mg) in DMAA (1 mL). The solution was left stirring for 3 h at 35 °C 

under argon. Work-up as described afforded 54a as a yellow oil (117 mg, 47%). This product 

was used without further purification.

5h (400 MHz, DMSO): 3.83 (s, 2H, CH., H-5), 6.88 (d, 4H, J 8.0, H-2/H-2’ and H-8/H-8’), 

7.17 (d, 4H, J 8.0, H-3/H-3’ and H-7/H-7’), 10.07 (broad s, IH, NH)

5c (400 MHz, DMSO): 40 (CH., C-5), 112.2 (CN), 115.0 (CH, Ar., C-2/C-2’ and C-8/C-8’), 

129.8 (CH, Ar., C-3/C-3’ and C-7/C-7’), 135.6 (q, Ar., C-4 and C-6), 136.6 (q, Ar., C-1 and 

C-9)

Vmax (film)/cm‘'; 3323 (NH), 2216 (CN),^1599 (NH), 706 (NH), 1513, 1410, 1373, 1299, 

1249, 1207, 1181,1107, 1080, 1042, 1018, 916, 810, 770, 674

HRMS (w/r-ES); Found; 271. 0960 (M"" + Na. Ci5Hi2N4Na Requires: 271.0960).

4,4 ’-5is-(jV-cyanoamidophenyl)-diphenylether (56a)^

Following method D, a solution of 4,4'-oxydianiline (1 mmol, 200 mg) in anhydrous DMAA 

(0.8 mL) was prepared under argon and added drop-wise to a solution of BrCN (3 mmol, 318 

mg) in DMAA (1 mL). The solution was left stirring overnight at 35 °C under argon. Work-
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up as described afforded 56a as a brown oil (170 mg, 68%). This product was used directly as 

the crude without further purification.

6h (400 MHz, DMSO); 6.97 (m, 4H, H-2/H-2’ and H-7/H-7’), 6.98 (m, 4H, H-3/H-3’ and H- 

6/H-6’), 10.11 (broad s, IH, NH)

6c (400 MHz, DMSO): 112.3 (CN), 116.4 (CH, Ar., C-2/C-2’ and C-7/C-7’), 119.9 (CH, Ar., 

C-3/C-3’ and C-6/C-6’), 134.1 (q, Ar., C-1 and C-8), 152.2 (q, Ar. C-4 and C-5)

vVax (film)/cm-': 3455 (NH), 2217 (CN), 1617 (NH), 1274 (COC), 1102 (COC), 701 (NH), 

1602, 1493, 1404, 1373, 1299, 1167, 1122, 1043, 1012, 945,902,875,824, 764, 750, 676

HRMS {m/z -ES): Found: 249.0778 (M" - H. C14H9N4O Requires: 249.0776).

4,4 - /?/‘v-(A-cyanoamidophenyl)-diphenylthioether (57a)

Following method D, a solution of 4,4'-thiodianiline (1 mmol, 216 mg) in anhydrous DMAA 

(0.7 mL) was prepared under argon and added drop-wise to a solution of BrCN (3 mmol, 318 

mg) in DMAA (0.8 mF). The solution was left stirring overnight at 35 °C under argon. Work

up as described afforded 57a as a brown oil (188 mg, 71%). This product was used directly as 

the crude without further purification.

5h (400 MHz, DMSO): 6.96 (d, 4H, J 8.0, H-2/H-2’ and H-7/H-7’), 7.31 (d, 4H, J 8.0, H- 

3/H-3’ and H-6/H-6’), 10.37 (broad s, IH, NH)

5c (400 MHz, DMSO): 116.5 (CN), 120.9 (CH, Ar., C-2/C-2’ and C-7/C-7’), 133.1. (q, Ar., 

C-4 and C-5), 137.4 (CH, Ar., C-3/C-3’ and C-6/C-6’), 143 (q, Ar. C-1 and C-8)
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(filmVcm’’: 3349 (NH), 2219 (CN) 1615 (NH), 739 (NH), 697 (CS), 1595, 1543, 1491, 

1396, 1373, 1301, 1274, 1245, 1179, 1155, 1105, 1082, 1041, 1011,952, 921,880,817, 801

HRMS {m/z -ES): Found: 289.0517 (M" + Na. Ci4HioN4NaS Requires; 249.0524).

4,4 -.Bis-(A'^-cyanoamidophenyl)-ethylphenyl (58a)

Following method D, a solution of 4,4’-ethylenedianiline (1 mmol, 212 mg) in anhydrous 

DMAA (0.8 mL) was prepared under argon and added drop-wise to a solution of BrCN ( 3 

m.mol, 318 mg) in DMAA (1 mL). The solution was left stirring overnight at 35 °C under 

argon. Work-up as described afforded 58a as a a yellow solid (139 mg, 53%). This product 

was used without further purification. Mp: decomposes over 250 °C

5„ (400 MHz, DMSO); 2.78 (s, 4H, 2CH2, H-5 and H-6), 6.86 (d, 4H, J 8.0, H-2/H-2’ and H- 

9/H-9’), 7.17 (d, 4H, J 8.0, H-3/H-3’ and H-8/H-8’), 10.04 (broad s, IH, NH)

5c (400 MHz, DMSO): 36.8 (2CH2, C-5 and C-6) 112.8 (CN), 115.3 (CH, Ar., C-2/C-2’ and 

C-9/C-9’), 130.2 (CH, Ar., C-3/C-3’ and C-8/C-8’), 136.1 (q, Ar., C-4 and C-7), 136.9 (q, 

Ar., C-1 and C-10)

Vniax (ATR)/cm’’: 3301 (NH), 2214 (CN) 1615 (NH), 713 (NH), 1594, 1513, 1450, 1393, 

1357, 1298, 1238, 1205, 1182, 1148, 1123, 1098, 1042, 1016, 964, 936, 890, 822, 773, 760, 

675

HRMS {m/z -ES): Found: 285.1112 (M" + Na Ci6H,4N4Na Requires: 285.1116).
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4,4 -5w-(A^-cyanoamidophenyl)-benzoyIphenyl (59a)

Following method D, a solution of 4,4’-diaminobenzophenone (1 mmol, 212 mg) in 

anhydrous DMAA (1.8 mL) was prepared under argon and added drop-wise to a solution of 

BrCN (3 mmol, 318 mg) in DMAA (1 mL). The solution was left stirring overnight at 35 °C 

under argon. Work-up as described afforded 59a as a brown solid (167 mg, 47%). This 

product was used as a mixture without further purification. Mp: decomposes over 180 °C.

5h (400 MHz, DMSO): 7.11 (d, 4H, J 8.6, H-2/H-2’ and H-8/H-8’), 7.76 (d, 4H, J 8.6, H- 

3/H-3’ and H-7/H-7’), 10.37 (broad s, IH, NH)

5c (400 MHz, DMSO): 116.5 (CN), 120.9 (CH, Ar., C-2/C-2’ and C-8/C-8’), 133.1. (q, Ar., 

C-1 and C-9), 137.4 (CH, Ar., C-3/C-3’ and C-7/C-7’), 143 (q, Ar. C-4 and C-6), 153.5 (q, 

CO, C-5)

v„ax (ATR)/cm'': 3359 (NH), 2227 (CN), 1725 (CO), 1638 (NH), 729 (NH), 1596, 1583, 

1511, 1470, 1440, 1408, 1374, 1313, 1283, 1253, 1171, 1152, 1130, 1043, 1014, 968, 953, 

928, 844, 766, 759, 679,657

HRMS (w/r-ES): Found; 261.0778 (M% H. C15H9N4O Requires: 261.0778).

4,4 -.Bw-(A-cyanoamidophenyl)-amide (60a)

N

Following method D, a solution of 4,4'-Diaminobenzanilide (1 mmol, 227 mg) in anhydrous 

DMAA (3 mL) was prepared under argon and added drop-wise to a solution of BrCN ( 3 

mmol, 318 mg) in DMAA (1 mL). The solution was left stirring overnight at 35 °C under
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argon. It was then transferred to EtOAc/HiO upon which a light brown precipitate crashed 

out at the organic/aqueous interface. This was filtered and found to be the pure product 

(103.2 mg, 37%). Mp: decomposes over 250 °C.

5h (400 MHz, DMSO): 6.97 (d, 2H, J 8.0, H-8/H-8’), 7.11 (d, 2H, J 8.0, H-2/H-2’) 7.74 (d, 

H, J 8.0, H-7/H-7’), 7.99 (d, 2H, J 8.0, H-3/H-3’), 10.22 (broad s, IH, NH), 10.5 (broad s, 

1H,NH), 11.2 (broad s, IH, NH)

5c (400 MHz, DMSO); 112(q, CN), 112.8(q, CN) 115 (CH, Ar., C-8/C-8’), 115.6(CH, Ar., 

C-2/C-2’), 122.5 (CH, Ar., C-7/C-7’), 129.3 (q, Ar., C-6), 129.7 (q, Ar., C-4), 130.1 (CH, 

Ar., C-3/C-3’), 134.7 (q, Ar., C-9), 142.2 (q, Ar., C-1), 164.8 (q, CO, C-5)

Vmax (ATR)/cm'': 3314 (NH), 2223 (CN), 1646 (CONH), 1609 (NH), 1513 (CONH) 752 

(NH), 1592, 1555, 1406, 1316, 1257, 1238, 1186, 1104, 1043, 1015,900, 822, 670, 644, 628, 

612,590

HRMS (m/z -ES): Found; 261.0778 (M*- H. C15H9N4O Requires; 261.0778).

N-Phenyl-hydroxyguanidinium hydrochloride (55b)

Following method E, the prepared phenyl cyanamide 55a (161 mg, 1.3 mmol) was treated 

with hydroxylamine hydrochloride (190 mg, 2.7 mmol) and K2CO3 (754 mg, 5.4 mmol) in 

anhydrous EtOH (3.5 mL) containing 4 A molecular sieves. This was stirred under argon 

overnight at room temperature and then filtered through a pad of celite using excess EtOH to 

complete the transfer. The product was concentrated under vacuum at ~30 °C and used 

without further purification. Following method F, the crude was treated with IM HCl/Ether 

solution overnight. Excess solvent was removed under vacuum and the product subsequently
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purified using reverse-phase column chromatography. Product 55b was afforded as a yellow 

oil. Yield; 49%, 27% of total.

5h (400 MHz, DMSO); 7.23 (d, 2H, J 8.0, H-2/H-2’), 7.27 (t, IH, J 8.0, H-4/H-4’), 7.44 (t, 

2H, J 8.0 H-3/H-3’), 7.96 (broad s, 2H, NH.), 9.92 (broad s, IH, NH), 10.11 (broad s, IH, 

OH), 10.88 (broad s, IH, NH)"

(film)/cm'': 3654 (OH), 3417 (NH), 1655 (CN), 1611 (NH), 943 (NO), 753 (NH) 1590, 

1567, 1499, 1461, 1449,1390, 1341, 1314, 1298, 1249, 1196, 1181, 1156, 1119, 1068, 1032, 

1004,983,966,914,893, 842, 826, 795,694,685

HRMS (w/r-ES); Found; 152. 0823 (M*+H. C7H10N3O Requires; 152.0824).

4,4'-Dihydroxyguanidiniunidiphenylmethane dichloride (54b)

11
CIH.HoN N 1^ H 9'N NHo HCI 

H

Following method E, the prepared cyanamide 54a (115 mg, 0.46 mmol) was treated with 

hydroxylamine hydrochloride (129 mg, 1.86 mmol) and K2CO3 (513 mg, 3.7 mmol) in 

anhydrous EtOH (3.5 mL) containing 4 A molecular sieves. This was stirred under argon 

overnight at room temperature and then filtered through a pad of celite using excess EtOH to 

complete the transfer. The product was concentrated under vacuum at ~35 °C and used 

without further purification. Following method F, the crude was treated with IM HCl/Ether 

solution overnight. Excess solvent was removed under vacuum and the product purified using 

reverse-phase column chromatography. Product 54b was afforded as a yellow solid. Yield; 

41%, 20% of total. Mp; decomposes over 

180 °C.

5h (400 MHz, D2O); 3.96 (s, 2H, CH2), 7.16 (d, 4H, J 8.0, H-2/H-2’ and H-8/H-8’), 7.28 (d, 

4H, J 8.0, H-3/H-3’ and H-7/H-7’)
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5c (400 MHz, D.O): 39.7 (CH., C-5), 125.8 (CH, Ar., C-2/C-2’ and C-8/C-8’), 129.8 (CH, 

Ar. C-3/C-3’ and C-7/C-7’), 131.1 (q, Ar., C-4 and C-6), 141 (q, Ar., C-1 and C-9), 157.4 (q, 

CN)

(ATR)/cm-': 3682 (OH), 3322 (NH), 1619 (CN), 1603 (NH), 922 (NO), 767 (NH), 1579, 

1510, 1432, 1416, 1298, 1246, 1206, 1182, 1109, 1077, 1019,872, 799,

HRMS (m/r-ES): Found: 315.1563 (M"+ H. C15H19N6O2 Requires: 315.1569)

Anal. Calc, for CisH^oCbNeO:-2.75 H2O: C, 41.24; H, 5.88; N, 19.24. Anal. Found: C, 40.91; 

H, 5.48; N, 19.01.

4,4’-Dihydroxyguanidiniumdiphenylether dichloride (56b)

^11
If i' 

CIH.HoN N 1 
H

I r
NH2HCI 

H

Following method E, the prepared cyanamide 56a (170 mg, 0.69 mmol was treated with 

hydroxylamine hydrochloride (153 mg, 2 mmol) and K2CO3 (553 mg, 8 mmol) in anhydrous 

EtOH (7 mL) containing 4 A molecular sieves. This was stirred under argon overnight at 

room temperature and then filtered through a pad of celite using excess EtOH to complete the 

transfer. The product was concentrated under vacuum at ~30 °C and used without further 

purification. Following method F, the crude was treated with IM HCl/Ether solution 

overnight. Excess solvent was removed under vacuum and the product purified using reverse- 

phase column chromatography. Product 56b was afforded as a yellow solid. Yield: 11% of 

total. Mp: decomposes over 110 °C.

6h (400 MHz, D2O): 7.07 (d, 4H, J 8.0, H-2/H-2’ and H-7/H-7’), 7.25 (d, 4H, J 8.0, H-3/H-3’ 

and H-6/H-6’)

5c (400 MHz, D2O): 119.7 (CH, Ar., C-2/C-2’ and C-7/C-7’), 127.7 (CH, Ar. C-3/C-3’ and 

C-6/C-6’), 128.5 (q, Ar., C-1 and C-8), 155.7 (q, Ar., C-4 and C-5), 157.6 (q, CN)
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v„,ax (ATR)/cm-'; 3630 (OH), 3311 (NH), 1655 (CN), 1621 (NH), 1221 (COC), 1102 (COC) 

910 (NO), 1499, 1406, 1286, 1167, 1077, 1014, 880, 862, 824

HRMS (w/r-ES): Found: 317.1364 (M^+ H. C14H17N6O3 Requires: 315.1362)

Anal. Calc, for Ci5H2oCl3N503-2.5H20: C, 35.81; H, 5.15; N, 17.90. Anal. Found: C, 35.83; 

H,4.95;N, 17.64.

4,4’-Dihydroxyguanidiniumdiphenylthioether dichloride (57b)

5]|
CIH.HoN^^N 1 

H
8'N NH, HCI 

H

Following method E, the prepared cyanamide 57a (180 mg, 0.7 mmol) was treated with 

hydroxylarnine hydrochloride (153 rng, 2 mmol) and K2CO3 (553 mg, 8 mmol) in anhydrous 

EtOH (7 mL) containing 4 A molecular sieves. This was stirred under argon overnight at 

room temperature and then filtered through a pad of celite using excess EtOH to complete the 

transfer. The product was concentrated under vacuum at ~30 °C and used without further 

purification. Following method F, the crude was treated with IM HCl/Ether solution 

overnight. Excess solvent was removed under vacuum and the product purified using 

reverse-phase column chromatography. Product 57b was afforded as a brown solid. Yield: 

27%, 19% of total. Mp: decomposes over 247 °C.

