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ABSTRACT

The side effects associated with chemotherapy have caused an intensive research effort to find

new ways of delivering a chemotherapeutic drug to a cancerous growth. One of these

includes use of polymeric drug carriers. In this thesis is reported the syntheses,

characterisation and electrochemistry of a series of antineoplastic ferrocene-containing amides

and amines which was obtained from the corresponding ferrocene-containing carboxylic acids

precursors. It is also described how the amines may be covalently anchored onto a water-

soluble polymeric drug carrier to give the water-soluble ferrocene-containing polymers with

biomedical applications. The influence of side chain length (i.e. the number of CH2 spacers)

and type of the functional group (X = CONH2, NH2, NH3+ and NHCO) on the ferrocenyl (Fe)

formal reduction potential in compounds of the type Fc-(CH2)nX with n = 1- 4 is also

highlighted.

Cytotoxicity tests on all the amines. amides and polymers were investigated utilising Hel.a, a

human cervix epitheloid cancer cell line and CoLo DM320. an intrinsically multidrug

resistant human colorectal cell line. Results showed that there exists a definite relationship

between the length of the carbon chains linking the ferrocenyl antineoplastic moiety with

either the polymer main chain ofNH2 and CONH2 functional group and effective cell death.

Comparison of the cytotoxic results of the polymeric devices and monomeric antineoplastic

ferrocene-containing amides and amines suggested that the benefits of a polymeric drug

carrier is only observed in practice when the length of the side chain connecting drug and

polymer main chain exceeds 5 atoms.

Keywords: Ferrocene. polymeric drug carriers. electrochemistry, and cytotoxicity
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c lP'SOMMIlN G

Die newe-effekte wat met chemoterapie geassosieer word het In intensiewe navorsingspoging

tot gevolg gehad om nuwe maniere te vind om 'n chemoterapeutiese middel aan 'n

kankertumor toe te dien. Een manier behels die gebruik van polimeriese geneesmiddeldraers.

In hierdie tesis word verslag gedoen oor die sintese. karakterisering en elektrochemie van 'n

reeks antineoplastiese ferroseenbevattende amiede en amiene wat verkry is vanaf die

ooreenstemmende ferroseenbevattende karboksielsuur voorlopers. Daar is ook beskryf hoe

die amiene kovalent aan 'n water-oplosbare polirueriese geneesmiddeldraer geanker kan word

om die water-oplosbare ferroseenbevattende polimere met biomediese toepassings te lewer.

Die invloed van sykettinglengte (d.w.s. die aantal CH2 skakels) en tipe funksionele groep (X =
CONH2, NH:!, NH3 -, en NHCO) op die ferroseniel (Fe) formele reduksiepotensiaal in

dierbindings van die tipe Fc-(CH:!)nX met n = 1 - 4 word ook uitgelig.

Toetse vir sitotoksisiteit op al die amiene. amiede en polimere is uitgevoer deur van HeLa, die

menslike serviksepiteloïede kankersellyn en CoLo DM320. 'n intrinsieke multigeneesmiddel

weerstandige menslike kolorektale sellyn gebruik te maak. Resultate het getoon dat daar 'n

besliste verband tussen die lengte van die koolstotketting wat die ferroseniel antineoplastiese

groep met die polimeer-hoofketting. of die NH~ of CONH2 funksionele groepe verbind, en

effektiewe seldood bestaan. 'n Vergelyking van sitotoksiese resultate van die polirneriese

molekule met dié van die monomeriese antineoplastiese ferroseenbevattende amiede en

amiene het getoon dat die voordele wat met 'n polimeriese geneesmiddeldraer geassosieer

word, eers prakties waarneembaar is as die lengte van die ketting wat geneesmiddel met

polimeer-hoofketting verbind vyf atome oorslag.

Sleutelwoorde: Ferroseenverbindings. polimeriese geneesmiddeldraers, elektrochemie,

sitetoksisiteit.
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The side effects associated with chemotherapy have caused an intensive research effort to find

new ways of fighting cancer. The discovery that platinum-containing compounds show

marked chemotherapeutic activity spurred a vast effort to perfect the clinical use of the

platinum-family of drugs. As a result, platinum based drugs are the most widely used metal-

containing chemotherapeutic drug in clinical use today; of these, cisplatin [cis-

diamrninedichloroplatinum(II)] and newer analogues such as melano- and carboplatin are the

most important examples. I However, potentially good chemotherapeutic drugs often find

limited clinical use, owing to the many negative medical and physical side effects they show.

For cisplatin, these negative side-effects or undesired chemical and physical properties

include inter alia lack of aqueous solubility, high toxicity especially to the kidneys and bone

marrow, it induces a loss of appetite (anorexia) in many patients and it is excreted at a very

high rate from the body.' In addition, the development of drug resistance after a continued

drug dosage limits the long-term use of this drug. The reason for all the detrimental side-

effects of any chemotherapeutic drug, including cisplatin, is centered around the drug's

inability to distinguish between healthy and cancerous cells. To overcome these negative

aspects associated with chemotherapy, new antineoplastic materials are continuously being

synthesized and evaluated. New methods of delivering an active drug to a cancerous growth

are being developed;' combination therapy has been investigated in the hope of finding

synergistic effects" and even completely new methods of fighting cancer such as

photodynamic therapy have been developed.'

In recent years a new dimension in drug research has developed as a result of studies on the

potential pharmacological benefits obtained by anchoring pharmaceutical agents to suitable

polymeric carriers possessing solubility in water.6 Polymers as drug carriers may
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significantly enhance the therapeutic effectiveness of the polymer-bound drugs as compared

to the free agents in terms of:

a) accelerated and unencumbered distribution in the aqueous central circulation system of

the body;

b) reducing the risk of premature excretion and even degradation;

c) cell entry via endocytosis, a cell penetration mechanism generally unavailable to small

molecules but highly desirable in therapy;

d) restricting the drug concentration to the gap between toxic and minimum effective levels

and;

e) achieving an enhanced depot effect through delayed drug release from the polymer-bound

conjugates.

The properties of a suitable polymeric drug earner include bio-compatibility, water

solubility, it must have a large number of drug attachment sites, binding of the drug to these

drug anchoring sites must proceed easily without side reactions to generate a biodegradable

bond between drug and polymer, it must have a sufficiently large molecular mass to prevent

quick excretion from the body yet it must itself be biodegradable to allow ultimate elimination

of the spent polymer carrier from the body after its payload of drug has been delivered to the

target site and it must be non-toxic, non-anti genic or non-provocative in any other respect.

In terms of new antineoplastic material (i.e. compounds that have cytotoxic properties but are

not in clinical use), it was shown in this laboratory that ferrocene-containing ~-diketones and

alcohols containing a ferrocenyl group have very promising IDso values.i The

chemotherapeutic effectiveness of ferrocene-containing carboxylic acids and the alcohol

derivatives was shown to be directly related to the formal reduction potential of the ferrocenyl
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group. In particular, for the carboxylic acid derivatives, activity was only observed if the

formal reduction potential of the ferrocenyl group was less positive than 0.217 V vs. a

saturated calomel electrode (SCE).9 For both the alcohols and the carboxylic derivatives,

activity increased as the formal reduction potential becomes less positive. Furthermore, by

comparing the activity of 3-ferrocenylbutanoic acid with that of the same drug, this time

anchored onto a water-soluble poly-aspartate carrier," it was found that the polymer bound

drug was almost one order of magnitude (8 times) more effective than the free drug.

However, to date, no attempt was successfully made to anchor amines bearing a ferrocenyl

group onto a water-soluble drug carrier.

With this background, the following goals were set for this study:

1. Synthesis of a water-soluble, linear, biocompatible polymeric drug carrier capable of

undergoing coupling reactions to bind amine-functionalised ferrocene derivatives.