6h (400 MHz, D2O): 7.18 (d, 4H, J 8.0, H-2/H-2’ and H-7/H-7’), 7.36 (d, 4H, J 8.0, H-3/H-3’ 

and H-6/H-6’)

5c (400 MHz, D2O): 125.9 (CH, Ar., C-2/C-2’ and C-7/C-7’), 131.9 (CH, Ar. C-3/C-3’ and 

C-6/C-6’), 132.7 (q, Ar., C-4 and C-5), 133.8 (q, Ar., C-1 and C-8), 156.9 (q, CN)

v„,a,, (ATR)/cm'': 3692 (OH), 3301 (NH), 1651 (CN), 1611 (NH), 950 (NO), 704 (NH), 672 

(CS), 1591, 1568, 1515, 1490, 1405, 1344, 1302, 1274, 1244, 1179, 1108, 1080, 1014, 904, 

892,862,815,736
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HRMS {m/z -ES): Found: 333.1 134 (M"+ H. C14H17N6O2S Requires: 333.1119)

Anal. Calc, for Ci4Hi6Cl2N402S- l.SH.O: C, 41.80; H, 4.76; N, 13.93. Anal. Found: C, 41.90; 

H,4.43;N, 13.59.

4,4’-Dihydroxyguanidiniumdiphenylethylphenyl dichloride (58b)

Y" 'OH 
NH2HCI

Following method E, the prepared cyanamide 58a (139 mg, 0.53 mmol) was treated with 

hydroxylamine hydrochloride (153 mg, 2 mmol) and K2CO2 (553 mg, 8 mmol) in anhydrous 

EtOH (7 mL) containing 4 A molecular sieves. This was stirred under argon overnight at 

room temperature and then filtered through a pad of celite using excess EtOH to complete the 

transfer. The product was concentrated under vacuum at ~30 °C and used without further 

purification. Following method F, the crude w'as treated with IM HCl/Ether solution 

overnight. Excess solvent was removed under vacuum and the product purified using reverse- 

phase column chromatography. Product 58b was afforded as an orange solid. Yield: 21%, 

11% of total. Mp: decomposes over 165 °C.

6h (400 MHz, D2O): 2.9 (s, 4H, 2CH2), 7.09 (d, 4H, J 8.0, H-2/H-2’ and H-9/H-9’), 7.21 (d, 

4H, J 8.0, H-3/H-3’ and H-8/H-8’)

5c (400 MHz, D2O): 35.9 (CH2, C-5), 126.0 (CH, Ar., C-3/C-3’ and C-8/C-8’), 130.1 (CH, 

Ar. C-2/C-2’ and C-9/C-9’), 131.2 (q, Ar., C-4 and C-7), 141.9 (q, Ar., C-1 and C-10), 158.0 

(q, CN)

Vnia.x (ATR)/cm-': 3671 (OH), 3414 (NH), 1658 (CN), 1590 (NH), 987 (NO), 1565, 1514, 

1496, 1451, 1420, 1404, 1371, 1304, 1243, 1096, 1051, 1018, 824
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HRMS {m/z -ES): Found: 329,1732 (M’+ H Ci6H2iN„02 Requires: 329.1726)

4,4’-DihydroxyguanidiniuindiphenyIcarbonyl dichloride (59b)

O

V iji J [I V
CIH.H2N NH2HCI

H H

Following method E, the prepared cyanamide 59a (162 mg, 0.62 mmol) was treated with 

hydroxylamine hydrochloride (153 mg, 2 mmol) and K2CO3 (553 mg, 8 mmol) in anhydrous 

EtOH (7 mL) containing 4 A molecular sieves. This was stirred under argon overnight at 

room temperature and then filtered through a pad of celite using excess EtOH to complete the 

transfer. The product was concentrated under vacuum at ~30 °C and used without further 

purification. Following method F, the crude was treated with IM HCl/Ether solution 

overnight. Excess solvent was removed under vacuum and the product purified using reverse- 

phase column chromatography. Product 59b was afforded as a yellow’ solid. Yield: 23%, 8% 

of total. Mp: decomposes over 115 °C.

5h (400 MHz, D2O): 7.34 (d, 4H, J 8.0, H-3/H-3’ and H-7/H-7’), 7.75 (d, 4H, J 8.0, H-2/H-2’ 

and H-8/H-8’)

5c (400 MHz. D2O): 123. 2 (CH, Ar., C-2/C-2’ and C-8/C-8’) 131.3 (CH, Ar., C-3/C-3’ and 

C-7/C-7’), 134.0 (q, Ar. C-1 and C-9), 138.1 (q, Ar., C-4 and C-6), 156.1 (q, CN), 197.39 (q, 

CO, C-5)

Vmax (ATR)/cm'': 3748 (OH), 3370 (NH), 1662 (CN), 1646 (CO), 1623 (NH), 934 (NO), 738 

(NH), 1593, 1564, 1558, 1511, 1449, 1389, 1372, 1318, 1293, 1282, 1248, 1182, 1145, 1080, 

1015, 987, 975, 959, 865, 850, 763, 686, 667' 5 ' 9 X,/ ^ w ,

HRMS (w/r-ES): Found: 329.1361 (M^ H. CisHicNeO., Requires: 329.1362)
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Anal. Calc, for Ci5H,8Cl2N60.v2.4H20: C, 40.63; H, 5.18; N, 18.96. Anal. Found: C, 40.38; 

H, 5.09; N, 18.96.

4,4’-Dihydroxyguanidiniiinidiphenylamide dichloride (60b)

NH2HCI

Following method E, the prepared cyanamide 60a (93 mg, 0.373 mmol) was treated with 

hydroxylamine hydrochloride (104 mg, 1.49 mmol) and K2CO3 (412 mg, 2.9 mmol) in 

anhydrous EtOH (4 mL) containing 4 A molecular sieves. This was stirred under argon 

overnight at room temperature and then filtered tlirough a pad of celite using excess EtOH to 

complete the transfer. The product was concentrated under vacuum at ~30 °C and used 

without further purification. Following method F, the crude was treated with IM HCl/Ether 

solution overnight. Excess solvent was removed under vacuum and the product purified using 

reverse-phase column chromatography. Product 60b was afforded as an off-white solid. 

Yield: 14%. Mp: decomposes over 190 °C.

5h (400 MHz, D2O): 7.32 (d, 4H, J 8.0, H-8/H-8’), 7.37 (d, 4H, J 8.0, H-2/H-2’) 7.57 (d, 4H, 

J 8.0, H-7/H-7’), 7.89 (d, 4H, J 8.0, H-3/H-3’)

5c (400 MHz, D2O): 123.2 (CH, Ar., C-8/C-8’), 124.3 (CH, Ar., C-2/C-2’), 126.2 (CH, 

Ar., C-7/C-7’), 128.8 (CH, Ar., C-3/C-3’), 130.2 (q, Ar., C-9) 132.0 (q, Ar., C-1), 136.1 (q, 

Ar. C-6), 137.3 (q, Ar., C-4), 156.7 (q, CN) 157.3 (q, CN), 168.3 (q, CO, C-5)

(ATR)/cm-': 3646 (OH), 3178 (NH), 1652 (CN), 1627 (CONH), 1602 (NH), 1549 

(CONH).985 (NO), 708 (NH), 1515, 1475, 1412, 1340, 1298, 1243, 1180, 1120, 1077, 1019, 

904, 891,844, 831,812, 656

HRMS (wt/r-ES): Found: 344.1461 (M^-i- H. C15H18N7O3 Requires: 344.1471)
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9.2. Biophysical Experiments

9.2.1. DNA Thermal Denaturation Experiments

Thermal melting experiments were conducted with a Varian Cary 300 Bio 

spectrophotometer equipped with a 6x6 multicell temperature-controlled block. Temperature 

was monitored with a thermistor inserted into a 1 mL quartz curv'et containing the same 

volume of water as in the sample cells. Absorbance changes at 260 nm were monitored from 

a range of 20 °C to 90 °C with a heating rate of 1 °C/min and a data collection rate of five 

points per °C. The salmon sperm DNA was purchased from Sigma Aldrich (extinction 

coefficient 8360= 6600 cm'^M"' base). A quartz cell with a 1-cm path length was filled with a 

1-mL solution of DNA polymer or DNA-compound complex. The DNA polymer (150 pM 

base) and the compound solution (15 pM) were prepared in a phosphate buffer [0.01 M 

Na2HP04/NaH2P04], adjusted to pH 7) so that a compound to DNA base ratio of 0.1 was 

obtained. The thermal melting temperatures of the duplex or duplex-compound complex 

obtained from the first derivative of the melting cur\'es are reported.

9.2.2 UV Spectroscopy: Determination of pKa

All UV absorbance experiments were conducted on a Cary 300 UV spectrophotometer. A 

quartz cell with a 1 cm path length was used for all absorbance studies. A solution of 

compound was prepared in water and acidified (~pH 2) by addition of HCl. The pH of the 

solution of compound was then increased by the addition of aliquots of a NaOH solution (0.1 

M) and the corresponding absorption spectra recorded.
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9.3. Biochemical Procedures

9.3.1 General Procedures 

Cell Storage/Cryopreservation

Low passage number stocks of cells were har\'ested by centrifugation at 168 x g for 5 min. In 

the case of the HL-60 cell line, the supernatant was discarded and the pellet was resuspended 

in 10 mL medium. Cells were then counted and dissolved in freezing medium (90% FBS, 

10% DMSO) at a density of 10 million cells/mL and transferred to sterile cryotubes. For the 

MCF-7 and Kelly cell lines, cells were grown to confluence in T75 flasks, washed with 10 

mL PBS and trypsinised in the usual manner. Once the cells were harv'ested, pellets were 

resuspended in 4 - 5 niL freezing medium and aliquoted to the cryotubes. Cells were frozen 

down at a cooling rate of 1 °C/minute by incubating the cyrotubes in a freezing container 

(Nalgene “Mr. Frosty”), filled with isopropyl alcohol overnight at -80 °C. Finally the 

cyrotubes were transferred to liquid nitrogen for storage at -180 °C. When an aliquot of cells 

was required, the cells were quickly removed from the liquid nitrogen and thawed at 37 °C 

for 2 min. Just before the samples had fully thawed, their contents were gently pipetted into a 

sterile 20 mL tube containing medium supplemented with 20% FBS. This is done in order to 

prevent damage to the cells which are very fragile after cryopreservation. The cells were then 

centrifuged at 168 x g for 5 min. The supernatant was discarded and the pellet was 

resuspended in 5 mL of medium. This solution was then added to a T25 cm flask and the 

cells monitored closely over the next few days.

Use of Haemocytometer

A haemocytometer is a modified microscope slide containing an accurately sub-divided grid 

that enables the counting of cells in suspension. Each grid (there are two) consists of nine 

large squares, each measuring 1 mm^. Each of these primary squares contains 16 medium 

squares, each measuring 0.04 mm^. When a particular seeding density of cells was required, a 

clean cover slip was placed on the haemocytometer; 10 pL of the cell suspension was then 

pipetted into the groove at the end of the plane. The cell suspension was then drawn across 

the grid by capillary action. The number of cells within the four outer primary squares was 

counted. Those that touched the top or right hand sides of the grid or were outside the four 

squares were not counted. As each medium square is 0.04 mm^, the total volume per primary
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square is 1 x 10'^ mL. This implies that the total cell concentration in the original suspension 

(cells/mL) is = average cell count/primary square x 1 x lO"*.

Treatment of the HL-60 Cell Line with Novel DNA Binding Drugs

The compounds were dried and specific quantities (2-5 mg) weighed out. These were 

dissolved in sterile ddHiO and 10 mM solutions made up. Once in solution, these were 

filtered using sterile syringes and 0.2 pM acrodiscs in order to ensure sterility. Required 

concentration ranges (10 mM - 0.1 mM) of each drug were prepared in sterile ddH^O in 

eppendorf tubes and stored at -20 °C until required. HL-60 cells were seeded at 200,000 

cells/mL in fresh medium and treated with a range of concentrations of the compounds to 

yield final concentrations between IpM and 100 pM.

Treatment of the MCF-7 Cell Line with Novel DNA Binding Drugs

The compounds were dried and stock solutions prepared as for the HL-60 cell line. MCF-7 

cells, seeded at 50,000 cells/mL were treated with a range of concentrations of the 

compounds to yield final concentrations in the cells betw'een 0.01 pM and 100 pM.

Treatment of the Kelly Cell Line w ith Novel DN.\ Binding Drugs

The compounds were dried and stock solutions prepared as for the HL-60 and MCF-7 cell 

lines. Kelly cells, seeded at 30,000 cells/mL were treated with a range of concentrations of 

the compounds to yield final concentrations in the cells betw'een 0.01 pM and 100 pM.

Treatment of HL-60 Cells with UV Light (Positive Control)
HL-60 cells were seeded at a density of 0.5 x 10® cells/mL. They were then exposed to UV 

light for 2 min at a distance of 1 cm from the UV transluminator. The cells were then 

incubated for 4 hours and treated as described in Section 9.3.4.
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9.3.2 Growth and Maintenance of the Cell Lines

The HL-60 Cell Line

The HL-60 (human Caucasian promyelocytic leukemia) cell line was maintained between 

200,000 - 2,000,000 cells/mL in Roswell Park Memorial Institute (RPMI) 1640 medium with 

stable glutamate (GlutaMax I) supplemented with 10% (v/v) foetal bovine serum (FBS) and 

50 pg/mL penicillin/streptomycin (pen-strep). The growth medium was stored in the fridge at 

4 °C and heated to 37 °C prior to culture work. Cells were grown at 37 °C in a humidified 

environment maintained at 95% O2 and 5% CO2 and passaged at least twice weekly 

depending on their levels of confluency. When required for sub-culturing, cells were 

transferred to a sterile tube and centrifuged at 168 x g for 5 min. The supernatant was 

discarded and the cell pellet was resuspended in 10 mL of fresh medium. Cells were then 

counted using a haemocytometer slide and seeded at the required density (200,000 cells/mL).

The MCF-7 Cell Line
The MCF-7 (Michigan Cancer Foundation-7) is a human breast cancer cell line grown in 

Minimum Essential Medium (MEM) with stable glutamate (GlutaMax I) supplemented with 

10% (v/v) FBS, 1% non-essential MEM amino acids and 50 pg/mL pen-strep. The growth 

medium was stored in the fridge at 4 °C and heated to 37 °C prior to culture work. The 

adherent cells were grown at 37 °C in a humidified environment maintained at 95% O2 and 

5% CO2 and passaged at least once weekly depending on their levels of confluency. When 

required for sub-culturing, the medium was removed and the cells were rinsed with 10 mL 

PBS. 5 mL of lx trypsin/EDTA solution was then added and the cells incubated at 37 °C for 

3-5 min in order to disperse the cell layer and detach the cells from the bottom of the flask. 

The cells were observed under a light microscope and gently agitated if necessary by hitting 

the flask to complete the detachment. Once dispersed, 10 mL medium was added to 

deactivate the trypsin/EDTA and the solution transferred to a sterile tube and centrifuged at 

168 X g for 5 min. The supernatant was discarded and the pellet was resuspended in 10 mL 

fresh medium. Cells were counted using a haemocytometer slide and seeded at an appropriate 

density.

The Kelly Cell Line
The Kelly cell line is a human neuroblastoma cancer cell line grown in RPMI- 1640 medium 

with stable glutamate (GlutaMax I) supplemented with 10% (v/v) FBS and 50 pg/mL pen-
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strep. The growth medium was stored in the fridge at 4 °C and heated to 37 °C prior to 

culture work. The adherent cells were grown at 37 °C in a humidified environment 

maintained at 95% O2 and 5% CO2 and passaged at least once weekly depending on their 

levels of confluency. When required for sub-culturing, the medium was removed and the 

cells rinsed with 10 mL PBS. 5 mL of lx Trypsin/'EDTA solution was added and the cells 

incubated at 37 °C for 3 - 5 min in order to disperse the cell layer and detach the cells from 

the bottom of the flask. The cells were observed under a light microscope and gently agitated 

if necessary by hitting the flask to complete detachment. Once dispersed, 10 mL medium was 

added to deactivate the Trypsin/EDTA and the solution transferred to a sterile tube and 

centrifuged at 168 x g for 5 min. The supernatant was discarded and the cell pellet was 

resuspended in 10 mL of fresh medium. Cells were then counted using a haemocytometer 

slide and seeded at an appropriate density.

9.3.3 Cell Viability (AlamarBlue** Assays)

AlamarBlue®, which is soluble and non-toxic dye, is commonly used to assess cell viability 

in response to toxic agents. It is used to measure cell proliferation by monitoring the reducing 

environment of the cell, as the internal environment of the proliferating cell is more reduced 

than that of non-proliferating cells. As alamarBlue*' accepts electrons from reducing 

compounds such as NADH and FADH, it changes colour from the oxidized indigo blue non- 

fluorescent state to the reduced fluorescent pink state. A spectrofluorometric microtiter well 

plate reader measures this change in fluorescence. HL-60 cells in the log phase of growth 

were seeded in 96-well plates at a density of 200,000 cells/mL (200 pL/well or 40,000 

cells/well) in complete RPMI medium. The cells were then treated with a 1:100 dilution of 

stock concentrations of drugs or ddH20 as vehicle control in triplicate. Three blank wells 

containing 200 pL RPMI with no cells plus 20 pL alamarBlue® were also set up as blanks. 

MCF-7 cells were seeded at a density of 50,000 cells/mL (200 pL/well or 10,000/well) and 

Kelly cells at 30,000 cells/mL (200 pL/well or 6,000/well) and incubated at 37 "C for 24 h. 

The cells were then treated with the drugs as for the HL-60 cells. After 72 h incubation, 20 

pL alamarBlue® was added to each well. The plates were incubated in darkness at 37 °C for 

4.5 hours. Using a Molecular Devices microplate reader, the fluorescence (F) was then read 

at an excitation wavelength of 544 nm and an emission wavelength of 590 nm. Cell viability
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was then determined by subtracting the mean blank fluorescence (Fb) from the treated sample 

fluorescence (Fs) and expressing this as a percentage of the fluorescence of the blanked 

vehicle control (Fc). This is demonstrated in the equation below. The results were then plotted 

as nonlinear regression, sigmoidal dose-response curv'es on Prism, from which the IC50 value 

for each drug was detemiined.

(O.-Fb) X IM = o/„ Cell Viabilitv 
(Fc - Fb) 1

9.3.4 Cell Morphology Studies

HL-60 cells

Cells were seeded at 200,000/mL in T25 flasks and treated with an appropriate volume of 

compound solution of particular concentration or with sterile ddH20 for vehicle control. At 72 

h, solutions were spun at 2500 RPM for 10 min. Old media was discarded and cell pellets 

resuspended in 2 mL fresh media. Pellets were then resuspended in 2 mL of fresh media. 200 

|iL of this was then cytocentrifuged (Shandon Cytospin) onto appropriate glass slides at 750 

RPM for 10 min. Slides were then air-dried for 10 min and cells stained using the RapiDiff 

kit according to manufacturer’s instructions. Images were taken at a magnification of 40 x 

using an Olympus DP71 1X81 microscope coupled to a CCD camera.

Kelly Cells

Cells were seeded at 120,000/mL in T25 flasks and left to adhere for 24 h in RPMI media. 

Vehicle control cells were then treated with sterile ddH20 and treatment cells with compound 

solution of particular concentration. At 72 h, media was collected; cells were rinsed with PBS 

and trypsinised in the usual manner. Waste media and PBS used to rinse the cells were not 

discarded but spun down (at 2500 RPM for 10 min) with the cells solution so as to recover 

any floating (dead) cells. Old media was discarded and pellets were then resuspended in 2 mL 

of fresh media. 200 pL of this was then cytocentrifuged (Shandon Cytospin) onto appropriate 

glass slides at 750 RPM for 10 min. Slides were then air-dried for 10 min and cells stained 

using the RapiDiff kit according to manufacturer’s instructions. Images were taken at a 

magnification of 40 x using an Olympus DP71 1X81 microscope coupled to a CCD camera.
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9.3.5 Determination of DNA content (Flow Cytometry)

The HL-60 Cell Line

HL-60 cells were seeded at 200,000 cells/mL in T25 flasks and treated with appropriate drug 

concentrations and ddH20 as vehicle control for 24 h, 48 h and 72 h time-points. Cells were 

harvested at each time-point by centrifugation at 300 x g for 8 min. Media was drained and 

the pellets resuspended in 200 pL non-sterile PBS. The cells were then fixed by a drop-wise 

addition of 2 mL of ice-cold 70% EtOH/PBS while vortexing. Following overnight fixation at 

-20 °C, 10 pL of non-sterile FBS was added to the cells and the solutions centrifuged at 2200 

RPM for 10 min. The ethanol was then drained and the cell pellet resuspended in 0.4 mL 

PBS. 25 pL 10 mg/mL RNase A (which destroys RNA so that only DNA can be observed) 

was then added.75 pL 1 mg/mL propidium iodide (PI) (a DNA binding dye which fluoresces 

when activated and thus allows the amount of DNA present to be determined) was also added 

to each sample. Cells were vortexed and incubated in the dark at 37 “C for 30 min. The PI 

fluorescence was measured on a linear scale using a FACS Calibur flow cytometer (Becton 

Dickinson, San Jose, CA). Data collections (10,000 events per sample) were gated to exclude 

cell debris and cell aggregates. The amount of fluorescence is proportional to the amount of 

DNA present and hence the population of cells in each phase of the cell cycle can be 

determined. Cells are gated as follows: Ml= pre-Gi (<2N DNA), M2= Go/Gi (2N DNA), 

M3= S (2N - 4N DNA), M4= G./M (4N DNA), M5= (G„ > 4N DNA). Apoptotic cells are 

hypoploid (< 2N DNA). Therefore, apoptosis was determined from the peak in ML All data 

was recorded and analysed using the CellQuest software (Becton Dickinson, San Jose, CA).

The Kelly Cell Line

Kelly cells were seeded at 120,000 cells/mL on six-well plates and left to incubate at 37 °C 

for 24 hr. They were then treated with compound and harvested at 24 h, 48 h and 72 h time- 

points. At each time-point, cells were washed w'ith PBS, trypsinised and collected by 

centrifugation at 300 x g for 8 min. Media was drained and the pellets were resuspended in 

200 pL non-sterile PBS and the cells fixed by a drop-wise addition of 2 mL of ice-cold 70% 

EtOH/PBS while vortexing. Following overnight fixation at -20 °C, 10 pL of non-sterile FBS 

was added to the cells and the solutions centrifuged at 2200 RPM for 10 min. The ethanol 

was then removed and the cell pellet resuspended in 0.4 mL PBS. 25 pL 10 mg/mL RNase A 

(which destroys RNA so that only DNA can be observed) was then added. 75 pL 1 mg/mL
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propidium iodide (PI) was also added to each sample. Cells were vortexed and incubated in 

the dark at 37 ‘’C for 30 min. The PI fluorescence was measured on a linear scale using a 

FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA). Data collections (10,000 

events per sample) were gated to exclude cell debris and cell aggregates. All data was 

recorded and analysed using the CellQuest software (Becton Dickinson, San Jose, CA).
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Synthesis of Hydroxyguanidinium precursors using Method 1

Method G: General Method for the synthesis of hydroxygunidinium precursors

A solution of primary amine (0.1 mmol) and 50 (0.25 mmol, 0.5 mL of a 0.5 M solution in 

DCM) in dry DCM was prepared by stirring at room temperature under argon. TLC analysis 

(EtOAc:Hexane, 1:2) indicated the formation of two products, assumed to be the di- (R/^ = 

0.6) and the mono- (R/^ = 0.4) thiourea intermediates. Once the consumption of the starting 

amine was complete, the intermediates were directly treated with EDCl (38 mg, 0.2 mmol), 

TEA (30 pL, 0.2 mmol) and H2N-OTHP (26 mg, 0.22 mmol). The reaction was left to stir in 

an inert atmosphere for 1 h. TLC analysis showed the formation of a series of products. The 

reaction was then treated with half equivalents of EDCl (19 mg, 0.1 mmol), TEA (15 pL, 0.1 

mmol) and H2N-OTHP (13 mg, 0.11 mmol) and stirred. This was followed by regular 

additions of the half equivalents of the above reagents and the monitoring of the reaction of 

the reaction by TLC. The intensity of the suspected di- and mono- products was carefully 

monitored. When no further changes were observ ed the reaction was assumed to have gone to 

completion. It was then diluted in DCM, treated with H2O and, after separation; the organic 

layer was dried over anhydrous Na2S04. Concentration under vacuum afforded a yellow oil.

Compound 51a
11

Following Method G, crude product was purified by silica gel chromatography, eluting with 

hexane:EtOAc (3:2), and isolated a yellow oil (34%).
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5h (400 MHz, CDCI3); 1.68 (m, 4H, 2CH2, H-9 and H-10) 1.85 (m, 2H, CHj, H-11 ), 3.62 (m, 

IH, CH, H-12 or H-12’)), 3.87 (s, 2H, CH2, H-1) 3.94 (m, IH, CH, H-12 or H-12’), 5.10 (m, 

IH, CH, H-8), 5.23 (m, 2H, CH2, H-4), 7.08 (d, 2H, J 8.0, H-2/ H-2’), 7.39 (CH, m, 7H, H- 

3/H-3’, H-5/H-5’, H-6/H-6’ and H-7), 8.09 (broad s, IH, NH), 8.80 (broad s, IH, NH)

HRMS (m/z -ES); Found: 752.3460 (M"+ H. C41H47N6O8 Requires; 751.3455)

Compound 52a

10

Following Method G, crude product was purified by silica gel chromatography, eluting with 

hexaneiEtOAc (2:1), and isolated a yellow oil (71%).

5h (400 MHz, CDCI3): 1.65 (m, 4H, 2CH2, H-8 and H-9) 1.86 (m, 2H, CH2, H-10), 3.63 (m, 

IH, CH, H-11 or H-11’), 3.95 (m, IH, CH, H-11 or H-11’), 5.10 (m, IH, CH, H-7), 5.25 (m, 

2H, CH2, H-3), 6.93 (d, 2H, J 8.0, H-1/ H-T), 7.39 (CH. m, 7H, H-2/H-2’, H-4/H-4’, H-5/H- 

5’ and H-6), 8.10 (broad s, IH, NH), 8.81 (broad s, IH, NH)

HRMS (m/z -ES): Found: 752.3168 ( C40H44N6O9 Requires: 752.3170)
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X-ray Crystallography Data

Crystal data for 29a

Table 1. Crystal data and structure refinement for ml 

Identification code

Empirical formula 

Fonnula weight 

Temperamre 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Absorption correction 

Max. and mm. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F- 

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff peak and hole

shelxl

C80H100 N8 020 

1493.68 

150(2) K 

0.71070 A 

Monoclinic 

P21/C

a = 9.219(6) A a=90°.

b = 21.065(13) A p= 94.015(6)°

c= 10.819(7) A 7 = 90°.

2096(2) A5 

1

1.183 Mg/m^

0.085 mm '

796

0.10 X 0.10 X 0.05 mm’’

2.70 to 25.00°.

-10<=h<=10, -24<=k<=24, -12<=1<=12 

16372

3676 [R(mt) = 0.0619]

99.8 %

Semi-empirical from equivalents 

1.00000 and 0.78800 

Full-matrix least-squares on F- 

3676 / 0/250 

1.172

R1 =0.1595, wR2 = 0.3840 

R1 =0.1716, wR2 = 0.3943 

1.469 and -0.757 e.A'^

IV
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Table 2. Atomic coordinates ( x 1 O'*) and equivalent isotropic displacement parameters (A-x 10-’) 

for ml. U(eq) is defined as one third of the trace of the orthogonalized U‘J tensor.

X y z U(eq)

0(1) 2847(4) 915(2) 91.32(4) 44(1)

0(2) 1226(4) 150(2) 8455(4) 40(1)

0(12) -2532(5) 2279(2) 641.3(4) 47(1)

0(13) 1664(5) 2072(2) 8751(5) 56(1)

0(21) -1888(5) 1261(2) 683.3(5) 68(2)

N(l) -497(6) 2134(2) 7598(5) 51(2)

N(28) 541(5) 1144(2) 8226(4) 38(1)

C{1) -3884(7) 2106(3) 5646(7) 52(2)

C(30) 1444(11) 3129(4) 9534(9) 90(3)

C(32) -1674(7) 18.32(3) 6943(7) 49(2)

C(34) 2196(7) -397(3) 8791(6) 45(2)

CX37) 1818(8) 2766(4) 8590(8) 72(3)

C(54) -3475(10) 1758(4) 4492(8) 76(3)

C(55) 3530(8) -380(4) 8043(8) 65(2)

C(60) 2602(9) -395(3) 10178(6) 61(2)

C(63) 1687(6) 749(3) 8670(5) .3.3(1)

C(67) 1781(7) 3847(3) 93.34(5) 44(2)

C(68) 1214(9) -965(3) 8436(7) 64(2)

C(70) 2693(9) 3683(7) 7.344(8) 10.3(4)

C(78) -4501(7) 2759(3) 5.305(7) 55(2)

C(85) 513(7) 1795(3) 8160(6) 43(2)

C(87) 2390(9) 2985(4) 7495(11) 80(3)

C(92) 2220(20) 4844(5) 9574(14) 175(9)

C(93) 2382(8) 3976(5) 8.301(6) 80(3)

C(94) -4899(8) 1726(4) 6428(8) 68(2)

C(IOO) 2700(13) 4753(3) 8.393(8) 84(3)

C(llO) 1608(12) 4331(4) 10269(8) 82(3)
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Table 3. Bond lengths [A] and angles [°] for ml.

0(1)-C(63) 1.200(7)

0(2)-C'(63) 1.346(7)

0(2)-C(34) 1.488(7)

0(12)-C(32) 1.334(7)

0(12)-C(1) 1.494(7)

0(13)-C(85) 1.335(7)

0(13)-C(37) 1.480(9)

0(21)-C(32) 1.223(8)

N(l)-C'(85) 1.291(7)

N(l)-C(32) 1.406(7)

N(28)-C(85) 1.373(8)

N(28)-C(63) 1.402(7)

N(28)-H(28) 0.8600

C(l)-C(54) 1.517(11)

C(l)-C(78) 1.525(9)

C(l)-C(94) 1.531(11)

C(3())-C(37) 1.341(12)

C(30)-C(67) 1.562(12)

C(30)-H(30) 0.9300

C(34)-C(55) 1.520(11)

C(34)-C’(60) 1.521(9)

C(34)-C(68) 1.532(9)

C(37)-C(87) 1.408(14)

C(54)-H(54A) 0.9600

C(54)-H(54B) 0.9600

C(54)-H(54C) 0.9600

C(55)-H(55A) 0.9600

C(55)-H(55B) 0.9600

C(55)-H(55C) 0.9600

C(60)-H(60A) 0.9600

C(60)-H(60B) 0.9600

C(60)-H(60C) 0.9600

C(67)-C(93) 1.310(10)

C(67)-C(110) 1.453(10)

CX68)-H(68A) 0.9600

C(68)-H(68B) 0.9600

VI
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C(68)-H(68C) 0.9600

C(70)-C(93) 1.256(13)

C(70)-C'(87) 1.506(15)

C(70)-H(70) 0.9300

C(78)-H(78A) 0.9600

C(78)-H(78B) 0.9600

CX78)-H(78C) 0.9600

C(87)-H(87) 0.9300

C'(92)-C(100) 1,394(15)

C(92)-C(110) 1.453(13)

C(92)-H(92) 0.9300

C(93)-C(100) 1.666(13)

C(94)-H(94A) 0,9600

C(94)-H(94B) 0,9600

C(94)-H(94C) 0.9600

C(100)-H(100) 0.9300

C(110)-H(110) 0.9300

C(63)-0(2)-C(34) 120.5(4)

C(32)-0(12)-C(l) 120.8(5)

C’(85)-0(13)-C(37) 117.1(4)

C(85)-N(l)-C(32) 119.5(5)

C(85)-N(28)-C(63) 128.4(5)

C(85)-N(28)-H(28) 115.8

C(63)-N(28)-H(28) 115.8

0(12)-C(1)-C'(54) 109.2(6)

0(12)-C(1)-C(78) 101.3(5)

C(54)-C(l)-C(78) 110.3(6)

0(12)-C(1)-C(94) 109.8(6)

C(54)-C(l)-C(94) 113.6(6)

C(78)-C(l)-C(94) 111.9(6)

C'(37)-C(30)-C(67) 112.5(10)

C'(37)-C(30)-H(30) 123.7

C(67)-C(30)-H(30) 12.3.7

0(21)-C(32)-0(12) 124.5(5)

0(21)-C(32)-N(1) 127.4(6)

0(12)-C(32)-N(1) 108.1(5)

0(2)-C(34)-C(55) 110..3(5)

Vll
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O(2)-C(34)-C(60) 109.9(5)

C(55)-C(34)-C'(60) 111.9(6)

0(2)-C(34)-C(68) 102.1(5)

C(55)-C(34)-C(68) 111.8(6)

C’{60)-C(34)-C(68) 110.5(6)

C(30)-CX37)-C(87) 125.8(9)

C(30)-C(37)-O(13) 116.2(10)

C(87)-C(37)-0(13) 117.9(7)

C(1)-C(54)-H(54A) 109.5

C(r)-C(54)-H(54B) 109.5

H(54A)-C(54)-H(54B) 109.5

C(1)-C(54)-H(54C) 109.5

II(54A)-C(54)-H(54C) 109.5

H(54B)-C(54)-H(54C) 109.5

C(34)-C(55)-H(55A) 109.5

C(34)-C(55)-H{55B) 109.5

H(55A)-C(55)-H(55B) 109.5

C(34)-C(55)-H(55C) 109.5

H(55A)-C(55)-H(55C) 109.5

H(55B)-C(55)-H(55C) 109.5

C(34)-C(60)-H(60A) 109.5

C(34)-C(60)-H(60B) 109.5

H(60A)-CX60)-H(60B) 109.5

C(34)-CX60)-H(60C) 109.5

H(60A)-C(60)-H(60C) 109.5

H(60B)-C(60)-H(60C) 109.5

0{l)-CX63)-0(2) 127.2(5)