2. Development of a general technique to synthesize a series of ferrocene-containing amines

of the type Fc-(CH2)n-NH2, with Fe = ferrocenyl, and I ~ n ~ 4.

3. Development of techniques to anchor the amines of goal 2 on the polymeric drug carrier

of goal 1.

4. To investigate the electrochemical properties of the ferrocene-containing amines, their

precursors as well as the electrochemical properties of the polymer-bound ferrocenyl

derivatives.

5. To perform as many cytotoxic test on the new metal-containing compounds that was

synthesised in this study as was possible within the timescale and framework of a suitably

bordered MSc study.
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2.1 Introduction

Apart from radical surgery, two major techniques used for the treatment of cancer are

radiotherapy and chemotherapy. Both methods can induce disabling and life-threatening side

effects mainly because they destroy indiscriminately normal and healthy tissues. ID Because

chemotherapeutic agents are actually poisons, the defence mechanism of the body

(reticuloendothelial system) recognise them as such and try to remove them as fast as

possible. A high rate of excretion from the body, however, often proves to be very

detrimental in chemotherapy. This often causes the concentration of the chemotherapeutic

agent in the body to oscillate between successive administering times (which may even be

daily) from values notably larger than ICso concentrations to values so small that the drug has

no effect on the disease (ICso = 50% inhibiting dosage, i.e. drug concentration that induces

50% cell killing). Cisplatin, 11,12 one of the most successful chemotherapeutic drugs of the

past decades, is an example of a chemotherapeutic agent which suffers from this phenomenon.

The excretion profile described above explains many of the negative side effects associated

with chemotherapy. Many chemotherapeutic agents are also moderately carcinogenic and can

induce, for example, lung cancer in a patient':' over a period of 15 years. The most important

limiting factor in the clinical use of most, if not all, chemotherapeutic drugs is therefore

associated with the inability of the drug to distinguish between the normal and cancerous

cells.6 To combat these negative aspects associated with many chemotherapeutic drugs, new

antineoplastic materials are continuously being synthesized and evaluated," combination

therapy has been investigated in the hope of finding synergistic effects," completely new ways

of fighting cancer, such as photodynamic cancer therapy.i is being investigated, and new

methods of delivering an active drug to a cancerous growth are being developed.'
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2.2 Polymers as drug carriers

2.2.1 introduction

Numerous chemotherapeutic drugs are dose limited due to poor solubility in aqueous media

or due to the severe side effects they exhibit at high concentration. The therapeutic

effectiveness of these agents is often diminished by their inability to gain access to the

infected site at an appropriate dosage. In addition, the metastatic nature of the tumour cells

requires that total tumour cell destruction be achieved early in treatment, before resistance to

the drug is developed, or a mutation in the cancer cell line will render the drug totally

ineffective. The multitude of problems associated with chemotherapy implies that vehicles

capable of carrying the cytotoxic agent in a highly concentrated form exclusively to the

tumour target, thus allowing for efficient cell kill while largely sparing surrounding healthy

tissues, are required. Synthetic water-soluble polymeric drug carriers may be tailored to fulfil

this role. Therefore, part of the main theme of this study is to synthesise water-soluble

macromolecules or polymers that may be used as drug carriers.

Regarding drug delivery devices that will improve cancer cell specificity of a drug during

chemotherapy, what is needed, is a transporting device which actually behaves as a shield or a

protective envelope into which the drug may be placed. While attached to, or absorbed by

this transporting device, the drug should be totally inert in a biological environment. The

administered transport device, with the drug attached to it, should then be capable of utilising

the bodies central circulation department to be distributed through the body in order to reach

or gain access to a cancerous growth without being recognised as undesirable by the bodies

own defence mechanism, the reticuloendethelial system. IS The carrier device should be

capable of distinguishing between healthy and cancerous cells, that is, it should be absorbed

by the cancer cells only, not by the healthy cells. Once absorbed by a cancer cell, the
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polymeric carrier should be degraded to release its payload of drug inside a cancer cell. Once

released, the drug should again be active and thus be capable of killing the cancer cell.

2.2.2 A possible drug delivery route associated with drug carriers

The goal of any controlled drug delivery system is to assure the transit of drug molecules

from the site of administration to a specific location on or within a particular population of

cells within a particular organ or body tissue. For the purpose of this thesis, drug carriers are

understood to be soluble synthetic polymers or macromolecules. However, they may also be

natural occurring compounds such as antibiotics or other biological macromolecules,

liposomes and polymeric microspheres or microbeads. Several different routes of

administration are available for drug delivery systems: oral, intravenous intraperitoneal,

subcutaneous, intrathecal and even direct injection into the diseased or infected tissue. For

the majority of cancers, though, one might expect that it is best to utilise the body's own

distribution network, namely the vascular system, to deliver a drug to the target tissue or

organ in question.

The lumen of the vasculature is circumscribed by a layer of endothelial cells, which serve to

demarcate the vascular and extravascular compartments and to regulate the flow of solute

molecules (especially macromolecules with relative molecular mass in excess of 5 000-10 000

between these compartments'Y" via a route called transcytosis. In most of the capillary

endothelial cells, which allows access into specific cells, a layer of dense fibrillar material,

which is termed the basal lamina or the basement membrane, subtends the capillary

endothelium.!' The ability of macromolecular drug-carrier complexes to transit the basal

lamina of the capillary endothelia depends not only on the size and charge of the carrier

complex, but also on specific macromolecular binding characteristics.V
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In order for a drug-carrier complex to successfully reach target cells within a certain tissue, it

must not only be able to exit from the circulation and pass through the endothelial and basal

lamina barriers, but it must also be able to escape en route the grasp of the reticuloendothelial

system, the body's disposal mechanism for foreign particles and macromolecules. The

reticuloendothelial system is comprised of a set of mononuclear phagocytic cells. These cells

originate from precursors in the bone marrow, enter the circulation as monocytes, then pass

into macrophages 19 and perform a variety of functions.20.21 The macrophages are crucial

components of the bodies defence system: they are involved in antibody responses via the

processing and presentation of antigens, they are responsible for secreting factors which

regulates the function of lymphoid cells22 and finally they are themselves effector cells which

can acquire the capacity to attack and destroy pathogens and tumour cells.23

One of the simplest functions of macrophages (sometimes called professional phagocytes) is

the uptake of foreign particles and macromolecules. The efficiency of these phagocytic

processes is extraordinary. For example, a mouse peritoneal macrophage can "eat" its own

weight in liposomes (that may contain the drug carrier and drug) in 1 hour.ls Macrophages

take up not only particles, but also certain proteins when these are capable of interacting with

receptors on the macrophage surface. Therefore, if a suitable polymeric drug carrier

resembles proteins, they. together with their payload of drug, may be removed from the body.

Another aspect is that many of the proposed protein-type drug carriers are likely to be rather

immunogenic themselves, leading to the formation (upon repeated use) of anticarrier

antibodies and subsequent clearance of the carrier-antibody complexes by the

reticuloendothel ial system.
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The removal of particulate or macromolecular drug carriers by the reticuloendothelial system

has two unfortunate consequences. First it reduces the amount of drug available for

interaction with target sites. Second and perhaps the more important, it poses the danger of

selectively destroying macrophages, thus generating grave consequences for the bodies

defence system (it may actually inactivate or destroy it). After passing the endothelial and

basement membrane barriers and escaping the reticuloendethelial system, drug-carrier

complexes must then reach their ultimate site of action within a specific cell population. The

problem of drug "targeting", or of obtaining interaction of the drug-carrier complex with a

particular set of cells, has received a good deal of thought and attention.24,25,26The movement

of proteins and other macromolecules between various compartments within a cell, the so-

called "sorting problem", has emerged as one of the central themes of cell biology, A large

number of reviews and research articles have been devoted to the processes of intracellular

and intercellular movements of proteins.:!.t·:!5.:!6Cells possess at least three distinct processes

for the uptake or internalisation (i.e. endocytosis) of particulate and dissolved

macromolecules.

The first is phagocytosis where the cell internalizes a large particle (1000 A or greater) by

engulfing it into a membrane-bound vesicle. The latter is then internalised and ultimately

fused with lysosomes. Phagocytosis is largely an adaptation of specialised host defense cells

such as macrophages and granulocytes.i Secondly, cells can also be internalise material by

"non-specific" or "fluid phase" pinocytosis. Here cells pinch off and internalise small fluid-

filled plasma membrane vesicles of about 250 A in diameter. These vesicles, like phagocytic

vacuoles, ultimately fuse with and deliver their contents to Iysosomes. The third process may

be labelled receptor-mediated or adsorptive pinocytosis. Here, the cellular receptors for a

variety of polypeptide hormones, growth factors, and serum proteins undergo a process of
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continuous recycling from the plasma membrane to the cell interior and back again. If the

polymeric drug carrier has sequences that can be recognized by these cellular receptors, they

may bind to cell surfaces and thus be internalized by adsorptive pinocytosis. Any potential

drug carrier must be compatible with anyone of these three possible processes, which are

demonstrated in Figure 2.1.

pin=ytotic uptake of soluble
I!'aCl:OlOlecules

primuy lysosares
oontaining hydro-
lytic enzyrres

Golgi apparatus
where prilnary
lisosares are
produced

Figure 2. 1
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7:·····~
'(jjrracrarclecules

captured only
in solution:
fluid-phase
pi.roc:y1:Dsis

mac:rcmolecules
bW to receptorS
and are trerefore
inteznal1zed at-
tached to the
infolding rrerbrane
and also in
solution:
adsorptive
pinocytosis

Cellular pinocytotic uptake of polymers (Figure from Ref 6).

Release of the drug from the dissolved (adsorbed) polymeric drug carriers inside the cell

should occur by enzymatic hydrolysis of biodegradable bonds (e.g. amide bonds constructed

from L-amino acids) after fusion of primary Iysosomes containing more than 50 hydrolytic

enzymes that are generated in the Golgi apparatus with the pinocytotic vesicles containing the

dissolved macromolecules.r" After polymer degradation, the low molecular mass products are

released and pass through the secondary lysosome membrane into the cytoplasm, either for re-

utilisation or for removal from the cel1.29 The release of low molecular mass products, which

must now include the released drug itself, allows targeted access of the drug to the cell

nucleus containing DNA. If a polymeric drug carrier can be targeted to a cancer cell it

follows that the released drug will exclusively destroy a cancer and not any normal healthy
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cells. Non-biodegradable macromolecules accumulate within secondary lysosomes and are

slowly released by exocytosis. The distribution and elimination patterns of a macromolecular

system depend mainly on its physico-chemical properties, such as molecular size, charge,

hydrophilic or lipophilic properties, shape, flexibility and deformability and the anatomical

characteristics of endothelial capillaries.3o.31.32For example, cationic macromolecules are

widely distributed in the liver due to the presence of discontinuous endothelium capillaries,

which presents a wide contact surface area with hepatic parenchymal cells, and to ionic

interactions with the negatively charged cell surfacer"

2.2.3 Synthetic strategies and properties of polymeric drug carriers

The polymeric drug carriers should meet the following structural prerequisitesr '

1. They should be biodegradable by virtue of biofissionable bonds (peptide, nucleotide or

sugar bonds) that bind monorners in the polymeric main chain together.

2. Reactive functional groups must be provided as binding sites for drug attachment. The

binding site should preferably be separated from the polymer main chain by spaeer

segments so as to make them more accessible during drug anchoring reactions.

3. In order to meet the pharmacological requirement of in vivo drug release from the

carrier, the spaeer segment must comprise one or more biofissionable groups, such as

amide or urethane, sugar or nucleotide groups. At least one of these links must be

sufficiently remote from the main chain to permit the approach of proteolytic enzymes

engaged in the bond-breaking process.

4. A sufficient number of hydrosolubilising groups should be contained in the polymeric

structure in order to provide complete water-solubility of the polymer-drug conjugate.
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Ideally, macromolecules designed to function as drug carriers should be easily synthesised at

low cost, highly water-soluble, non-toxic, non-irnrnunogenic and well characterised from the

physico-chemical point of view." Synthetic polymers with a C-C backbone are generally not

biodegradable. For a synthetic polymer to be enzyrnatically degradable, the active site of an

enzyme must undergo a number of interactions with the substrate leading to the formation of

an enzyme-substrate complex. This process will be possible if relatively short synthetic

polymer chains or monomers are linked to each other by bonds susceptible to enzymatic

attack. 35.36.3 7

The general strategy to synthesise water-soluble polymeric drug earners and to anchor

potential drugs covalently to them is schematically demonstrated in Figure 2.2. To generate a

polymeric backbone, step reaction polymerization reactions between monomers of the AB or

AA and BB type (A and B represent functional groups that are suitable to generate

biodegradable =ab- bonds between monomeric units) are particularly useful. The advantage

of a polymeric drug carrier, with a biodegradable main chain is that the rate of scission of the

bonds can be controlled by small structural changes and by changing the amount, and the type

of biodegradable-ab-bonds, and by changing the size of monomer subunits.

Solubility in aqueous media is required for drugs to be administered by intravenous or

intracavitary techniques, for example, in the treatment of cancer by chemotherapy. For this

purpose aqueous solubilising agents should be anchored to the polymeric backbone.

Following this, the synthetic polymer must be tailored to have a number of functional groups

available for drug binding. This is labelled as site C in Figure 2.2. In order to covalently bind

a drug to the drug carrier at site C, the drug itself must be modified in such a way that it can

react with this site. Therefore, the drug itself needs to be functionalised in such a way that it
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contains an active site D capable of interacting with site C. It stands to reason that the

chemical methods of drug binding to polymers must be designed so as to accommodate the

particular solubility behaviour of the polymeric carrier

Figure 2. 2 General guidelines for the synthesis of a polymeric drug carrier/drug
conjugates.

Hence, experimental conditions must be developed that will inter alia permit drug coupling

reactions in aqueous or mixed aqueous-organic media as the drug itself is designed to be

Attachment of drugs to macromolecular carriers alters their rate of excretion from the body (it

may even prevent it) and provides the possibility for sustained release over a prolonged

period. Because it limits the uptake of drugs by cells to the process of endocytosis, it

provides the opportunity to direct the drug to the particular cell type where its activity IS
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required. Owing to the extensive chemistry associated with the process schematically

demonstrated in Figure 2.2, it follows that synthetic polymers can more easily be modified to

meet a certain desired need, here drug carriers, than natural polymers because the former are

more susceptible to chemical modifications. This implies, for example, that synthetic

polymers can be tailored to carry a high payload of drug but natural polymers not.

In conclusion then, the preparation of the ideal polymeric carrier requires optimisation and

control of a number of properties of the polymer that is biologically important. These include

inter alia, biodegradability of the backbone by the choice of monomer linking bonds, control

of the number of the drug attachment sites, synthetic methods for drug anchoring and the

regulation of non-specific binding by charge association (charge-hydrophobicity effect).

Another important parameter in the determination of the biological activity of a polymer is the

molecular mass. For example, the rate of elimination of the polymer from the blood stream,

the deposition in organs " as well as the rate of uptake of the polymer into the cells by

pinocytosis.r" are influenced by both molecular mass and molecular mass distribution.

Now that some general aspects surrounding polymeric drug earner devices have been

discussed, it is appropriate to look at a small set of actual compounds that was made to fulfil

the requirements that was elaborated on in the sections above.