0(1)-CX63)-N(28) 126.8(5)

0(2)-C(63)-N(28) 106.0(4)

C(93)-C(67)-C(110) 121.5(8)

CX93)-C(67)-C(30) 114.7(8)

CX110)-CX67)-C(30) 123.4(7)

CX34)-C(68)-H(68A) 109.5

C(34)-C(68)-H(68B) 109.5

H(68A)-C(68)-H(68B) 109.5

C(34)-C(68)-H(68C) 109.5

H(68A)-C(68)-H(68C) 109.5

H(68B)-CX68)-H(68C) 109.5

Vlll
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C(93)-C(70)-C(87) 109.6(10)

C{93)-C(70)-H(70) 125.2

C(87)-C(70)-H(70) 125.2

C(1)-C(78)-H(78A) 109.5

C(1)-C(78)-H(78B) 109.5

H(78A)-C(78)-H(78B) 109.5

C(1)-C(78)-H(78C) 109.5

H(78A)-C(78)-H(78C) 109.5

H(78B)-C(78)-H(78C) 109.5

N(l)-C(85)-0(13) 120.4(5)

N(l)-C(85)-N(28) 126.0(5)

0{13)-C{85)-N(28) 113.6(5)

C(37)-C(87)-C(70) 119.7(9)

C(37)-C{87)-H(87) 120.2

C(70)-C(87)-H(87) 120.2

C(100)-C(92)-C(110) 122.1(11)

C(100)-C(92)-H(92) 118.9

C(110)-C(92)-H(92) 118.9

C(70)-C(93)-C(67) 137.5(12)

C(70)-C(93)-C(100) 118.9(9)

C(67)-C(93)-C(100) 103.6(7)

C(1)-C(94)-H(94A) 109.5

C(1)-C(94)-H(94B) 109.5

H(94A)-C(94)-H(94B) 109.5

C(1)-C(94)-H(94C) 109.5

H(94A)-C(94)-H(94C) 109.5

H(94B)-C(94)-H(94C) 109.5

C(92)-C(100)-C(93) 97.1(8)

C(92)-C(100)-H(100) 131.5

C(93)-C(100)-H(100) 131.4

C(92)-C'(110)-C(67) 95.5(8)

C(92)-C(110)-H(110) 132.2

C(67)-C(110)-H(110) 132.2

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A^x 10-’) for ml. The anisotropic 

displacement factor exponent takes the form: -2jt’[ h’ a*’U’ ■ + ... + 2 h k a* b* U'’

U'> U22 U-B U23 u>-’ U'2

0(1) 39(2) 42(2) 50(2) 0(2) -14(2) 3(2)

0(2) 40(2) 39(2) 40(2) -2(2) -17(2) 2(2)

0(12) 42(2) 36(2) 59(3) -11(2) -29(2) 7(2)

0(13) 43(3) 36(2) 84(3) -17(2) -36(2) 8(2)

0(21) 63(3) 32(3) 101(4) -10(2) -51(3) 5(2)

N(l) 45(3) 33(3) 69(4) -19(2) -36(3) 12(2)

N(28) 33(3) 38(3) 41(3) -9(2) -13(2) 3(2)

C(l) 43(4) 41(4) 67(4) -16(3) -28(3) 4(3)

C(30) 110(7) 77(6) 74(6) -28(5) -60(5) 44(5)

C(32) 38(3) 38(4) 66(4) -11(3) -25(3) 5(3)

C(34) 50(4) 36(3) 46(3) 3(3) -22(3) 0(3)

C(37) 61(5) 45(4) 99(6) -35(4) -66(5) 37(4)

C(54) 78(5) 71(5) 74(5) -27(4) -43(4) 15(4)

C(55) 63(5) 57(5) 72(5) -11(4) -8(4) 22(4)

C(60) 81(5) 51(4) 47(4) 11(3) -28(4) -4(4)

C(63) 36(3) 35(3) 27(3) 0(2) -5(2) -3(2)

C(67) 46(4) 51(4) 35(3) -8(3) -12(3) -3(3)

C(68) 70(5) 44(4) 72(5) 4(3) -39(4) -1(4)

C(70) 56(5) 209(13) 45(5) 30(6) 15(4) 45(6)

C(78) 47(4) 48(4) 66(4) 0(3) -31(3) 5(3)

C(85) 43(3) 37(3) 47(3) -11(3) -12(3) 6(3)

C(87) 69(6) 36(4) 129(9) 16(5) -24(5) -3(4)

C(92) 320(20) 67(7) 155(12) 61(8) 152(15) 38(10)

C(93) 40(4) 171(10) 28(4) -4(4) -6(3) 21(5)

C(94) 50(4) 61(5) 88(6) 2(4) -28(4) -2(4)

C(IOO) 164(10) 25(4) 59(5) 3(3) -14(5) -15(5)

C(llO) 134(8) 62(5) 51(4) -5(4) 21(5) 9(5)



Appendix

Table 5. Hydrogen coordinates ( x 10'*) and isotropic displacement parameters (A-x 10 •’) 

for m 1.

X y z U(eq)

H(28) -245 954 7960 46

H(30) 1031 2971 10231 108

H(54A) -2723 1989 4116 114

H(54B) -4312 1725 3917 114

H(54C) -3130 1341 4714 114

H(55A) 3232 -343 7178 97

H(55B) 4079 -764 8183 97

H(55C) 4124 -22 8296 97

H(60A) 3269 -54 10377 92

H(60B) 3052 -792 10415 92

H(60C) 1742 -338 10617 92

H(68A) 351 -944 8881 96

H(68B) 1725 -1352 8643 96

H(68C) 952 -955 7562 96

H(70) 3055 3868 6648 123

H(78A) -4641 2994 6047 83

H(78B) -5416 2712 4833 83

H(78C) -3834 2983 4819 83

H(87) 2580 2701 6868 96

H(92) 2300 5246 9930 210

H(94A) -4469 1321 6632 102

H(94B) -5816 1665 5967 102

H(94C) -5047 1954 7177 102

H(IOO) 3074 5036 7836 101

H(llO) 1232 4318 11044 98

Table 6. Torsion angles [°] for ml.
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Crystal data for 33a

Table 1. Crystal data and structure refinement for ml 

Identification code

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection

Index ranges

Rellections collected

Independent reflections

Completeness to theta = 25.00°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F-

Final R indices [I>2sigma(I)]

R indices (all data)

Fargest diff, peak and hole

shelxl

C140H192N16 040

2739.10

125(2) K

0.71070 A

Monoclinic

P21/C

a = 20.063(8) A a= 90°.

b= 10.081(4) A P= 116.123(4)°.

c = 20.371(8) A y = 90°.

3699(3) A’

1

1.230 Mg/m?

0.090 mm '

1464

0.20 X 0.10 X 0.10 mm?

2.31 to 25.00°.

-23<=h<=23, -1 l<=k<=l 1, -24<=1<=24 

43678

6484 [R(int) = 0.0744]

99.8 %

Semi-empirical from equivalents 

1.00000 and 0.82210 

Full-matrix least-squares on F?

6484/0/454 

1.382

R1 =0.1026, wR2 = 0.1666 

R1 =0.1145, wR2 = 0.1713 

0.311 and -0.277 e.A'?

XU



Appendix

Table 2. Atomic coordinates ( x 1 O'*) and equivalent isotropic displacement parameters (A-x 10-’) 

for ml. U(eq) is defined as one third of the trace of the orthogonalized U't tensor.

X y Z U(eq)

0(1) 1965(2) 14514(3) 2391(1) 29(1)

0(2) 3540(2) 11084(3) 2954(1) 29(1)

0(3) 2768(2) 14406(3) 3589(1) 32(1)

0(4) 4770(1) 12828(3) 4910(1) 28(1)

0(5) 4900(2) 11642(3) 4022(2) 34(1)

0(6) -1014(1) 5866(3) 967(1) 24(1)

0(7) -1748(2) 7661(3) 455(1) 29(1)

0(8) -2298(1) 5263(3) -471(1) 28(1)

0(9) -3153(1) 6028(3) -1579(1) 30(1)

0(10) -941(1) 7413(3) -1073(1) 26(1)

N(l) -925(2) 6878(3) 29(2) 22(1)

N(2) -2023(2) 6870(3) -1118(2) 22(1)

N(3) 2706(2) 12775(3) 2738(2) 22(1)

N(4) 3786(2) 12568(3) 3860(2) 25(1)

C(l) 370(2) 6869(4) -429(2) 26(1)

C(2) 1100(2) 7284(4) -175(2) 26(1)

C(3) 1276(2) 8607(4) -227(2) 22(1)

C(5) 701(2) 9506(4) -527(2) 28(1)

C(6) -32(2) 9114(4) -784(2) 29(1)

C(7) -185(2) 7804(4) -733(2) 23(1)

C(8) 2109(2) 9506(4) 1295(2) 27(1)

C(9) 2436(2) 9593(4) 821(2) 23(1)

C(10) 3120(2) 10222(4) 1063(2) 31(1)

C(ll) 3480(2) 10725(4) 1768(2) 31(1)

C(12) 3142(2) 10629(4) 2221(2) 25(1)

C(13) 2459(2) 10035(4) 1996(2) 29(1)

C{14) 3318(2) 12186(4) 3162(2) 24(1)

C(15) 2209(3) 16872(5) 2689(3) 47(1)

C(16) 1264(2) 15651(5) 2953(3) 40(1)

CXI 7) 1048(3) 16010(5) 1658(2) 49(1)

C(18) 2513(2) 13947(4) 2971(2) 26(1)

C(19) 4534(2) 12263(4) 4246(2) 25(1)

C(20) 1626(2) 15790(4) 2442(2) 28(1)

Xlll



Appendix

C(21) 5834(2) 11395(4) 5657(2) 39(1)

C(22) 5574(2) 12809(4) 5436(2) 29(1)

C(23) 6011(2) 13536(5) 5098(2) 38(1)

C(24) 5566(2) 13588(5) 6075(2) 36(1)

C{25) -862(2) 4452(4) 1931(2) 37(1)

C(26) -2123(2) 5397(5) 1163(2) 35(1)

C(27) -1079(2) 6866(5) 2029(2) 35(1)

C(28) -1289(2) 5677(4) 1526(2) 26(1)

C(29) -3904(2) 5803(5) -914(3) 43(1)

C(30) -3643(3) 3799(5) -1523(3) 45(1)

C(31) -3784(2) 5295(4) -1551(2) 33(1)

C(32) -4424(2) 5675(5) -2288(3) 47(1)

C(33) -1281(2) 7034(4) -652(2) 22(1)

C(34) -2477(2) 5976(4) -999(2) 23(1)

C(35) -1298(2) 6845(4) 471(2) 24(1)

C(IOO) 2076(2) 9043(4) 45(2) 26(1)

Table 3. Bond lengths [A] and angles [°] for ml.

0(1)-C(18) 1.336(4)

O(l)-C(20) 1.480(5)

0(2)-C(14) 1.334(5)

0(2)-C(12) 1.424(4)

0(3)-C(18) 1.224(5)

0(4)-C(19) 1.347(5)

0(4)-C(22) 1.493(4)

0(5)-C(19) 1.198(5)

0(6)-C(35) 1..346(5)

0(6)-C(28) 1.479(4)

0(7)-C(35) 1.211(5)

0(8)-C(34) 1.209(5)

0(9)-C(34) 1.352(4)

0(9)-C(31) 1.489(5)

O(10)-C'(33) 1.364(4)

O(10)-C(7) 1.419(4)

N(l)-C(33) 1.260(5)
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N(1)-C(35) 1.402(5)

N(2)-C(34) 1.375(5)

N(2)-C(33) 1.378(5)

N(2)-H(40) 0.8800

N(3)-C(14) 1.294(5)

N(3)-C(18) 1.389(5)

N(4)-C(14) 1.369(5)

N(4)-C(19) 1.387(5)

N(4)-H(4) 0.8800

C(l)-C'(7) 1.379(5)

C(l)-C(2) 1.387(5)

C(l)-H(l) 0.9500

C(2)-C(3) 1.395(6)

C(2)-H(2) 0.9500

C(3)-C(5) 1.380(5)

C(3)-C(100) 1.514(5)

C(5)-C(6) 1.385(5)

C(5)-H(5) 0.9500

C(6)-C(7) 1.370(6)

C(6)-H(6) 0.9500

C(8)-C(9) 1.389(5)

C(8)-C{13) 1.390(5)

C(8)-H(8) 0.9500

C(9)-C(10) 1.389(5)

C(9)-C(100) 1.524(5)

C(10)-C(ll) 1.388(5)

C(10)-H(10) 0.9500

C(ll)-C{12) 1.369(6)

C(11)-H{11) 0.9500

C(12)-C(13) 1.376(6)

C(13)-H(13) 0.9500

C(15)-C(20) 1.514(6)

C(15)-H(15A) 0.9800

C(15)-H(15B) 0.9800

C'(15)-H(15C) 0.9800

C(16)-C(20) 1.517(6)

C(16)-H(16A) 0.9800

C(16)-H(16B) 0.9800
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C(16)-H(16C) 0.9800

C’(17)-C(20) 1.520(5)

C(17)-H(17A) 0.9800

C(17)-H{17B) 0.9800

C(17)-H(17C) 0.9800

C(21)-C(22) 1.517(6)

C(21)-H(21A) 0.9800

C(21)-H(21B) 0.9800

C(21)-H(21C) 0.9800

C(22)-C(23) 1.522(6)

C(22)-C(24) 1.524(6)

C(23)-H(23A) 0.9800

C(23)-H(23B) 0.9800

C(23)-H(23C) 0.9800

C(24)-H(24A) 0.9800

C(24)-H(24B) 0.9800

C(24)-H(24C) 0.9800

C(25)-C(28) 1.522(6)

C(25)-H(25A) 0.9800

C(25)-H(25B) 0.9800

C(25)-H(25C) 0.9800

CX26)-C(28) 1.530(5)

C(26)-H(26A) 0.9800

C(26)-H(26B) 0.9800

C(26)-H(26C) 0.9800

C’(27)-CX28) 1.512(6)

CX27)-H(27A) 0.9800

C(27)-H(27B) 0.9800

C(27)-H(27C) 0.9800

C(29)-C(31) 1.510(6)

CX29)-H(29A) 0.9800

CX29)-H(29B) 0.9800

CX29)-H(29C) 0.9800

C(30)-CX31) 1.531(6)

CX30)-H(30A) 0.9800

CX30)-H(30B) 0.9800

C(30)-H(30C) 0.9800

C(31)-CX32) 1.533(6)
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C(32)-H(32A) 0.9800

C(32)-H(32B) 0.9800

C(32)-H(32C) 0.9800

C(100)-H(10A) 0.9900

C'(100)-H(10B) 0.9900

C(18)-O(l)-C(20) 122.3(3)

C(14)-0(2)-C(12) 119.3(3)

C(19)-0(4)-C(22) 120.5(3)

C(35)-0(6)-C(28) 119.6(3)

C'(34)-0(9)-C{31) 119.4(3)

C(33)-O(10)-C(7) 119.6(3)

C(33)-N(l)-C(35) 120.3(3)

C(34)-N(2)-C(33) 123.8(3)

C(34)-N(2)-H(40) 118.1

C(33)-N(2)-H(40) 118.1

C(14)-N(3)-C(18) 119.2(3)

C(14)-N(4)-C(19) 127.0(3)

C(14)-N(4)-H(4) 116.5

C(19)-N(4)-H(4) 116.5

C(7)-C(l)-C(2) 118.2(4)

C(7)-C(l)-H(l) 120.9

C(2)-C(l)-H(l) 120.9

C(l)-C(2)-C(3) 121.4(4)

C(l)-C(2)-H(2) 119.3

C(3)-C(2)-H(2) 119.3

C’(5)-C’(3)-C(2) 118.1(4)

C(5)-C(3)-C(100) 121.0(4)

C(2)-C(3)-C(100) 120.8(4)

C(3)-C(5)-C(6) 121.4(4)

C(3)-C(5)-H(5) 119.3

C(6)-C(5)-H(5) 119.3

C(7)-C(6)-C(5) 118.8(4)

C(7)-C(6)-H(6) 120.6

CX5)-C(6)-H(6) 120.6

C(6)-C'(7)-C(l) 122.0(4)