2.2.4 Selected examples of polymeric drug carriers and polymeric drug carrier/drug

conjugates

Water-soluble poly(L-a-amino acids) often show immunogenic properties. Nevertheless,

they are attractive choices of carriers since they are easily biodegradable. Also, eo-

polymerisation of amino acids with especially ethylene glycols, has successfully eliminated
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immunogenic properties of poly( a-amino acids). 40 Several attempts have been made to

synthesise non-immunogenic poly(L-a-amino acids) for biological use.41 Of these,

derivatives of poly(aspartic acid) are central to this study. Neri and Antoni" polymerised

aspartic acid, I, thermally to polysuccinimide, 2, of molecular mass 57 000 within 2,5 h at

180°C according to Scheme 2. 1. It was also demonstrated in this laboratory that less harsh

polymerisation conditions to convert aspartic acid to polysuccinimide, 2, (120°C, 1 h) lead to

a polymer in which not all the aspartic acid molecules that are polymerized underwent

cyclization. Part of the monomer remained in the uncyclized state, structure 3. The five-

membered succinimide ring in 2 can afterwards be opened by nucleophilic attack with, for

example, amines.

In this way, the water-soluble biocompatible polymer, 4, a,p-poly(N-2-hydroxyethyl)-DL-

aspartamide 43,44 of relative molecular mass 70 000 Mr was obtained by a simple reaction of

ethanolamine with a polysuccinimide, 2. The polymer, 4, is so biocompatible that it has been

proposed as a blood plasma expander.Y In a potential drug anchoring step, the OH functional

group of 4 can be reacted with a drug that is functionalised to have either a carboxylic acid or

isocyanate group (reactions not shown). Some anti-inflammatory and antiviral drugs have

been covalently linked to 4.45

Peptidyl carbamate molecules, which are human leukocyte elastase (HLE) inhibitors, have

also been linked to 4 and the resulting synthetic macromolecular system maintained the in

vitro HLE inhibitory capacity of free low molecular weight drugs."
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4

A. pH
HIi' VH3PO.

~
< 5 torr,
2.5 hours

---0>

1
120·C 1
1 hour

3 5

Scheme 2. 1 The effect of different experimental conditions on the polymerization of
aspartic acid and a,I3-Poly(N-2-hydroxyethyl)-DL-aspartamide synthesis, a proposed
blood plasma expander. It should be realised that 4 actually consists of a mixture of a
and 13 isomers but for simplicity, in this study only the a-isomer will constantly be
shown.

Swarts and Maree46 eo-polymerised aspartic acid, 1, with NE-trifluoroacetyl-L-lysine, 6,47 the

target co-polymeric drug being, 7, (Scheme 2.2) with an x:y ratio of 2: 1. However, in

practice, an x:y of 7: 1 was found on 7 and ring opening reactions of the succinimide fraction

of 7, removal of the trifluoroacetyl protecting group has lead to a polymer which was water-

soluble and has side chain, containing an amine functional group as drug anchoring site.

Maree utilized 7 to synthesise the water-soluble conjugate 8, which contains the

phthalocyanine moiety. The phthalocyanine moiety is active in photodynamic cancer therapy

provided M = Zn or AI. It was established''Y" that drug anchoring becomes progressively

easier with more methylene spaeers separating the polymer from the functional group that will

be utilised for anchoring purposes. Polymer 8 has 4 CH2 spaeer groups between polymer

main chain and drug anchoring site.
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Scheme 2. 2 The synthesis of a co-polymer of lysine and aspartic acid!· to which a
phthalocyanine group has been anchored. M = Co or Zn. (See footnote).

Molz et al.so synthesised compounds containing the cytostatic bis(2-chloroethyl)amino group

linked via urethane or O-acylated hydroxamic acid bonds to polymerisable methacrylic acid

derivatives. Co-polymerisation with hydrophilic monomers such as 2-(methyl-sulfinyl)ethyl

methacrylate yielded biologically active compounds of the structure, 9, 10 and 11 in Figure

Figure 2. 3 Ester, amide, urethane and! O-acylated hydroxamic acid bonds were
utilised to anchor the cytotoxic agent !bis(2-chloroetbyn)all1lline onto a methacrylate based
polymeric carrier. The main chain of this polymeric system is not biodegradable .

• Although not indicated in any scheme in this study. it should be emphasised that all co-polymers. which were
prepared, consisted of backbones in which the repeat units are expected to follow a random distribution.
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Since it IS known that dimethyl sulfoxide (DMSO) enhances the penetration of

pharmaceutical agents through the skin, Hofmann et al." synthesised the polymer poly[2-

(methylsulfinyl)ethyl acrylate], 12, utilising an ester bond in the side chain for anchoring

purposes to see if polymeric carriers containing a DMSO moiety could also be transported

through the skin. They could not. However, the incorporation of phenolic or tyrosil residues

into macromolecules such as 13 greatly increased the rate of pinocytotic capture of poly

aspartate derivatives by cells. 52 (For advantages of pinocytotic clWture of polymers, see page

10 - 12. This will also be the process by which the polymers of this study will be internalised

in cells).

+",Jj CON

bo n

b CONH
bH2 jbH2
I

O=S,
CH3 Y

12

Figure 2. 4 Dimethyl sulfoxide and phenolic residues incorporated on polymers 12
and 13 respectively.

Neuse and Perlwitz53 synthesised several derivatives of aspartic acid via polysuccinimide, 2,

to obtain a series of drug carriers (Scheme 2.). Each of the substituents was chosen in such a

manner that certain desirable properties were built into the polymeric drug carriers.
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Scheme 2. 3 Potential polymeric drug carriers.

The function of the RI substituent is mainly to enhance the water solubility of the carrier

polymer, RI! side group is chosen with the particular aim of providing the all-important active

site onto which a desired drug could ultimately be anchored, Neuse et a/54 also reported the

anchoring of poly(ethylene oxide) (PEO) chains onto drug carrier-type polyaspartamide to

give polyampholyte 22 and 23 (Figure 2, 5),

CONH

)
HO

22: PEO" -('{V01:rcf'vOMO

23: PEO" -('{v1rtOMo

Figure 2. 5 Gratting of pclyferhylene oxide) onto polyaspartamide.

The purpose of this was to increase the carrier hydrophilicity, reduce irnrnunogenicity and

enhance resistance to both protein binding and capture by the reticuloendothelial system with

concomitant prolonging of residence time in serum circulation,
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As this study is concerned with the anchoring of the ferrocenyl group as antineoplastic agent

on a polymeric drug carrier, it is appropriate to discuss a few literature cases of polymer-

bound ferrocene complexes. The high success rate and well-behaved manner in which

polysuccinimide 2 was converted to various polyaspartamide (described in the preceding

paragraph) made nucleophilic attack of an aminated ferrocene such as 1-

ferrocenylethylarnine+'" (for structure, see Scheme 2. 6, page 29, compound 50) on 2 to give

polymer, 24, (Figure 2.6), an obvious choice. This would imply that a drug moiety like

ferrocene could be anchored directly on a carrier polymer. However, the reaction was found

to be extremely sluggish. The ferrocenyl content of 24 was less than 5% as determined by

IH_NMR spectroscopy even after prolonged reaction times (48 h). 57

Figure 2.6 Attempts to anchor I-ferrocenylethylamine directly on polysuccinimide
derivatives (compound 24) or via an acrylated intermediate on polymer 15 to obtain 25
were inefficient reactions.

N-( l-ferrocenylethyhacrylamide" could be anchored only 15% successfully on 15 to give

polymer, 25, Figure 2. 6. When polymer 15 was acrylated and then reacted with 1-

ferrocenylethylamine, polymer 26 was obtained with O.4x equivalents of the ferrocene-

containing drug successfully anchored (Figure 2.7).

tCON~fCON8
cr "91 '
C) @24 ,'005,

fYCON~ fYCON~ fYCON~
[T1L~rJ'~[TJ,
c) ~ONH

25"·'·15' ~
@
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Figure 2. 7 Addition of L-ferrueeuylethylamine onto an acrylated derivative of 15 to
give 26 was only 40% effective. Ferrocenecarboxaldehyde does not interact with 14 to
give Schiff base compounds. Rather, the cyclic imine derivative 27 is formed.

The lack of nucleophile strength of l-ferrocenylamine was judged as the cause for the poor

success rate of anchoring this particular amine-containing ferrocenyl derivative onto the

carrier polymer, although steric factors may also play a contributing role. The described

observations surrounding the difficulty to anchor l-ferrocenylethylamine onto polymeric drug

carriers such as 15 was the reason why in this study several ferrocene-containing amines were

synthesised and why methods of anchoring them onto a polymeric drug carrier were

investigated. When ferrocenecarboxaldehyde'f was allowed to react with 14 to give polymer

27 (Figure 2. 7). Only 0.6 equivalents ferrocenyl groups were incorporated in the product

27.57 The isolation of 27 rather than the Schiff base product is the consequence of the close

proximity of the two amine functional group in the side chain of the present polymeric drug

carrier 14.

Another way of anchoring ferrocene on a polymeric drug carrier would, for example, be to

anchor carboxylic acid-containing ferrocenes onto an amine-functionalised polymer such as

15 under the influence of a coupling agent. This approach led to the anchoring of a variety of
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carboxylic'" acids on 15, to give polymers 28 and 29 (Figure 2. 8). The authors found that 0-

benzotriazolyl-N,N,N'N' -tetramethyluronium hexafluorophosphate is a vastly superior

coupling reagent for amide bond formation than N-hydroxysuccinimide or N-

hydroxybenzotriazole.

C) ~), C) ~
28a: n= 0, y = O.56x ~ Fe

b: n = 1, Y = O.69x 29, y = O.S6x @
c: n = 2, Y = O.SOx
d: n = 3, Y= O.96x

Figure 2. 8 Anchoring of carboxylic acid-containing ferrocene derivatives on the
biodegradable drug carrier 15 liberates polymers 28 and 29.

The synthesis of water-soluble and biodegradable polymer-platinum conjugates were

described in which monoamine- and cis-diamine-platinum complexes related to the anticancer

drug cisplatin were co-ordinately bound to linear macromolecular drug carrier

molecules.59.6o.61.62.63.64In this regard, the polymer-drug conjugates, 30 - 36, Figure 2.9, page

24, were synthesised to serve as potential prodrugs in cancer chemotherapy. The rationale

behind these syntheses was that improved pharmacokinetic efficacy should lead to selective

accumulation of the platinum based drug in cancer tissue by means of endocytotic cell entry.

Hydrolytic action on the conjugate in the lysosomal compartment caused the release of the

platinum moiety from the carrier for ultimate interaction with the DNA of the affected target

cells. Reduced platinum toxicity and increased bioavailability and concomitantly enhanced

therapeutic effectiveness are expected for these new polymeric devices.
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Figure 2. 9 Platinum co-ordinaticn with amine-functionalised polymeric drug
carriers.

These platinum conjugates were recently tested in vitro for antiproliferative activity against

human cervical carcinoma (HeLa)3.65 and other cell lines with encouraging results (Table

2.1).66
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Table 2. 1 Maximum tolerated dose levels66 for polymer-platinum conjugates 30-36.

Max. tolerated dose"

Conjugate Number of mice Nominal Expressed as Expressed as
per test Pt content (%)b mg polymer kg" mg Pt kg'

test animal test animal

30 8 18.5 2800 518
31 5 16.5 900 145
32 8 8.4 500 42
33 9 7.2 375 27
34 8 7.4 200 160
35 5 18.3 <150 <27
36 4 16.4 <150 <25
Cisplatin 2 65.0 4.6c 3-4

a For experimental procedure. 66
b Mass percentage of platinum in unprotonated polymers.
c G' . I . k -I 66 I her i .. 676875 . I . k ,I .. db' 4iven as mg CISpann g. n ot er invesnganons. ' .. mg CISpann cg was loun to e toXIC, mg

cisplatin kg" to be non-toxic.69 and 5 mg cisplatin kg" lO be borderline. causing 40% death67 but no death.68

For polymer-platinum conjugate, 30, compared to cisplatin, the conjugate proved less toxic by

a factor greater than 100 and for the analogue 31, the tolerated dose was low although nearly

50 times higher than cisplatin. Results summarized in Table 2.1 indicate that the

aminopropylmorpholine-containing complexes. 31 and 36 are more toxic than the

dimethylarninopropyl-containing polymers. 30 and 35 respectively. The poly(ethylene

oxidej-rnodified conjugate 34 allows a large tolerated dose while both 35 and 36 were found

to be lethally toxic even at the lowest dose level tested.62 This led to speculation that the

toxicities may have resulted from factors unconnected with the platinum complex structure,

such as coagulation or clotting in central circulation department of the tested animal.t'
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2.3 Ferrocene derivatives

2.3.1 Introduction

With respect to this research program, ferrocene and its derivatives stand at the centre as

active drug components that have to be anchored onto a suitable polymeric drug carrier. For

this reason it was deemed appropriate to highlight the cytotoxic behaviour of ferrocene and

some of its derivatives as well as the chemistry and physical properties of these compounds.

For the purpose of this study, electrochemical properties were regarded as an important

physical parameter to persue. Ferrocene 3721has a remarkable geometry in that it possesses a

sandwiched structure in which two cyclopentadienyl rings lie parallel to one another with an

iron (II) cation buried in the n-electron cloud between them. The Fe (II) centre is very

reluctant to participate in further co-ordination bonds.

+
@

~
@=R

I oxidation +e - RD -H+ I
Fell Felll , I> Fe@ 7bductlon @ @
31~ 38 31lb

Scheme 2. 41 Oxidation of ferroeene 3721to give the ferricenium cation 38 which can
undergo reductive coupling with radicals, RO, to give substituted ferrocenes 37b.

Ferrocene, 3721, is readily oxidised to the ferricenium cation, 38, by hydrogen peroxide." or

other oxidising agents. The reverse reaction, reduction of the ferricenium cation to neutral

ferrocene, is mediated by NADH/1 metalloproteina' and other strong reducing agents. The

ferricenium cation, 38, itself an ion-radical species of appreciable stability, interacts readily

• The structure of ferrocene shown in all figures is in the staggered DSd conformation. It can also exist in the

eclipsed DSh conformation.
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with free radical precursors and a variety of biologically important electron donor compounds

as well as with other nucleophiles.Ï'' The low formal reduction potential of ferrocene 37a in

water (EOI = 0.127 V vs. saturated SCE at 25°C 7.t) renders this metallocene prone to

biologically controlled oxidation-reduction processes. Ferricenium cation 38 undergoes

recombination reaction with free radicals, which, after proton elimination, leads to substituted,

uncharged ferrocene compounds.f

2.3.2 The chemistry of ferrocene

The chemistry of ferrocene and its derivatives has been well documented.75,76,77,78,79,8o Only

selected features related to this study will be discussed below. Most ferrocene-containing

compounds may be prepared from only a few different starting materials (Scheme 2. 5). In

general these are acylated, dimethylaminomethylated or metalated ferrocene derivatives. All

are easily prepared from ferrocene and are sufficiently versatile to be converted to many

derivatives.

Both mono- and dilithioferrocene 41 and 42 can be prepared by allowing ferrocene to react

with n-butyllithium. However, it is not possible to obtain either one of these two compounds

in a pure state79 in this way as 41 and 42 cannot easily be separated from each other.