C(6)-C(7)-O(10) 117.2(3)

C(l)-C(7)-O(10) 120.5(4)
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C(9)-C(8)-C(13) 120.7(4)

CX9)-C(8)-H(8) 119.7

C(13>C(8)-H(8) 119.7

C(8)-C(9)-C(10) 118.5(4)

C(8)-C'(9)-C(100) 123.0(3)

C(10)-C(9)-C(100) 118.6(4)

C(ll)-C(10)-C(9) 121.2(4)

C(ll)-C(10)-H(l()) 119.4

C(9)-C(10)-H(10) 119.4

C(12)-C(ll)-C(10) 119.0(4)

C(12)-C(ll)-H(ll) 120.5

C(10)-C(ll)-H(ll) 120.5

C(ll)-C(12)-C(13) 121.5(4)

C(ll)-C(12)-0(2) 117.9(3)

C(13)-C(12)-0(2) 120.5(4)

C(12)-Cfl3)-C{8) 119.2(4)

C(12)-C(13)-H(13) 120.4

C’(8)-C(13)-H(13) 120.4

N(3)-C(14)-0(2) 121.5(3)

N(3)-C(14)-N(4) 125.4(4)

0(2)-C(14)-N(4) 113.1(3)

C(20)-C(15)-H(15A) 109.5

C'(20)-C(15)-H(15B) 109.5

H(15A)-C{15)-H(15B) 109.5

C(20)-C(15)-H(15C) 109.5

H(15A)-C(15)-H(15C) 109.5

H(15B)-C(15)-H(15C) 109.5

C(20)-C(16)-H(16A) 109.5

C(20)-C(16)-H(16B) 109.5

H(16A)-C(16)-H(16B) 109.5

C(20)-C(16)-H(16C) 109.5

H(16A)-C(16)-H(16C) 109.5

H(16B)-C(16)-H(I6C) 109.5

C(20)-C(17)-H(17A) 109.5

C-(20)-C(17)-H(17B) 109.5

H(17A)-C(17)-H(17B) 109.5

C(20)-C(17)-H(17C) 109.5

H(17A)-C(17)-H(17C) 109.5
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H(17B)-C(17)-H(17C) 109.5

0(3)-C(18)-0(l) 123.8(4)

0(3)-C(18)-N(3) 128..3{4)

0(1)-C(18)-N(3) 107.9(3)

0(5)-C(19)-0(4) 126.8(3)

0(5)-C(19)-N(4) 126.3(4)

0(4)-C(19)-N(4) 106.9(3)

O(l)-C(20)-C(15) 109.8(3)

O(l)-C(20)-C(16) 109.9(3)

C(15)-C(20)-C(16) 111.8(4)

0(1)-C(2())-C(17) 102.4(3)

C(15)-C(20)-C(17) 111.4(4)

C(16)-C'(20)-C(17) 111.1(4)

C(22)-C(21)-H(21A) 109.5

C(22)-C'(21)-H(21B} 109.5

H(21A)-C(21)-H(21B) 109.5

C(22)-C(21)-H(21C) 109.5

H(21A)-C'(21)-H(21C) 109.5

H(21B)-C(21)-H(21C) 109.5

0(4)-C(22)-C(21) 110.3(3)

0(4)-C(22)-C(23) 108.9(3)

C(21)-C(22)-C(23) 113.2(4)

0(4)-C(22)-C(24) 101.1(3)

C(21)-C(22)-C(24) 111.3(4)

C(23)-C(22)-C(24) 111.3(4)

C(22)-C(23)-H(23A) 109.5

C(22)-C(23)-H(23B) 109.5

H(23A)-C(23)-H(23B) 109.5

C(22)-C(23)-H(23C) 109.5

H(23A)-C(23)-H{23C) 109.5

H(23B)-C(23)-H(23C) 109.5

C(22)-C(24)-H(24A) 109.5

C(22)-C(24)-H(24B) 109.5

H(24A)-C(24)-H(24B) 109.5

C(22)-C(24)-H(24C) 109.5

H(24A)-C(24)-H(24C) 109.5

H(24B)-C(24)-H(24C) 109.5

C(28)-C(25)-H(25A) 109.5
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C(28)-C(25)-H(25B) 109.5

H(25A)-C(25)-H(25B) 109.5

C(28)-C(25)-H(25C) 109.5

H(25A)-C(25)-H(25C) 109.5

H(25B)-C(25)-H(25C) 109.5

C(28)-C(26)-H(26A) 109.5

C(28)-C(26)-H{26B) 109.5

H(26A)-C(26)-H(26B) 109.5

C(28)-C(26)-H(26C) 109.5

H{26A)-C(26)-H(26C) 109.5

H(26B)-C(26)-H(26C) 109.5

C(28)-C(27)-H(27A) 109.5

C(28)-C(27)-H(27B) 109.5

H(27A)-C(27)-H(27B) 109.5

C(28)-Cc27)-H(27C) 109.5

H(27A)-C(27)-H(27C) 109.5

H(27B)-C(27)-H(27C) 109.5

0(6)-C(28)-C(27) 109.5(3)

0(6)-C(28)-C(25) 102.2(3)

C(27)-C(28)-C(25) 110.7(3)

0(6)-C(28)-C(26) 110.6(3)

C(27)-C(28)-C(26) 113.1(4)

C(25)-C(28)-C(26) 110.3(4)

C(31)-C(29)-H(29A) 109.5

C(31)-C(29)-H(29B) 109.5

H(29A)-C{29)-H(29B) 109.5

C(31)-CX29)-H(29C) 109.5

H(29A)-C(29)-H(29C) 109.5

H(29B)-C(29)-H(29C) 109.5

C(31)-C(30)-H(30A) 109.5

C(31)-C’(30)-H(30B) 109.5

H(30A)-C(30)-H(30B) 109.5

C(31)-C(30)-H(30C) 109.5

H(30A)-C(30)-H(30C) 109.5

H(30B)-C(30)-H(30C) 109.5

0(9)-C(31)-C(29) 109.0(3)

O(9)-C(31)-CX30) 110.1(3)

C(29)-CX31)-C(30) 113.6(4)
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0(9)-C(31)-C(32) 101.4(3)

C(29)-C(.31)-C(.32) 112.0(4)

C(30)-C(31)-C(32) 110.1(4)

C(31)-C(32)-H(32A) 109.5

C(31)-C(32)-H(32B) 109.5

H(32A)-CX32)-H(32B) 109.5

C(31)-C(32)-H(32C) 109.5

H(32A)-C(32)-H(32C) 109.5

H(32B)-C(32)-H(32C) 109.5

N(l)-C(33)-O(10) 121.9(3)

N(l)-C(33)-N(2) 131.3(4)

O(10)-CX33)-N(2) 106.8(3)

0{8)-C(34)-0(9) 126.2(4)

0(8)-C(34)-N(2) 125.9(3)

0(9)-CX34)-N(2) 108.0(3)

0(7)-C(35)-0(6) 125.6(4)

0(7)-C(35)-N(l) 124.7(4)

0(6)-C(35)-N(l) 109.3(3)

C(3)-C(100)-C(9) 115.3(3)

CX3)-C(100)-H(10A) 108.4

C(9)-CX100)-H(10A) 108.4

CX3)-CX100)-H(10B) 108.4

CX9)-C(100)-H(10B) 108.4

H(10A)-CX100)-H(10B) 107.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A-x 10^) for ml. The anisotropic 

displacement factor exponent takes the form: -27r-[ h^ a*'U'’ + ... + 2 h k a* b* U'-

Uii U33 U‘5 U>=

0(1) 28(2) 28(2) 19(1) 0(1) 0(1) 8(1)

0(2) 30(2) 25(2) 18(1) -7(1) -4(1) 5(1)

0(3) 27(2) 37(2) 22(2) -9(1) 2(1) 5(1)

0(4) 18(1) 37(2) 20(1) -6(1) 0(1) 1(1)
0(5) 22(2) 43(2) 29(2) -10(1) 5(1) 3(1)
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0(6) 25(1) 25(2) 18(1) 5(1) 8(1) 1(1)
0(7) 33(2) 27(2) 28(2) 5(1) 15(1) 8(1)

0(8) 24(2) 29(2) 26(2) 6(1) 7(1) -3(1)

0(9) 18(1) 37(2) 27(2) 2(1) 4(1) -6(1)

0(10) 19(1) 38(2) 17(1) 1(1) 5(1) -7(1)

N(l) 21(2) 28(2) 18(2) 3(1) 9(1) -2(1)

N(2) 17(2) 23(2) 20(2) 5(1) 3(1) -1(1)

N(3) 22(2) 22(2) 18(2) -2(1) 4(1) 0(1)

N(4) 19(2) 30(2) 17(2) -7(1) 0(1) 2(1)

C(l) 28(2) 25(2) 22(2) 1(2) 8(2) -4(2)

C(2) 21(2) 31(2) 21(2) -3(2) 5(2) 0(2)

C(3) 19(2) 33(2) 14(2) -10(2) 8(2) -6(2)

C(5) 28(2) 23(2) 28(2) -1(2) 7(2) -3(2)

C(6) 23(2) 29(2) 30(2) -1(2) 7(2) 3(2)

C(7) 18(2) 33(2) 16(2) -5(2) 7(2) -6(2)

C(8) 25(2) 31(2) 20(2) -3(2) 7(2) -8(2)

C(9) 22(2) 21(2) 21(2) -4(2) 5(2) 2(2)

C(10) 24(2) 42(3) 27(2) -8(2) 11(2) -3(2)

C(ll) 19(2) 38(3) 32(2) -11(2) 8(2) -4(2)

C(12) 25(2) 24(2) 17(2) -6(2) 1(2) 5(2)

C(13) 33(2) 29(2) 24(2) -1(2) 14(2) -3(2)

C(14) 24(2) 25(2) 20(2) -2(2) 6(2) -5(2)

C(15) 38(3) 26(3) 74(4) 5(2) 21(3) 2(2)

C(16) 33(2) 40(3) 46(3) 3(2) 17(2) 10(2)

C(17) 58(3) 51(3) 27(2) 5(2) 9(2) 27(3)

C(18) 22(2) 26(2) 25(2) -1(2) 6(2) 1(2)

C(19) 22(2) 22(2) 21(2) -1(2) 3(2) 0(2)

C(20) 25(2) 26(2) 26(2) 4(2) 5(2) 9(2)

C(21) 32(2) 35(3) 33(2) -1(2) -1(2) 2(2)

C(22) 16(2) 33(2) 25(2) 1(2) -2(2) 1(2)

C(23) 29(2) 45(3) 32(2) -5(2) 6(2) -10(2)

C(24) 23(2) 54(3) 17(2) -11(2) -4(2) -4(2)

C(25) 42(3) 37(3) 29(2) 11(2) 13(2) 3(2)

C(26) 33(2) 45(3) 26(2) 0(2) 14(2) -7(2)

C(27) 38(2) 42(3) 24(2) -4(2) 14(2) -3(2)

C(28) 29(2) 34(2) 16(2) 0(2) 11(2) -5(2)

C(29) 32(2) 55(3) 49(3) -9(2) 25(2) -12(2)

C(30) 37(3) 38(3) 57(3) -7(2) 18(2) -14(2)
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C(31) 19(2) 37(3) 37(2) -3(2) 8(2) -9(2)

C(32) 20(2) 58(3) 51(3) -3(3) 4(2) -10(2)

C(33) 23(2) 20(2) 22(2) 1(2) 11(2) -2(2)

C(34) 18(2) 23(2) 25(2) -1(2) 8(2) -1(2)

C(35) 27(2) 21(2) 20(2) -2(2) 7(2) -6(2)

C(IOO) 22(2) 35(2) 21(2) -8(2) 11(2) -5(2)

Table 5. Hydrogen coordinates ( x 1(O'*) and isotropic displacement parameters (A"x 10 3)

for m 1.

X y z U(eq)

H(40) -2218 7365 -1513 26

H(4) 3592 13060 4088 30

H(l) 255 5965 -395 31

H(2) 1489 6654 39 31

H(5) 811 10413 -559 34

H(6) -423 9742 -992 35

H(8) 1642 9080 1139 32

H(10) 3344 10309 741 38

H(ll) 3954 11130 1933 37

H(13) 2229 9986 2315 34

H(15A) 2562 16722 3201 71

H(15B) 1969 17736 2643 71

H(15C) 2474 16857 2384 71

H(16A) 930 14884 2806 60

H(16B) 980 16455 2929 60

H(16C) 1648 15524 3455 60

H(17A) 1294 16052 1336 74

H(17B) 786 16845 1627 74

H(17C) 692 15275 1507 74

H(21A) 5499 10950 5820 59

H(21B) 6338 11402 6055 59

H(21C) 5832 10919 5236 59

H(23A) 5986 13035 4675 57
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H(23B) 6530 13619 5460 57

H(23C) 5799 14421 4940 57

H(24A) 5363 14475 5908 54

H(24B) 6074 13664 6464 54

H(24C) 5257 13123 6263 54

H(25A) -1014 3688 1599 55

H(25B) -968 4274 2348 55

H(25C) -328 4604 2106 55

H(26A) -2392 6200 916 52

H(26B) -2280 5129 1536 52

H(26C) -2232 4681 805 52

H(27A) -544 7022 2228 52

n(27B) -1211 6698 2432 52

H(27C) -1348 7649 1755 52

H(29A) -3484 5540 -455 64

H(29B) -4363 5427 -935 64

H(29C) -3942 6773 -938 64

H(30A) -3530 3545 -1928 67

H(30B) -4087 3323 -1567 67

H(30C) -3223 3570 -1057 67

H(32A) -4492 6639 -2311 71

H(32B) -4882 5242 -2338 71

H(32C) -4309 5385 -2685 71

H(1()A) 2100 9731 -291 31

H(IOB) 2372 8275 20 31

Table 6. Torsion angles [°] for ml.
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Crystal data for 34a

Table 1. Crystal data and structure refinement for ml 

Identification code

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F-

Final R indices [l>2sigma(I)]

R indices (all data)

I.argest diff peak and hole

shelxl

C68 H92 N8 022

1373.50

151(2) K

0.71070 A

Triclinic

P-1

a = 10.005(2) A a= 86.734(8)°.

b= 10.496(3) A P= 79.144(8)°.

c = 19.230(5) A y = 69.460(7)°.

1857.1(8) A^

1

1.228 Mg/m^

0.092 min '

732

0.2 X 0.1 X 0.06 inm^

2.21 to 25.00°.

-1 l<=h<=l 1, -12<=k<=12, -22<=1<=22 

28696

6521 [R(mt) = 0.0419]

99.8 %

Semi-empincal from equivalents 

1.0000 and 0.7802 

Full-matrix least-squares on F- 

6521 / 0/454 

1.122

R1 = 0.0583, wR2 = 0.1601 

R1 =0.0699, wR2 = 0.1687 

0.272 and -0.267 e.A’^
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Table 2. Atomic coordinates ( x 10“*) and equivalent isotropic displacement parameters (A-x 10’) 

for ml. U(eq) is defined as one third of the trace of the orthogonalized U‘J tensor.