However, if chloromercuriferrocene 39 and 1,1' -bis( chloromercuri)ferrocene 40 are first

prepared'" and then lithiated, it is possible to obtain 41 and 42 as pure compounds81.82 because

39 and 40 can conveniently be separated. Reaction of 41 with C02 will, for example give

ferrocenoic acid. Ferroceneboronic acid 43 and 1.1' -ferrocenediboronic acid 44 are prepared

by allowing the correct lithiated ferrocene to react with tri-n-butyl borate83 and are

exceptionally versatile precursors in many syntheses.
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Aminomethylation of ferrocene to obtain N,N-dimethylaminomethylferrocene 45 is possible

by means of reacting ferrocene with N,N,N',N'-tetramethyldiaminomethane84.85 in the

presence of acetic and phosphoric acid. The most useful reaction of dimethylaminomethyl-

ferrocene 45 is that with methyl iodide to give (ferrocenylmethyl)trimethyl ammonium

iodide,86 which undergoes SN2 displacement of trimethylamine by many nucleophiles.

Ferrocenylcarboxaldehyde 46 can be obtained by treatment of ferrocene with phosphorus

oxychloride and N-methylformanilide in yields as high as 76%? The aldehyde 46 is reactive

to amines to form Schiff base complexes (but this is in contrast to polymer 27, Figure 2. 7,

page 21) or can easily be reduced either by LiAI~ or NaB~ to ferrocenyl methanol.

Considering one of the goals of this study, which is the anchoring of the ferrocenyl moiety

onto a water-soluble polymeric drug carrier, one of the objectives was to synthesise a series of

substituted ferrocenes containing reactive side groups capable of undergoing coupling

Scheme 2. 5 Precursors to various substituted ferrocenes.

~HgCI
Fe

@-Hgc,4~
+n-C.J't9Li

~Li

Fe

@-Li 42!~""""a
~B{OH12

Fe
@-B{OH)z

44
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reactions with the polymer. The literature provides a fair amount of information on these

types of compounds, some of which are shown in Scheme 2. 6.

The enhanced aromatic reactivity of ferrocene makes possible a wide range of electrophilic

substitution reactions. which can often be effected under mild conditions.75.77 Ferrocene is

much more reactive towards Friedel-Crafts acylation51.S8.89.90in for example the preparation of

Scheme 2. 6 Chemistry of ferrocene. X- = [CCi)COOr.2CCi]COOH in 54.

Hydrogen substitution of mono-substituted ferrocenes mayor may not proceed with ease,

depending on whether the existing substituent is an electron donating, such as alkyl, or an

electron-withdrawing substituent, such as acetyl. The former activate the ferrocene complex,

and substitution takes place preferably on the same cyclopentadienyl ring that contains the

activating substituent as shown in the acetylation of ethylferrocene, 56 to give 57. The latter

de-activates the complex. leading almost exclusively to the heteroannular I,ll-substituted

~NHZ.HCI

I
Fe

@50
t

o

~
I
Fe

3tfl> @52

o / + 0 0

~ ~~CF' [~J+x"
Fe Fe b: R = CCI, ~@ c:R=CH, ~

53 d:R=Ph 545 ~R=h

acetylferrocene, 52, than either benzene or anisole.

~COOH
I
Fe a: n = 0

~ b:n=1

47~ c:n=2
d: n = 3

~NH2

I
Fe

@
48 1Olmethylamino-

methylation.
cyanatlon.
reduction

@
I
Fe
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2. Clemenaen
reduction

-
..
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products." This is demonstrated by the acylation of acetylferrocene, 52 to give 1,1/-

diacetylferrocene 55. Acyl ferrocenes are useful synthetic intermediates en route to other

ferrocenes.f as they are capable of undergoing a large variety of reactions such as

Clemmensen reduction, lithium aluminium hydride reduction to alcohols and a whole variety

of common ketone condensation reactions. Foremost of these may be cited the Claisen

condensation of acetylferrocene with an appropriate ester to give the j3-diketones 53.93

Ferrocenoic acid, 4731, has been prepared in many ways,77 the most important being

carbonation of lithioferrocene94.9s 41, or by oxidation of acetylferroceneT" 52 and by the 2-

chlorobenzoyl-chloride method.97 Ferrocenylacetic acid, 4711>,may be prepared from N,N-

dimethylaminomethylferrocene methiodide85.86.98after cyanation followed by hydrolysis of

the resulting ferrocenylacetonitrile. 3-Ferrocenylpropanoic acid, 47c, may be prepared from

ferrocenecarboxaldehyde, 46, and malonic acid99 (Ooebner condensation), followed by

hydrogenation of the intermediate. 4-Ferrocenylbutanoic acid, 47d1, can be prepared by

Clemmensen reduction 100of 3-ferrocenoylpropanoic acid.'?' 3-Ferrocenylbutanoic acid, 49,

was obtained by the Reformatsky reaction between acetylferrocene and malonic acid followed

by catalytic hydrogenation of the obtained intermediate 3-ferrocenyl-3-methylacrylic acid.102

Reductive amination of acetylferrocene, 52, with cyanoborohydride, in the presence of

ammonium acetate followed by treatment with HCI, gave l-ferrocenylethylarnine

hydrochloride, 50.51.103 Conversion of 50 to N-( l-ferrocenylethyl)acrylamide, 51, was

achieved by allowing neutralised 50 to react with acryloyl chloride in the presence of

triethylamine.i'' The preparation of amine functionality slightly removed from the ferrocenyl

moiety by methylene spaeer is demonstrated by the synthesis ferrocenylethylamine, 48, which

is accomplished by the reduction of ferrocenylacetonitrile with LiAI~,86 obtained from
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ferrocenylmethyl(trimethylammonium)iodide.84.82.98 Finally, Neuse and others 104 have

persued studies in which ferricenium salts, 54, were prepared and isolated inter alia for

biological test.

2.3.3 Electrochemical studies

The reversible electron transfer process involving the ferrocenyl moiety (paragraph 2.3.2) has

led to many well documented electrochemical studies both in organic media and in aqueous

media. The reversibility and high rate of electron transfer of the ferrocenyl moiety invariably

leads to LlEp= Epa - Epe close to 59 mV (Epa= anodic peak potentials and Epe= cathodic peak

potentials) and ipJipa ratios close to 1 (ipe= cathodic peak currents and ipa= anodic peak

currents) during cyclic voltammetry studies.l'" Related to this study, Blom et allOo

documented the formal reduction potential of the acid series 47a-47d in acetonitrile and

Swarts et at8 determined the formal reduction potential of the polymer/ferrocene conjugates

28a-28d. Results are summarized in Table 2.2.

It is important to observe that the closer the carbonyl group on 47a-47d and 28a-28d is to the

ferrocenyl moiety the more positive the formal reduction potential of the ferrocenyl moiety

becomes. It appears that the electron withdrawing properties of the carbonyl group is masked

very well when the spaeer chain length becomes -(CH2)3- in both the acid series 47 and the

polymer series 28 (see Figure 2.10).
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Table 2. 2 Formal red unction potentials", Eo1 = (Epe + Eplll)/2 versus SCE and peak
currents ratios" ipcfipD foil"the indicated compounds at 25°C.

Compound" Eo1 (V) . J'lp Ipa

~COOH

@47a:nao
0.57 0.916

~COOH

Fe

@47b:na1

0.34 0.979

0.31 0.988

0.29 0.966

Compound"

0.430 0.37

0.244 0.46

0.204 0.72

0.181 0.80

a Epa = anodic peak potenrials. Epe:= cathodic peak potenrials. iJl3 = anodic peak currents and ipe:= cathodic peak
currents.

b Conditions for series 47: In CH3CN containing 0.1 mol dm" LiCIO~, substrate concentration = 1 mmol dm",
see Ref. 100.

c Conditions for series 28: In H20 containing 1 mol dm') KCI. substrate concentration = 1 mmol dm", see Ref.
48.
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Figure 2. 10 Relationship of EO! (V) vs. n, where n = number of CH2 groups separating
a functional groups from the ferrocenyl moiety for the acids series 47 and the polymers
28.

In addition, electrochemical studies on the ~-diketones. 53a-53e, were used to determine

group electronegativities of the -CF), -CCI3, -CH), -Ph and -Fc groups'" and Ogata et all06

determined that for ferrocenophanes, the formal reduction potential, EO!, of the ferrocenyl

group varies linearly according to the equation:

EO! = -0.02221 N + 0.3654

where N is the number of methylene units in each ferrocenophane.

With respect to this study, a series of new ferrocene-containing amines. amides and polymer

bound ferrocenes were subjected to cyclovoltammetric studies in aqueous and/or organic

media.

2.3.4 Cytotoxicity and mechanism of action of ferrocene derivatives

In 1984 Këpf-Maier et all04 was the first to show that the ferricenium species in compounds

such as 54 (Scheme 2. 6, page 29) has appreciative activity against cancer. In particular it
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was found that 54 (X = [CCbCOO]".2CCI3COOH) has a IDloo (ID = inhibiting dosage) value

of 480 mg/kg test animal (mice) weight and that it has a TI value of 2.0 (TI = therapeutic

index). Cisplatin also has a TI value of 2.0. The optimum dosage of cisplatin (7 mg/kg mass

of test animals) is, however, much less than that of 54, which act optimally at dosages of 220-

300 mg/kg mass of test animal. In contrast, it was found that ferrocene itself it is totally

inactive, presumably due to its total lack of aqueous solubility.

In follow up studies, it was shown by Neuse and eo-workers 107that ferrocenylacetic acid, 47b,

induced good to excellent cure rates against human adenocarcinoma, squamous cell

carcinoma and large-cell carcinoma of the lung in in vitro human tumour clonogenic assays.

The latest research on the cytotoxic capabilities of ferrocene compounds has been performed

in this laboratory. It was reported in 200 1,9 for example, that the acid 49 (Scheme 2. 6, page

29) is one order of magnitude more active against Murine EMT-6 cancer cells when anchored

on the water-soluble polymer 29 (Figure 2.8, page 23) compared to its cytotoxicity when it is

a free monomeric drug. The LD90 value for 49 was found to be 500 ug/rnl while for the

polymer 29 it is only 60 ug/rnl of active drug species. In addition, from this laboratory was

filed a patent (December 2000) which described the cytotoxic properties of the p-diketones 53

and their rhodium and iridium complexes. In particular it was found that the ICso-values of the

CF 3 complex 53a was much more favourable than that of cisplatin, even against platinum

resistant cell lines such as COR L23, a sensitive human lung large cell carcinoma cell line.

Also, the therapeutic index (TI) of these compounds exceeds 8 compared to the 2 for cisplatin.

The most impressive result to date, though was obtained for the rhodium-cyclooctadiene

complex of 53a which showed an LD90 value of 0.39 ~Mlkg mass of test animal when

irradiated with a radiation dose of 5 Gy.8 The corresponding value for cisplatin is 4.5 ~Mlkg

mass test animal.
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To conclude this section, Osella and eo-workers 108 have recently determined the mechanism

of action of the ferrocenyl moiety in chemotherapy. It is based on electron transfer processes.

The Fe"-containing ferrocenyl group needs first to be activated by oxidation to a Fe"l-

containing ferricenium species by redox-active enzymes in a particular body compartment.

The ferricenium species then interact with water and oxygen to generate a hydroxyl radical

(OH·). The hydroxyl radical then cleaves the DNA strands which results in cell death.

Electrochemical and biological studies8.9 indicated that only ferrocenyl derivatives with

formal reduction potential less than ea. 0.216 V vs. a saturated calomel electrode (SCE) are

inactive in cytotoxicity experiments. Ferrocenyl oxidation by redox enzymes in the cell

becomes thermodynamically impossible in compounds with much more positive formal

reduction potentials and the ferrocenyl derivatives become for all practical purposes inactive.

2.4 General synthetic procedures

2.4.1 Formation of acid chlorides

To obtain amides, it is necessary to condense an amine with a carboxylic acid. However, this

condensation reaction is sluggish and normally requires high temperatures and long reaction

times. These severe conditions may lead to undesired side reactions and degradation of liable

moieties in the reacting molecules. To allow amide formation under less drastic conditions,

the carboxylic acid may be converted to a more reactive compound such as an activated ester,

an anhydride or an acid chloride. A carboxylic acid is more often converted into the acid

chloride than into any other of its derivatives. From the highly reactive acid chloride there

can be obtained many other types of compounds, including esters and amides. Acid chlorides

are prepared by substitution of the carboxylic acids hydroxyl groups (OH) for chlorine (Cl).
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Scheme 2. 7, illustrates three of the many reactions and reagents that may be used to effect the

transformation.

ReaOH ---4_C_IC_O_C_O_CI{> lRCOCI

Scheme 2. 7 Reagents foil"acid chloride synthesis

2.4.1.1 Thionyl chloride

RCOOG=D SOCI2
-===--I>
-HCI

o
IR-CII

'Cl

With respect to the methods used in this thesis, use was firstly made of thionyl chloride,

SOCh, as chlorinating reagent. Thionyl chloride is usually used in excess over the desired

compound, or even as the solvent during chlorination. The side products formed, besides the

desired acid chloride, are gasesl09.110.111(CO:! and HCl), which are easily separated from the

formed acid chloride. Any excess of the low boiling thionyl chloride (b.p. 79°C) is easily

removed by distillation. Many reactions require the use of a catalyst such as pyridine,"2.113

triethylamine,"4.115 or dirnethylformamide!" in addition to thionyl chloride. The mechanism

of the reaction probably proceeds via the formation of an intermediate chlorosulphite.i'Ï
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2.4.1.2 Oxalyl chloride, (COCI)z

RCOOH + CIOC-COCI -tll> RCOCI + HCI {o CO + CO2

Oxalyl chloride is quite useful for converting carboxylic acids to their acid chlorides because

the residual monochloro oxalic acid decomposes to hydrochloric acid (HCl) carbon monoxide

(CO) and carbon dioxide (C02) gas, thus driving the equilibrium to the side of the acyl halide.

Oxalyl chloride, with pyridine as a catalyst, is used for heat or strong acidlbase sensitive

compounds, such as 1,1' -ferrocenedicarboxylic acid, 58, (Scheme 2.8). The acid, 58, upon

reaction with oxalyl chloride in the presence of pyridine produces the acid chloride, 59, in

90% yield.118 Other catalysts may also be used include DMFI19 for base sensitive

compounds.V"

~COOH ~COCI

~ ----~~~ Fe

@-COOH @-COCI

58 59

Scheme 2. 8 Synthesis of 1,1 '-ferrocenyldicarboxylic acid chloride 56.

2.4.1.3 Phosphorus chlorides

Instead of SOCh the phosphorus chlorides PCi) and PCls may be used to prepared acyl

chlorides from carboxylic acids.I21,122 The carboxylic acid reacts with a 25-100% excess of

PCl) based on the reaction.

3RCOOH + PCI3

In some cases PCi) is the preferred agent over SOCh or (COCl)2. The reaction of PCI) with

2-ethylmercaptopropionic acidl23 yields the colourless acid chloride in 64% yield, whereas

thionyl chloride gives a less pure, slightly coloured product. Phosphorus pentachloride has

also been used extensively for the preparation of acid chlorides. High molecular-mass acyl
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chlorides may be perpared 124bythe reaction of PCl, on the acid dissolved in an inert solvent

such as benzene, carbon tetrachloride or methylene chloride.

2.4.2 Amide synthesis

The treatment of acyl halides with ammonia or amines is a very general reaction for the

preparation of amides.12s The reaction is highly exothermic and must be carefully controlled,

usually by cooling or dilution. Ammonia gives unsubstituted amides, primary amines give N-

substituted amides, and secondary amines give N,N-disubstituted amides. Arylamines can be

similarlyacylated. In some cases aqueous alkali is added to the reaction mixture to neutralise

with the liberated HCI. This procedure is called the Schotten Baumann procedure.126

However, ammonia and primary amines may also give imides, in which two acyl groups are

attached to the nitrogen. This is especially easy with cyclic anhydrides, which produce cyclic

imides.127

The second step in this case, which is much slower than the first, is the attack of the amide

nitrogen on the carbonyl group with simultaneous release ofNH3.