X y z U(eq)

0(12) 2354(2) 4782(2) -3052(1) 36(1)

0(13) 1726(2) 3451(2) -2170(1) 34(1)

0(14) 4382(2) 2102(2) -1550(1) 35(1)

0(15) 2384(2) 1878(2) -847(1) 28(1)

0(16) 2366(2) 6154(2) -960(1) 31(1)

0(17) 2278(2) 6745(2) 1891(1) 36(1)

0(18) 5554(2) 2877(2) 3560(1) 33(1)

0(19) 7845(2) 15(2) 4809(1) 33(1)

0(20) 5851(2) 1948(2) 4895(1) 40(1)

0(21) 9850(2) 603(2) 2920(1) 39(1)

0(22) 9719(2) 2053(2) 2005(1) 32(1)

N(5) 7498(2) 1218(2) 3854(1) 32(1)

N(6) 7684(2) 2319(2) 2756(1) 27(1)

N(7) 2674(2) 3887(2) -864(1) 28(1)

N(8) 2642(2) 5093(2) -1966(1) 29(1)

C(35) 3179(3) 5734(3) 2255(1) 28(1)

C(36) 3388(3) 6131(3) 2888(2) 39(1)

C(37) 4216(3) 5176(3) 3307(2) 37(1)

C(38) 4816(3) 3837(3) 3086(1) 28(1)

C(39) 4606(3) 3428(3) 2466(1) 30(1)

C(40) 3785(3) 4389(3) 2040(1) 28(1)

C(41) 3533(3) 6544(3) 685(1) 31(1)

C(42) 3546(3) 6381(2) -26(1) 30(1)

C(43) 2372(3) 6200(2) -228(1) 26(1)

C(44) 1177(3) 6194(3) 260(1) 30(1)

C(45) 1159(3) 6351(3) 971(1) 30(1)

C(46) 2344(3) 6516(2) 1172(1) 27(1)

C(47) 2278(4) 4958(4) -4259(2) 55(1)

C(48) 1905(3) 4176(3) -3606(1) 39(1)

C(49) 2810(4) 2676(3) -3692(2) 54(1)

C(50) 292(4) 4445(4) -3428(2) 56(1)

C(51) 2767(4) 311(3) -1826(2) 45(1)

C(52) 2736(3) 439(2) -1044(1) 31(1)
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C(53) 4149(3) -421(3) -815(2) 42(1)

C(54) 1474(3) 100(3) -611(2) 42(1)

C(55) 7724(4) 837(3) 5993(2) 45(1)

C(56) 8979(3) -1586(3) 5594(2) 43(1)

C(57) 7667(3) -321(3) 5574(1) 34(1)

C(58) 6283(3) -626(3) 5800(2) 45(1)

C(59) 11413(3) 2365(3) 1060(2) 43(1)

C(60) 12135(3) 1746(3) 2246(2) 42(1)

C(61) 11770(3) 12(3) 1520(2) 39(1)

C(62) 11306(3) 1502(3) 1715(1) 30(1)

C(63) 9155(3) 1567(3) 2595(1) 29(1)

C(64) 6918(3) 1148(3) 4571(1) 31(1)

C(65) 6955(3) 2148(3) 3365(1) 28(1)

C(66) 2193(3) 4341(3) -2383(1) 28(1)

C(68) 3233(3) 2572(3) -1151(1) 26(1)

C(69) 2581(3) 4925(2) -1250(1) 26(1)

Table 3. Bond lengths [A] and angles [°] for m 1.

0(12)-C(66)

0(12)-C(48)

0(I3)-C:(66)

0(14)-C(68)

0(15)-C(68)

0(15)-C(52)

0(16)-C'(69)

0(16)-C(43)

0(17)-C(35)

0(17)-C(46)

0(18)-C(65)

0(18)-C(38)

0(19)-C(64)

0(19)-C'(57)

O(20)-C’(64)

0(21)-C(63)

0(22)-C(63)

1.343(3)

1.483(3)

1.203(3)

1.210(3)

1.340(3)

1.480(3)

1.365(3)

1.411(3)

1.382(3)

1.403(3)

1.331(3)

1.421(3)

1.344(3)

1.485(3)

1.189(3)

1.224(3)

1.327(3)
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0(22)-C(62) 1.492(3)

N(5)-C(65) 1.358(3)

N{5)-C(64) 1.400(3)

N(5)-H(91) 0.9397

N(6)-C(65) 1.297(3)

N(6)-C(63) 1.387(3)

N(7)-C(69) 1.268(3)

N(7)-C(68) 1.397(3)

N(8)-C(69) 1.372(3)

N(8)-C(66) 1.387(3)

N(8)-H(92) 0.9141

C(35)-C(40) 1.379(4)

C{35)-C(36) 1.383(4)

C(36)-C(37) 1.384(4)

C(36)-H(72) 0.9500

C(37)-C(38) 1.377(4)

C(37)-H{10) 0.9500

C(38)-C(39) 1.365(4)

C(39)-C(4()) 1.393(4)

C(39)-H(ll) 0.9500

C(40)-H(12) 0.9500

C(41)-C(46) 1.377(4)

C(41)-C(42) 1.384(4)

C(41)-H(71) 0.9500

C(42)-C(43) 1.381(4)

C(42)-H(13) 0.9500

C(43)-C(44) 1.375(4)

C(44)-C(45) 1.383(4)

C(44)-H(14) 0.9500

C(45)-C(46) 1.382(4)

C{45)-H(15) 0.9500

C{47)-C(48) 1.521(4)

C’(47)-H(47A) 0.9800

C(47)-H(47B) 0.9800

C(47)-n(47C) 0.9800

C(48)-C'(50) 1.512(5)

C(48)-C(49) 1.516(4)

C(49)-H(49A) 0.9800
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C(49)-H(49B) 0.9800

C(49)-H(49C) 0.9800

C(50)-H(50A) 0.9800

C(50)-H(50B) 0.9800

C(50)-H(50C) 0.9800

C(51)-C(52) 1.511(4)

C(51)-H(51A) 0.9800

C(51)-H(51B) 0.9800

C(51)-H(51C) 0.9800

C(52)-C(54) 1.516(4)

C(52)-C(53) 1.517(4)

C(53)-H(53A) 0.9800

C{53)-H(53B) 0.9800

C{53)-H(53C) 0.9800

C(54)-H(54A) 0.9800

C(54)-H(54B) 0.9800

C(54)-H(54C) 0.9800

C(55)-C(57) 1.519(4)

C(55)-H(55A) 0.9800

C(55)-H(55B) 0.9800

C(55)-H(55C) 0.9800

C(56)-C(57) 1.510(4)

C(56)-H(56A) 0.9800

C(56)-H(56B) 0.9800

C(56)-H(56C) 0.9800

C(57)-C{58) 1.509(4)

C(58)-H(58A) 0.9800

C(58)-H(58B) 0.9800

C(58)-H(58C) 0.9800

C(59)-C(62) 1.519(4)

C(59)-H(59A) 0.9800

C(59)-H(59B) 0.9800

C(59)-H(59C) 0.9800

C(60)-C(62) 1.514(4)

C(60)-H(60A) 0.9800

C(60)-H(60B) 0.9800

C(60)-H(60C) 0.9800

C(61)-C(62) 1.515(4)
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C(61)-H(61A) 0.9800

C(61)-H(61B) 0.9800

C(61)-H(61C) 0.9800

CX66)-0(12)-CX48) 119.8(2)

C(68)-0(15)-C(52) 120.41(19)

C(69)-0(16)-C(43) 117.65(18)

C(35)-0(17)-C(46) 117.87(19)

C(65)-0(18)-C(38) 119.9(2)

C(64)-0(19)-C(57) 120.7(2)

CX63)-0(22)-CX62) 121.2(2)

C{65)-N(5)-C(64) 128.9(2)

CX65)-N(5)-H(91) 110.4

C(64)-N(5)-H(91) 119.7

C(65)-N(6)-CX63) 118.8(2)

CX69)-N(7)-C(68) 121.7(2)

C(69)-N(8)-C(66) 123.6(2)

C(69)-N(8)-H(92) 113.7

C(66)-N(8)-H(92) 118.6

C(4())-CX35)-0(17) 123.9(2)

C(40)-CX35)-CX36) 120.3(2)

0(17)-C(35)-CX36) 115.7(2)

C(35)-C(36)-CX37) 120.0(3)

C(35)-CX36)-H(72) 120.0

C{37)-CX36)-H(72) 120.0

CX38)-CX37)-C(36) 119.1(2)

CX38)-CX37)-H(10) 120.4

C(36)-CX37)-H(10) 120.4

C(39)-C(38)-C(37) 121.6(2)

C(39)-C(38)-0(18) 121.1(2)

C(37)-C(38)-0(18) 117.1(2)

C(38)-C{39)-CX40) 119.4(2)

C(38)-CX39)-H(11) 120.3

C(40)-C(39)-H(ll) 120.3

C(35)-C(40)-C(39) 119.7(2)

C(35)-CX40)-H(12) 120.2

CX39)-CX40)-H(12) 120.2

C(46)-C(41)-C(42) 118.8(2)
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C(46)-C(41)-H(71) 120.6

C(42)-C(41)-H(71) 120.6

C(43)-C(42)-C(41) 119.4(2)

C(43)-C(42)-H(13) 120.3

C(41)-C(42)-H(13) 120.3

C(44)-C(43)-C(42) 121.6(2)

C(44)-C(43)-0(16) 120.3(2)

C(42)-C(43)-0(16) 117.9(2)

C(43)-C(44)-C(45) 119.3(2)

C(43)-C(44)-H(14) 120.3

C(45)-C(44)-H(14) 120.3

C(46)-C(45)-C(44) 118.9(2)

C(46)-C(45)-H(15) 120.5

C(44)-C(45)-H(15) 120.5

C(41)-C(46)-C(45) 122.0(2)

C(41)-C(46)-0(17) 119.7(2)

C(45)-C(46)-0(17) 118.2(2)

C(48)-C(47)-H(47A) 109.5

C(48)-C(47)-H(47B) 109.5

H(47A)-C(47)-H(47B) 109.5

C(48)-C(47)-H{47C) 109.5

H(47A)-C(47)-H(47C) 109.5

H(47B)-C(47)-H(47C) 109.5

O(12)-C(48)-C(50) 109.9(2)

0(12)-C(48)-C(49) 109.5(2)

C(50)-C(48)-C(49) 113.3(3)

0(12)-C'(48)-C(47) 101.9(2)

C(50)-C(48)-C{47) 111.1(3)

C(49)-C(48)-C(47) 110.7(3)

C(48)-C(49)-H(49A) 109.5

C(48)-C(49)-H(49B) 109.5

H(49A)-CX49)-H(49B) 109.5

C(48)-C(49)-H(49C) 109.5

H(49A)-C(49)-H(49C) 109.5

H(49B)-C(49)-H(49C) 109.5

C(48)-C(50)-H(50A) 109.5

C(48)-CX50)-H(50B) 109.5

H(50A)-C(50)-H(50B) 109.5
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C'(48)-C(50)-H(50C) 109.5

H(50A)-C(50)-H(50C) 109.5

H(50B)-C(50)-H(50C) 109.5

C(52)-C(51)-H(51A) 109.5

C(52)-C(51)-H(51B) 109.5

H(51A)-C(51)-H(51B) 109.5

C(52)-C(51)-H(51C) 109.5

H(51A)-C(51)-H(51C) 109.5

H(51B)-C(51)-H(51C) 109.5

0(15)-C(52)-C(51) 110.5(2)

0(15)-C(52)-C(54) 102.4(2)

C(51)-C(52)-C(54) 110.5(2)

0(15)-C(52)-C(53) 109..3(2)

C(51)-C(52)-C(53) 113.1(2)

C(54)-C(52)-C(53) 110.6(2)

C’(52)-C(53)-H(53A) 109.5

C(52)-C(53)-H(53B) 109.5

H(53A)-C(53)-H(53B) 109.5

C(52)-C(53)-H(53C) 109.5

H(53A)-C'(53)-H(53C) 109.5

H(53B)-C(53)-H(53C) 109.5

C(52)-C(54)-H(54A) 109.5

C(52)-C(54)-H(54B) 109.5

H(54A)-C(54)-H(54B) 109.5

C(52)-C(54)-H(54C) 109.5

H(54A)-C(54)-H(54C) 109.5

H(54B)-C(54)-H(54C) 109.5

C(57)-C(55)-H(55A) 109.5

C(57)-C(55)-H(55B) 109.5

H(55A)-C(55)-H(55B) 109.5

C(57)-C(55)-H(55C) 109.5

H(55A)-C(55)-H(55C) 109.5

H(55B)-C(55)-H(55C) 109.5

C(57)-C(56)-H(56A) 109.5

C(57)-C(56)-H(56B) 109.5

H(56A)-C(56)-H(56B) 109.5

C(57)-C(56)-H(56C) 109.5

H(56A)-C(56)-H(56C) 109.5
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H(56B)-C'(56)-H(56C) 109.5

0(19)-C(57)-C(58) 109.7(2)

0(19)-C(57)-C(56) 101.9(2)

C(58)-C(57)-C(56) 110.9(2)

0(19)-C(57)-C(55) 109.1(2)

C(58)-C(57)-C(55) 113..3(3)

C(56)-C(57)-C(55) 111.3(2)

C(57)-C(58)-H(58A) 109.5

C(57)-C(58)-H(58B) 109.5

H(58A)-C(58)-H(58B) 109.5

C(57)-C(58)-H(58C) 109.5

H(58A)-C(58)-H(58C) 109.5

H(58B)-C(58)-H(58C) 109.5

C(62)-C(59)-H(59A) 109.5

C(62)-C(59)-H(59B) 109.5

H(59A)-C(59)-H(59B) 109.5

C(62)-C(59)-H(59C) 109.5

H(59A)-C(59)-H(59C) 109.5

H(59B)-C(59)-H(59C) 109.5

C(62)-C(60)-H(60A) 109.5

C(62)-C(60)-H(60B) 109.5

H(60A)-C(60)-H(60B) 109.5

C(62)-C(60)-H(60C) 109.5

H(60A)-C(60)-H(60C) 109.5

H(60B)-C(60)-H(60C) 109.5

C(62)-C(61)-H(61A) 109.5

C(62)-C(61)-H(61B) 109.5

H(61A)-C(61)-H(61B) 109.5

C(62)-C(61)-H(61C) 109.5

H(61A)-C(61)-H(61C) 109.5

H(61B)-C(61)-H{61C) 109.5

O(22)-C(62)-C(60) 109.5(2)

0(22)-C(62)-C(61) 110.3(2)

C(60)-C(62)-C(61) 112.5(2)

0(22)-C(62)-C'(59) 101.6(2)

C(60)-C(62)-C(59) 111.3(2)

C(61)-C(62)-C(59) 111.1(2)

0(21)-C(63)-0(22) 124.0(2)
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0(21)-C(63)-N{6)

0(22)-C(63)-N(6)

O(20)-C(64)-O(19)

O(20)-C(64)-N(5)

0(19)-C(64)-N(5)

N(6)-C(65)-0(18)

N(6)-C(65)-N(5)

0(18)-C(65)-N(5)

0(13)-C(66)-0(12)

0(13)-C(66)-N(8)

0(12)-C(66)-N(8)

0(14)-C(68)-0(15)

0(14)-C(68)-N(7)

0(15)-C(68)-N(7)

N(7)-C(69)-0(16)

N(7)-C(69)-N(8)

0(16)-C(69)-N(8)

127.6(2)

108.4(2)

128.2(2)

126.5(2)

105.3(2)

121.5(2)

125.0(2)

113.5(2)

126.4(2)

124.9(2)

108.7(2)

125.8(2)

125.0(2)

108.8(2)

120.8(2)

131.3(2)

107.9(2)

Symmetry transformations used to generate equivalent atoms;

Table 4. Anisotropic displacement parameters (A^x 10^) Ibrml. The anisotropic 

displacement factor exponent takes the form: -27t-[ h^ a*-U*' + ... + 2 h k a* b* U*-

U‘' IJ22 U3.t U>3 U'2

0(12) 53(1) 37(1) 23(1) 5(1) -10(1) -21(1)

0(13) 41(1) 34(1) 30(1) 4(1) -7(1) -19(1)

0(14) 33(1) 29(1) 40(1) 2(1) 0(1) -12(1)

0(15) 34(1) 21(1) 32(1) 3(1) -4(1) -14(1)

0(16) 48(1) 21(1) 24(1) 3(1) -9(1) -13(1)

0(17) 47(1) 26(1) 27(1) 1(1) -15(1) 0(1)

0(18) 31(1) 35(1) 29(1) 12(1) -9(1) -9(1)

0(19) 40(1) 32(1) 26(1) 10(1) -11(1) -9(1)

0(20) 42(1) 41(1) 30(1) 7(1) -7(1) -5(1)

0(21) 35(1) 39(1) 36(1) 16(1) -8(1) -6(1)

0(22) 29(1) 30(1) 31(1) 8(1) -4(1) -7(1)

N(5) 33(1) 33(1) 27(1) 11(1) -9(1) -9(1)
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N(6) 30(1) 26(1) 25(1) 6(1) -7(1) -10(1)

N(7) 33(1) 22(1) 29(1) 5(1) -6(1) -12(1)

N(8) 39(1) 25(1) 23(1) 6(1) -6(1) -14(1)

C(35) 30(1) 25(1) 27(1) 4(1) -11(1) -5(1)

C(36) 54(2) 26(1) 35(2) -1(1) -18(1) -6(1)

C(37) 46(2) 35(2) 29(1) -1(1) -16(1) -6(1)

C(38) 28(1) 30(1) 27(1) 10(1) -9(1) -9(1)

C(39) 33(1) 24(1) 33(1) 5(1) -9(1) -10(1)

C(40) 33(1) 27(1) 27(1) 2(1) -8(1) -11(1)

C{41) 31(1) 25(1) 37(2) 5(1) -12(1) -10(1)

C(42) 32(1) 22(1) 34(1) 4(1) -5(1) -9(1)

C(43) 37(2) 17(1) 24(1) 5(1) -10(1) -9(1)

C(44) 31(1) 27(1) 32(1) 5(1) -10(1) -11(1)

C(45) 29(1) 27(1) 31(1) 5(1) -6(1) -7(1)

C(46) 35(2) 20(1) 25(1) 3(1) -11(1) -5(1)

C(47) 74(2) 64(2) 30(2) 8(2) -17(2) -28(2)

C(48) 50(2) 44(2) 26(1) -3(1) -11(1) -17(1)

C(49) 71(2) 46(2) 39(2) -12(1) -9(2) -12(2)

C(50) 50(2) 73(2) 45(2) 1(2) -18(2) -18(2)

C{51) 64(2) 31(2) 42(2) -6(1) -10(2) -19(2)

C(52) 38(2) 19(1) 37(2) 0(1) -5(1) -12(1)

C(53) 39(2) 27(1) 60(2) 8(1) -9(1) -11(1)
C(54) 42(2) 32(2) 58(2) 4(1) -5(1) -22(1)

C(55) 64(2) 38(2) 36(2) 8(1) -23(2) -15(2)

C(56) 53(2) 39(2) 33(2) 11(1) -13(1) -9(1)

C(57) 47(2) 34(2) 21(1) 10(1) -10(1) -16(1)

C(58) 52(2) 48(2) 36(2) 14(1) -7(1) -21(2)

C(59) 41(2) 41(2) 39(2) 12(1) 0(1) -10(1)

C(60) 38(2) 55(2) 40(2) -6(1) -6(1) -23(2)

C(61) 38(2) 32(2) 46(2) -1(1) -7(1) -9(1)

C(62) 27(1) 31(1) 31(1) 2(1) -3(1) -10(1)

C(63) 35(2) 27(1) 27(1) 6(1) -9(1) -13(1)

C(64) 35(2) 33(1) 26(1) 5(1) -8(1) -13(1)

C(65) 30(1) 25(1) 30(1) 5(1) -10(1) -11(1)

C(66) 31(1) 26(1) 25(1) 1(1) -5(1) -8(1)

C(68) 29(1) 25(1) 27(1) 5(1) -8(1) -11(1)

C(69) 29(1) 24(1) 27(1) 1(1) -7(1) -11(1)
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Table 5. Hydrogen coordinates ( x lO"*) and isotropic displacement parameters (A-x 10 

for m 1.

X y Z U(eq)

H(91) 8462 677 3677 38

H(92) 2656 5929 -2120 34

H(72) 2964 7057 3035 47

H(10) 4368 5441 3741 45

H(ll) 5017 2497 2326 36

H(12) 3644 4120 1604 34

H(71) 4330 6673 834 37

H(13) 4356 6394 -371 35

H(14) 371 6084 109 35

H(15) 345 6345 1316 36

H(47A) 1753 5934 -4176 82

H(47B) 1997 4661 -4666 82

H(47C) 3325 4783 -4357 82

H{49A) 3840 2560 -3747 80

H(49B) 2638 2312 -4111 80

H(49C) 2537 2186 -3271 80

H(50A) 78 3941 -3002 84

H(50B) -20 4147 -3824 84

H(50C) -229 5421 -3343 84

H(51A) 1856 934 -1950 67

H(51B) 2885 -626 -1938 67

H(51C) 3582 543 -2098 67

H(53A) 4943 -150 -1079 63

H(53B) 4344 -1383 -910 63

H(53C) 4071 -285 -307 63

H(54A) 1479 173 -106 63

H(54B) 1567 -830 -723 63

H{54C) 561 738 -725 63

H(55A) 8603 1042 5795 68

H(55B) 7740 570 6489 68

H(55C) 6867 1646 5966 68

H(56A) 8950 -2292 5291 65
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H{56B) 8976 -1915 6082 65

H(56C) 9863 -1373 5424 65

H(58A) 5447 208 5783 68

H(58B) 6239 -976 6284 68

H(58C) 6263 -1310 5480 68

H(59A) 10860 2193 729 64

H(59B) 12433 2129 832 64

H(59C) 11016 3330 1196 64

H(60A) 11733 2706 2391 63

H(60B) 13160 1514 2028 63

H(60C) 12050 1175 2661 63

H(61A) 11720 -525 1952 59

H(61B) 12768 -295 1256 59

H(61C) 11123 -109 1225 59

Table 6. Torsion angles [°] for m 1.

C(46)-O(17)-C(35)-C(40) -21.2(4)

C(46)-0(17)-C(35)-C(36) 162.4(2)

C(40)-C(35)-C(36)-C(37) 0.4(4)

0(17)-C(35)-C(36)-C(37) 176.9(3)

C(35)-C(36)-C(37)-C(38) -0.3(5)

C(36)-C{37)-C(38)-C(39) -0.4(4)

C(36)-C(37)-C(38)-0(18) -174.9(3)

C(65)-0( 18)-C(38)-C(39) 65.8(3)

C(65)-0(18)-C(38)-C(37) -119.8(3)

C(37)-C(38)-C(39)-C(40) 1.0(4)

O(18)-C(38)-C(39)-C(40) 175.3(2)

O(17)-C(35)-C(40)-C(39) -175.9(2)

C(36)-C(35)-C(40)-C(39) 0.3(4)

C(38)-C(39)-C{40)-C(35) -1.0(4)

C(46)-C(41)-C(42)-C(43) 0.2(4)

C(41)-C(42)-C(43)-C(44) 0.9(4)

CX41)-C(42)-C(43)-0(16) 174.7(2)

C(69)-0(16)-C(43)-C(44) -77.9(3)

C(69)-0(16)-C(43)-C(42) 108.2(3)

C(42K’(43)-C(44)-C(45) -1.1(4)
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0(16)-C(43)-C'(44)-C(45) -174.8(2)

C(43)-C(44)-C(45)-C(46) 0.3(4)

C(42)-C(41)-C'(46)-C(45) -1.0(4)

C(42)-C(41)-C(46)-0(17) -176.9(2)

C(44)-C(45)-C(46)-C(41) 0.7(4)

C(44)-C(45)-C{46)-0(17) 176.7(2)

C(35)-0(17)-C(46)-C(41) -72.1(3)

C(35)-0(17)-C(46)-C(45) 111.8(3)

C'(66)-0( 12)-C(48)-C(50) 62.3(3)

C(66)-0(12)-C(48)-C(49) -62.7(3)

C(66)-0(12)-C(48)-C(47) -179.9(2)

C(68)-0(15)-C(52)-C(51) -59.3(3)

C(68)-0(15)-C(52)-C(54) -177.1(2)

C{68)-0(15)-C(52)-C(53) 65.7(3)

C(64)-0(19)-C(57)-C(58) 66.2(3)

C(64)-0(19)-C(57)-C(56) -176.1(2)

C(64)-0(19)-C(57)-C(55) -58.4(3)

C(63)-O(22)-C(62)-C(60) -61.9(3)

C(63)-0(22)-C(62)-C(61) 62.4(3)

C(63)-0(22)-C(62)-C(59) -179.7(2)

C{62)-0(22)-C(63)-0(21) -4.3(4)

C(62)-0(22)-C(63)-N(6) 176.6(2)

C(65)-N(6)-C(63)-0(21) 10.6(4)

C(65)-N(6)-C(63)-0(22) -170.3(2)

C(57)-O(19)-C(64)-O(20) -4.7(4)

C(57)-0(19)-C(64)-N(5) 173.5(2)

C(65)-N(5)-CX64)-O(20) -3.8(5)

C(65)-N(5)-C(64)-0(19) 177.9(2)

C(63)-N(6)-C(65)-0(18) 177.5(2)

C(63)-N(6)-C'(65)-N(5) -4.1(4)

C(38)-0(18)-C(65)-N(6) 2.1(4)

C(38)-0(18)-C(65)-N(5) -176.5(2)

C(64)-N(5)-C'(65)-N(6) 164.6(3)

C(64)-N(5)-C(65)-0(18) -16.9(4)

C(48)-0(12)-C(66)-0(13) 1.5(4)

C(48)-0(12)-C(66)-N(8) -178.0(2)

C{69)-N(8)-C(66)-0(13) -1.3(4)

C(69)-N(8)-C(66)-0(12) 178.1(2)
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C(52)-0(15)-C'(68)-0(14) -6.7(4)

C(52)-0(15)-C(68)-N(7) -179.1(2)

C(69)-N(7)-CX68)-0{14) 51.3(4)

C(69)-N(7)-C(68)-0(15) -136.2(2)

C(68)-N(7)-C(69)-0(16) -164.3(2)

C(68)-N(7)-C(69)-N(8) 16.6(4)

C(43)-0(16)-C(69)-N(7) 5.1(4)

a43)-0(16)-C(69)-N(8) -175.6(2)

C(66)-N(8)-C(69)-N(7) 30.0(4)

C(66)-N(8)-C(69)-0(16) -149.2(2)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for ml [A and °].

D-H...A d(D-H) Id(H...A) d(D...A) <(DHA)

Crystal data for 34b

Table 1. Crystal data and structure refinement for ml.

Identification code shelxl

Empirical formula C112HI28C116N32 024

Formula weight 2873.66

Temperature 150(2) K

Wavelength 0.71075 A
Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a = 24.733(6) A a= 90°.

b = 8.5189(17) A |3= 115.96(

c= 18.056(4) A y = 90°.

Volume 3420.3(13) A^
Z 1

Density (calculated) 1.395 Mg/m-’

Absorption coefficient 0.398 mm-‘

F(OOO) 1488

Crystal size 0.30 X 0.20 X 0.15 nun-^

XXXIX



Appendix

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 24.99° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F*

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

1.83 to 24.99°.

-29<=h<=29, -10<=k<=7, -21<=1<=21 

12523

2964 [R(int) = 0.0439]

98.2 %

Semi-empirical from equivalents 

1.0000 and 0.7055 

Full-matrix least-squares on F- 

2964/0/208 

1.066

R1 =0.0429, wR2 = 0.1254 

R1 =0.0636, wR2 = 0.1994 

0.557 and -0.633 e.A'^

Table 2. Atomic coordinates ( x 1 O'*) and equivalent isotropic displacement parameters (A-x 10^) 

for ml. U(eq) is defined as one third of the trace of the orthogonalized U‘J tensor.

X y Z U(eq)

0(1) 832(1) -2720(2) 1224(1) 19(1)

0(4) 2263(1) 2354(2) 1329(2) 24(1)

0(6) 1492(1) 7464(2) -774(2) 20(1)

N(3) 30(1) -3772(3) 1276(2) 21(1)

N(6) 1073(1) 5929(3) -1942(2) 29(1)

N(7) 1028(1) 8614(3) -2000(2) 29(1)

N(8) 111(1) -1090(3) 1301(2) 18(1)

C(l) 2417(1) 4187(4) 454(2) 20(1)

C(2) 2235(1) 5463(4) -67(2) 21(1)

C(3) 1673(1) 6094(3) -272(2) 17(1)

C(4) 1294(1) 5524(4) 48(2) 19(1)

C(5) 1480(1) 4257(4) 577(2) 19(1)

C(6) 2043(1) 3594(4) 782(2) 19(1)

C(19) 1883(1) 1115(3) 1273(2) 19(1)

C(20) 1430(1) 645(4) 536(2) 18(1)

C(21) 1068(1) -630(3) 517(2) 17(1)

C(22) 1188(1) -1386(3) 1249(2) 18(1)

C(23) 1649(1) -952(4) 1982(2) 21(1)
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C(24) 2006(1) 320(4) 2000(2) 24(1)

C{27) 1196(2) 7305(3) -1576(2) 20(1)

C(28) 316(1) -2492(3) 1264(2) 17(1)

Cl(l) 1052(1) 7737(1) 3460(1) 18(1)

Cl(2) 10300(1) 2620(1) 1170(1) 22(1)

Table 3. Bond lengths [A] and angles [°] for ml.

0(1)-C(28) 1.323(4)

0(1)-C(22) 1.425(3)

0(4)-C(6) 1.385(4)

0(4)-C(19) 1.387(4)

0(6)-C(27) 1.313(4)

0(6)-C(3) 1.424(3)

N(3)-C(28) 1.306(4)

N(3)-H(3A) 0.8800

N(3)-H(3B) 0.8800

N(6)-C(27) 1.315(4)

N(6)-H(6A) 0.8800

N(6)-H(6B) 0.8800

N(7)-C(27) 1.313(4)

N(7)-H(7A) 0.8800

N(7)-H(7B) 0.8800

N(8)-C(28) 1.311(4)

N(8)-H(8A) 0.8800

N(8)-H(8B) 0.8800

C(l)-C’(2) 1.377(4)

C(l)-C(6) 1.394(4)

C(l)-H(l) 0.9500

C(2)-C(3) 1.380(4)

C(2)-H(2) 0.9500

C(3)-C(4) 1.387(4)

C(4)-C(5) 1.380(4)

C(4)-H(4) 0.9500

C(5)-C(6) 1.393(4)

C(5)-H(5) 0.9500

C(19)-C(20) 1.373(4)
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C(19)-C(24) 1.386(4)

C(20)-C(21) 1.397(4)

C(20)-H(20) 0.9500

C(21)-C(22) 1.380(4)

C(21)-H(21) 0.9500

C(22)-C(23) 1.367(4)

C(23)-C(24) 1.390(4)

C(23)-H(23) 0.9500

CX24)-H(24) 0.9500

C(28)-0(l)-C(22) 118.5(2)

C(6)-0(4)-C(19) 119.1(2)

C(27)-0(6)-C(3) 119.1(2)

C'(28)-N(3)-H(3A) 120.0

C(28)-N(3)-H{3B) 120.0

H(3A)-N(3)-H(3B) 120.0

C(27)-N(6)-H(6A) 120.0

C(27)-N(6)-H(6B) 120.0

H(6A)-N(6)-H(6B) 120.0

C(27)-N(7)-H(7A) 120.0

C(27)-N(7)-H(7B) 120.0

H(7A)-N(7)-H(7B) 120.0

C(28)-N(8)-H(8A) 120.0

C(28)-N(8)-H(8B) 120.0

H(8A)-N(8)-H(8B) 120.0

C(2)-C(l)-C(6) 119.8(3)

C(2)-C(l)-H(l) 120.1

C(6)-C(l)-H(l) 120.1

C(l)-C(2)-C(3) 118.7(3)

C(l)-C(2)-H(2) 120.7

C(3)-C(2)-H(2) 120.7

C(2)-C(3)-C(4) 122.5(3)

C(2)-C(3)-0(6) 119.3(3)

C(4)-C(3)-0(6) 118.0(3)

C{5)-C(4)-C(3) 118.7(3)

C(5)-C(4)-H(4) 120.7

C{3)-C(4)-H(4) 120.7

C(4)-C(5)-C(6) 119.5(3)
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C(4)-C(5)-H(5)

C(6)-C'(5)-H(5)

0(4)-C(6)-C(5)

0(4)-C(6)-C(l)

C(5)-C'(6)-C(l)

C(20)-C(19)-C(24)

C(20)-CX19)-O(4)

C(24)-C(19)-0(4)

C(19)-CX20)-C(21)

CX19)-C(20)-H(20)

CX21)-C(20)-H(20)

C(22)-CX21)-C(20)

C(22)-C(21)-H(21)

C(20)-CX21)-H(21)

C(23)-CX22)-C(21)

CX23)-C(22)-0(1)

CX21)-C(22)-0(1)

CX22)-CX23)-CX24)

C(22)-CX23)-H(23)

CX24)-CX23)-H(23)

C(19)-C(24)-C(23)

CX19)-CX24)-H(24)

CX23)-C(24)-H(24)

0(6)-CX27)-N(7)

0(6)-C(27)-N(6)

N(7)-C(27)-N(6)

N(3)-CX28)-N(8)

N(3)-C(28)-0(l)

N{8)-CX28)-0(1)

120.2

120.2

122.2(3)

117.0(3)

120.8(3)

121.5(3)

122.2(3)

116.2(3)

119.5(3)

120.3

120.3

118.3(3)

120.9

120.9

122.6(3)

119.2(3)

118.1(3)

119.0(3)

120.5

120.5

119.0(3)

120.5

120.5

115.9(3)

122.7(3)

121.3(3)

122.3(3)

114.9(3)

122.8(3)

Symmetry transfonnations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A-x 10’) for ml. The anisotropic 

displacement factor exponent takes the form: -27t-[ h^ a*’U'’ + ... + 2 h k a* b* U'-

U'' U22 U33 U*’ U'^

0(1) 20(1) 11(1) 30(1) -2(1) 14(1) -1(1)
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0(4) 18(1) 21(1) 26(1) 6(1) 3(1) -7(1)

0(6) 25(1) 11(1) 20(1) -2(1) 7(1) -2(1)

N(3) 19(1) 11(1) 37(2) -3(1) 16(1) -1(1)
N(6) 47(2) 13(2) 20(2) 0(1) 8(1) -2(1)

N(7) 43(2) 12(2) 25(2) 3(1) 10(1) 1(1)
N(8) 16(1) 11(1) 29(2) 1(1) 11(1) 1(1)

C(l) 16(2) 17(2) 28(2) -4(1) 10(1) -2(1)

C(2) 23(2) 16(2) 29(2) -2(1) 16(2) -6(1)

C(3) 23(2) 9(2) 18(2) -1(1) 7(1) -1(1)
C(4) 17(2) 16(2) 24(2) -6(1) 9(1) -1(1)

C(5) 20(2) 17(2) 21(2) -4(1) 12(1) -5(1)

C(6) 18(2) 14(2) 21(2) -2(1) 6(1) -3(1)

C(19) 18(2) 14(2) 28(2) 3(1) 13(1) 1(1)
C(20) 21(2) 15(2) 20(2) 4(1) 11(1) 3(1)

C(21) 17(2) 13(2) 18(2) -2(1) 5(1) 2(1)
C(22) 19(2) 10(2) 31(2) 1(1) 16(1) 1(1)
C(23) 22(2) 19(2) 23(2) 4(1) 11(1) 1(1)
C’(24) 23(2) 22(2) 23(2) 3(1) 7(1) 1(1)
C(27) 26(2) 14(2) 20(2) 0(1) 10(2) 0(1)

C(28) 19(2) 13(2) 17(2) -1(1) 7(1) 0(1)

Cl(l) 20(1) 12(1) 23(1) 0(1) 11(1) -1(1)

Cl(2) 28(1) 11(1) 26(1) 0(1) 10(1) 1(1)

Table 5. Hydrogen coordinates ( x lO'*) and isotropic displacement parameters (A’x 10 3)

for ml.

X y z U(eq)

H(3A) -314 -3711 1311 26

H(3B) 180 -4695 1250 26

H(6A) 1190 5064 -1647 35

H(6B) 873 5872 -2481 35

H(7A) 1115 9525 -1744 34

H(7B) 827 8582 -2540 34

H(8A) -231 -989 1336 22

H(8B) 315 -251 1292 22
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H(l) 2796 3713 589 24
H(2) 2491 5899 -281 25
H(4) 913 5996 -95 23
H(5) 1227 3839 799 22
H(20) 1362 1182 42 21
H(21) 749 -968 14 20
H(23) 1724 -1512 2473 25
H(24) 2330 640 2502 28

Table 6. Torsion angles [°] for in 1.

C(6)-C(l)-C'(2)-C(3) -2.0(5)

C(l)-C(2)-C(3)-C(4) 2.1(5)

C(l)-C(2)-C(3)-0(6) 176.6(3)

C(27)-0(6)-C(3)-C(2) 92.1(4)

C(27)-0(6)-C(3)-C(4) -93.1(4)

C(2)-C(3)-C:(4)-C(5) -1.3(5)

0(6)-C(3)-C(4)-C(5) -176.0(3)

C(3)-C(4)-C(5)-C(6) 0.5(4)

C(19)-0(4)-C(6)-C(5) 43.5(4)

C(19)-0(4)-C(6)-C(l) -138.0(3)

C(4)-C(5)-C(6)-0(4) 177.9(3)

C(4)-C(5)-C(6)-C(l) -0.5(5)

C(2)-C(l)-C{6)-0(4) -177.3(3)

C(2)-C(l)-C(6)-C(5) 1.3(5)

C(6)-O(4)-C'(19)-C(20) 31.9(4)

C(6)-0(4)-C(19)-C(24) -151.3(3)

C(24)-C(19)-C(20)-C{21) 2.3(5)

O(4)-C(19)-C(20)-C(21) 178.9(3)

C( 1 9)-C(20)-C(2 1 )-C(22) -0.7(4)

C(20)-C(21)-C(22)-C(23) -1.1(4)

C(20)-C(21)-C(22)-O(l) -177.9(3)

C(28)-0(l)-C(22)-C(23) 96.7(3)

C(28)-0(1)-C(22)-CX21) -86.4(3)

C(21)-C(22)-C(23)-C(24) 1.3(5)

0(1)-C(22)-C(23)-C(24) 178.0(3)

C(20)-C(19)-C(24)-C(23) -2.0(5)
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0(4)-C(19)-C(24)-C(23)

C(22)-C(23)-C(24)-C(19)

C(3)-0{6)-C(27)-N(7)

C(3)-0(6)-C(27)-N(6)

C(22)-0(l)-C(28)-N(3)

C(22)-0(l)-C(28)-N(8)

-178.8(3)

0.2(5)

178.1(3)

-2.0(5)

-177.0(3)

2.0(4)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for ml [Aand”].

D-H...A d(D-H) d(H. ..A) d(D...A) <(DHA)

Cry stal data for 40b

Table 1 Crystal data and structure refinement for ak07.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections

shelxl

C15H17C12 N5 03

386.24

150(2) K
0.71073 A

Monoclinic

P2(l)/c

3 = 5.1775(10) A a=90°.

b = 15.307(3) A (3= 92.39(3)°

c = 22.659(5) A y = 90°.

1794.3(6) A^

4

1.430 Mg/m3 

0.387 mm-'

800

0.2 X 0.1 X 0.1 mm-’

1.80 to 25.00°.

-5<=h<=6, -18<=k<=17, -26<=1<=26 

14324

3136 [R(mt) = 0.0444]

xlvi
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Completeness to theta = 25.00°

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F-

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff peak and hole

99.7 % 

sadabs

Full-matrix least-squares on F‘

.71.76/0/267

1.125

R1 =0.0726, wR2 = 0.1576 

R1 =0.0764, wR2 = 0.1602 

1.272 and -0.787 e.A'^

Table 2. Atomic coordinates ( x lO"*) and equivalent isotropic displacement parameters (A-x 10^) 

for ml. U(eq) is defined as one third of the trace of the orthogonalized U'l tensor.

X y z U(eq)

C(15) 588.7(7) 7.710(7) 4959(2) 24(1)

Cl(l) 109.7(2) 1.7.78(1) 4678(1) 74(1)

Cl(2) 9760(2) 7089(1) 2044(1) 28(1)

0(2) 77.74(5) 7211(2) 4519(1) 71(1)

0(1) -5490(5) 4961(2) 8572(1) 72(1)

N(5) 1182(7) 7774(2) 6781(2) .78(1)

N(7) 8595(7) 7178(2) .7565(2) 70(1)

0(7) -204(6) 5127(2) 6120(1) 70(1)

N(4) 5072(6) 2421(2) .7882(2) 29(1)

C(9) -49.77(8) 5211(7) 7549(2) 26(1)

0(4) 4.757(6) 2.749(2) 26.76(1) 74(1)

C(10) -4007(7) 4847(2) 8068(2) 25(1)

C(17) 7029(8) 2926(7) .7986(2) 27(1)

N(2) -2570(7) 5967(2) 8969(2) .76(1)

C(5) 4778(8) 7068(7) 5949(2) .7.7(1)

C(.7) 2746(8) 7641(7) 5874(2) 74(1)

C(ll) -1824(8) 4718(7) 8105(2) 28(1)

C(12) -5.76(8) 4164(7) 7587(2) 71(1)

C(7) -1460(8) 45.77(7) 7056(2) 71(1)

C(l) .7877(8) 7879(7) 4866(2) 71(1)

C(4) 6765(8) 2899(7) 5490(2) 28(1)

N(l) -61.77(8) 5505(7) 9456(2) 40(1)

C(14) -466.7(8) 5491(7) 8996(2) .70(1)

C(2) 2281(9) 40.78(7) 5.7.70(2) .79(1)

xlvii



Appendix

C(8)

C(6)

-3625(8)

-86(8)

5055(3)

4500(3)

7044(2)

6469(2)

31(1)

36(1)

Table 3. Bond lengths [A] and angles [°] for ml.

C(15)-C(l) 1.364(6)

C(15)-C(4) 1.372(6)

C(15)-0(2) 1.419(4)

0(2)-C(13) 1.322(5)

0(1)-C(14) 1.315(5)

O{l)-C(10) 1.415(4)

N(5)-C(6) 1.311(6)

N(5)-C(3) 1.447(5)

N(3)-C(13) 1.3.34(5)

0(3)-C(6) 1.238(5)

N(4)-C(13) 1.304(5)

C(9)-C(10) 1.372(6)

C(9)-C(8) 1.376(6)

C(10)-C(ll) 1.384(6)

N(2)-C(14) 1.309(5)

C(5)-C(3) 1.375(6)

C(5)-C(4) 1.377(6)

C(3)-C(2) 1.386(7)

C(ll)-C(12) 1.394(6)

C(12)-C(7) 1.398(6)

C(7)-C(8) 1.373(6)

C(7)-C(6) 1.5.36(6)

C(l)-C(2) 1.385(6)

N(l)-C(14) 1.317(5)

C(1)-C(15)-CX4) 122.5(4)

C(l)-C(15)-0(2) 119.5(4)

C(4)-C(15)-0(2) 117.6(4)

C’(13)-0(2)-C(15) 120.6(3)

C(14)-O(l)-C(10) 119.8(.3)

C(6)-N(5)-C(3) 122.7(4)

C(10)-C(9)-C(8) 118.2(4)

xlviii



Appendix

C(9)-C(10)-C(ll)

C(9)-C'(10)-O(l)

C(ll)-C(10)-O(l)

N(4)-C(13)-0(2)

N(4)-C(13)-N(3)

0(2)-C’(13)-N(3)

C(3)-C(5)-C(4)

C(5)-C(3)-C(2)

C(5)-C(3)-N(5)

C(2)-C(3)-N(5)

C(10)-C(11)-CX12)

C(7)-C(I2)-C(11)

C(8)-CX7)-C(12)

C{8)-C(7)-C(6)

C(12)-CX7)-C{6)

CX15)-C(1)-C(2)

C(15)-C(4)-CX5)

N(2)-CX14)-0(1)

N(2)-CX14)-N(1)

0(n-C(14)-N(l)

C(1)-C(2)-CX3)

C(7)-C(8)-C(9)

0(3)-C(6)-N(5)

0(3)-CX6)-C(7)

N(5)-C(6)-C(7)

123.2(4) 

117 0(3) 

119.6(4) 

123.1(4) 

122.9(4) 

113.9(4) 

120.2(4) 

119.6(4) 

116.2(4) 

124.2(4) 

117.6(4) 

119.8(4) 

120.2(4) 

114.3(4) 

125.2(4) 

118.0(4) 

119.0(4) 

123.7(4) 

122.4(4) 

114.0(4) 

120.7(4) 

120.9(4) 

124.5(5) 

120.9(4) 

114.6(4)

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A^x 10-^) forml. The anisotropic 

displacement factor exponent takes the form; -27r-[ h- a*-U'’ + ... + 2 h k a* b* U'-

U» U22 U33 U‘3 U‘^

C(15) 25(2) 27(2) 21(2) -4(2) 7(2) -6(2)

C'l(l) 40(1) 32(1) 31(1) 7(1) 10(1) 5(1)

Cl(2) 26(1) 25(1) 33(1) -2(1) 6(1) 0(1)

0(2) 28(2) 45(2) 19(1) -7(1) 5(1) -1(1)

0(1) 29(2) 41(2) 25(2) -11(1) 12(1) -9(1)
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N(5) 39(2) 33(2) 40(2) 5(2) -3(2) -1(2)

N(3) 31(2) 33(2) 25(2) -5(2) 4(2) -6(2)

0(3) 43(2) 21(1) 27(2) 8(1) 6(1) 6(1)

N(4) 31(2) 30(2) 25(2) -2(1) 6(1) -3(2)

C(9) 24(2) 24(2) 31(2) -3(2) 3(2) -4(2)

0(4) 31(2) 41(2) 31(2) 2(1) 7(1) -4(1)

C(10) 23(2) 22(2) 30(2) -8(2) 11(2) -7(2)

C(13) 30(2) 28(2) 22(2) -2(2) 4(2) 5(2)

N(2) 45(2) 33(2) 29(2) -9(2) 15(2) -13(2)

C(5) 37(2) 41(2) 22(2) -1(2) 4(2) -9(2)

C(3) 30(2) 50(3) 21(2) -13(2) 7(2) -11(2)

C(ll) 27(2) 25(2) 32(2) 1(2) 0(2) -8(2)

C(12) 22(2) 23(2) 48(3) -18(2) 7(2) -2(2)

C(7) 27(2) 38(2) 28(2) -14(2) 5(2) -12(2)

C(l) 38(2) 32(2) 22(2) 4(2) 2(2) 5(2)

C(4) 30(2) 31(2) 23(2) -1(2) -2(2) U2)

N(l) 51(2) 41(2) 30(2) -8(2) 18(2) -9(2)

C(14) 39(2) 28(2) 25(2) -4(2) 8(2) 0(2)

C(2) 32(2) 42(3) 43(3) -8(2) 3(2) 11(2)

C(8) 29(2) 38(2) 27(2) -3(2) 1(2) -8(2)

C(6) 31(2) 30(2) 46(3) -4(2) -11(2) -5(2)

Table 5. Hydrogen coordinates ( x 10'*) and isotropic displacement parameters (A*x 10 

for m 1.

X y 2 ll(eq)

H(5) 1081 3359 6634 45

H(3A) 8308 3007 3207 36

H(3B) 9893 3512 3652 36

H(4A) 4103 2258 4168 34

H(4B) 4644 2251 3527 34

H(2A) -1651 5942 8662 43

H(2B) -2112 6303 9259 43

H(5A) 5081 2793 6311 40

H(1A) -5736 5835 9753 48
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H(1B) -7500 5185 9459 48

H(2) -4170(80) 5320(30) 6690(19) 25(11)

H(3) -6380(90) 5550(30) 7540(20) 34(12)

H(l) 840(80) 3800(30) 7598(19) 28(11)

H(5) -1230(80) 4090(30) 8411(19) 21(11)

H(7) 3750(100) 4130(30) 4510(20) 48(15)

H(10) 1080(100) 4390(30) 5270(20) 43(15)

H(22) 7720(90) 2550(30) 5540(20) 43(14)

H(21) 5360(90) 2510(30) 2450(20) 26(14)

Table 6. Torsion angles [°] for m 1.

C(l)-C(15)-0(2)-C(13) -61.3(5)

C'(4)-C(15)-0(2)-C(13) 126.0(4)

C(8)-C(9)-C(10)-C(ll) -0.6(6)

C(8)-C(9)-C(10)-O(l) -175.6(3)

C(14)-0(1)-C(10)-C(9) -108.0(4)

C(14)-O(l)-C(10)-C(ll) 76.8(5)

C(15)-0(2)-C(13)-N(4) -27.2(6)

C(15)-0(2)-C(13)-N(3) 154.9(3)

C(4)-C(5)-C'(3)-C(2) 1.0(7)

C(4)-C(5)-C(3)-N(5) 179.8(4)

C(6)-N(5)-C(3)-C(5) 152.4(4)

C(6)-N(5)-C(3)-C(2) -28.9(6)

C(9)-C(10)-C{ll)-C(12) 0.1(6)

O(l)-C(10)-C(ll)-C(12) 175.0(3)

C(10)-C(ll)-C(12)-C(7) 0.1(6)

C(ll)-C(12)-C'(7)-C(8) 0.1(6)

C(ll)-C(12)-C(7)-C(6) 173.3(4)

C{4)-C(15)-C(l)-C(2) -0.2(6)

0(2)-CX15)-C(l)-C(2) -172.6(4)

C(l)-C'(15)-C(4)-C(5) -0.3(6)

0(2)-C(15)-C(4)-C(5) 172.1(4)

CX3)-C'(5)-C'(4)-C(15) -0.1(6)

CX10)-O(l)-CX14)-N(2) 3.9(6)

C(10)-O(l)-C(14)-N(l) -176.1(4)

C(15KX1)-C(2)-C(3) 1.2(7)
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C(5)-C(3)-C(2)-C(l)

N(5)-C(3)-C(2)-C(l)

C(12)-C(7)-C(8)-C(9)

C(6)-C(7)-C(8)-C(9)

C(10)-C(9)-C(8)-C(7)

C(3)-N(5)-C{6)-0(3)

C(3)-N(5)-C(6)-C(7)

C(8)-C(7)-C(6)-0(3)

CX12)-C(7)-C{6)-0(3)

C(8)-C(7)-C(6)-N{5)

C(12)-C{7)-C(6)-N(5)

-1.6(7)

179.7(4)

-0.6(6)

-174.5(4)

0.8(6)

4.1(7)

-175.5(4)

28.6(6)

-145.0(4)

-151.7(4)

34.7(6)

Symmetry' transformations used to generate equivalent atoms:

1 able 7. Hydrogen bonds for ml [A and °].

D-H ..A d(D-H) d(H...A) d(D...A) <(DHA)

Hi