RCOOH {o NH3 -====t> RCOO-NIHI4+ pyrolysis c> RCONH2

When carboxylic acids are treated with ammonia or amines, salts are obtained. The salts of

ammonia or primary or secondary amines can be pyrolized to give amides, 128but the method
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is less convenient than the conversion of acyl halides, anhydrides and esters 129and is seldom

of preparative value.

RCOOR' + NH 3 --I> RCONH 2 + R/OH

The conversion of esters to amides is a useful reaction. and unsubstituted, N-substituted, and

N,N-disubstituted amides can also be prepared from the appropriate amine.130 Both Rand R'

may be alkyl or aryl. The reaction is particularly useful because many esters are readily

available or easy to prepare, even in cases where the corresponding acyl halide or anhydride is

not.

2.4.3 Primary amine synthesis

Amides can be reducedI31.132.133to amines with lithium aluminium hydride (LiAIR.) or by

catalytic hydrogenation, though high temperatures and pressures are usually required for the

latter. Even with LiAlH4 the reaction is more difficult than the reduction of most other

functional groups, and other groups can be often be reduced without disturbing an amide

function. Sodium boron hydride (NaBH.j) by itself does not reduce amides. though it does in

the presence of certain other reagents 134such as PdlC. Another method for the reduction of

mono- and disubstituted amides in high yields consists of treatment with triethyloxonium

followed by reduction of this with NaBH4 in ethanol.
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3.1 Introduction

In this research program results are ordered firstly to discuss the synthesis of a series of

antineoplastic ferrocene-containing amines from the corresponding amides via suitable

carboxylic acid precursors (Scheme 3.2, page 42). This discussion is followed by describing

the technique how the above mentioned antineoplastic ferrocene amines are covalently

anchored onto a water-soluble polymeric carrier to give water-soluble ferrocene-containing

polymers with biomedical applications. This is followed by a detailed discussion of the

electrochemistry of all the ferrocene-containing complexes. The influence of coupling side

chain length (i.e. the number of CH2 groups separating functional groups from the ferrocenyl

moiety) on the ferrocenyl formal reduction potential will inter alia be highlighted. Finally, a

discussion of a cytotoxicity study on the synthesised ferrocene derivatives will highlight

relationships between cytotoxicity, structure and ferrocenyl reduction potential.

3.2 Syntheses

3.2.1 Preparation of ferrocene derivatives

3.2.1.1 Carboxylic acids

In order to attach the antineoplastic drug, ferrocene, to the water-soluble polymers, it is

necessary to functionalise ferrocene. For the purpose of this study, polymer anchoring is

achieved by means of an amide bond. To make this possible amine-containing side chains

were introduced onto the ferrocenyl molecule in multi step reactions starting with the

formation of carboxylic acid-functionalised ferrocenes.

The first ferrocene compound to be synthesised was ferrocenoic acid, 47a, in a two step

reaction from ferrocene, 37a, by the method of Reeves97 according to Scheme 3. 1. The first



RESULTS AND DISCUSSION - 42-

step was a Friedel crafts reaction to produce 2-chlorobenzoylferrocene 60 as a dark red solid

in 67% yield. This compound was characterized by )H NMR spectroscopy (spectrum 1: see

appendix at the end of this thesis). Treatment of 60 with potassium tert-butoxide gave

ferrocenoic acid 4ïa as an air stable yellow powder in 86% yield. The appearance of a

carbonyl (C=O) peak in the infrared spectrum of 47a at 1617 cm-) was clearly identified. The

peaks observed at 1107 and 998 cm-I (corresponding with 9 and 10 urn respectively), are

associated with the unsubstituted cyclopentadienyl ring of 47a.

KOC(CH,),
<l H,o

N'(CH,),f ~CN
KCN 1.KOH
-ooi> --t>~ @ 2.HCI

6~ 62

~COOH

@4ib

COCI
kCI AICI,
~ CH,cI,

1. H,PO. 2. CHz!
CH,cOOH
TMMDA

~
@
3ia

N-MeFA,
POCI,

o rCOOH COOHH melonlc er>
acid HzlPd 1:'

'*' ~ '*' elhanof" '*'
~ piperidine, ~ ~

46 .cO,,-H,o 63 sr«

Scheme 3. 1 Syntheses of ferrocene-containing carboxylic acids (47a-47d), TMMDA =
tetramethylmethylenediamine, (CHJhNCH2N(CHJh and N-MeFA = N-
methylformanilide, CSH9NO.

The preparation of 2-ferrocenylacetic acid, 47b, involved the displacement of

trimethylamine'T" 45 from N,N-dimethylaminomethylferrocene rnethiodide'", 61, by a

cyanide anion and hydrolysis of the resulting ferrocenylacetonitrile, 62, to give yellow solid,

47b, in 80% yield according to Scheme 3. 1. 2-Ferrocenylacetic acid, 47b, was characterised

by both IR (Figure 3. I, page 46) and IH NMR (spectrum 4) where a peak at 83.71 indicated

.These two peaks. although not mentioned throughout this thesis. were also observed for all the other
monosubstituted ferrocene derivatives. These two peaks are in accordance with the so-called "9-) 0' rule for
ferrocene derivatives having at least one unsubstituted cyclopentadienyl ring.



4-Ferrocenylbutanoic acid, 47d, was obtained in fair yields, according to Scheme 3.1,

utilising published procedures.loo.lol The reaction of ferrocene, 37a, with succinic anhydride

afforded 4-ferrocenoylpropionic acid, 64, in 32% yield. This reaction was much less efficient

than expected. The formation of an oily side-product really impeded isolation and

"~ purification of intermediate 64. C1emmensen reduction of 64 gave yellow, solid, 4-

ferrocenylbutanoic acid. 47d. in 67% yield after 42 hours. The side chain of acid 47d showed
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the 2 protons of the methylene group in the side chain of 47b. The intermediate 61 was

obtained by dimethylaminomethylation of ferrocene, 37a, followed by reaction of the product

with methyliodide/" This is NOT shown in Scheme 3.1, but an interested reader will find the

reaction involved in Chapter 2, Scheme 2.5, page 28.

Ferrocenylcarboxaldehyde, 46, was used as a precursor in the synthesis of 3-

ferrocenylpropanoic acid, 47c. Ferrocenylcarboxaldehyde, 46, was prepared by treatment of

ferrocene with phosphorus oxychloride and N-methylformanilide. The aldehyde 46 was

obtained in yields as high as 76%. The Michael addition of malonic acid to

ferrocenylcarboxaldehyde 46 in pyridine. treated with a few drops of piperidine as catalyst,

produced a brick red solid, 3-ferrocenylacrylic acid, 63, in 73% yield." Catalytic

hydrogenation 99 of the substituted acrylic acid 63 was performed with hydrogen gas in

absolute ethanol catalysed by palladium on activated charcoal (Scheme 3. 1). The reaction

was performed over 7 hours to obtain 3-ferrocenylpropanoic acid 47c in 81% yield. The side

chain of the acid, 47c. showed two peaks, each representing the 2 protons, of a CHz group in

its IH NMR spectrum at 82.61 and 82.71 respectively (spectrum 5). Infrared transmission

peaks at 3088 ern" and at 1710 cm-I confirmed the presence of the -OH and of C=O

respectively.

..
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signals for each of the free CHz groups in its IH NMR spectrum corresponding to 2 protons at

81.81 and 4 protons at 82.41 (spectrum 6). The infrared transmission peaks at 3418 cm-I and

at 1710 cm-I indicated -OH and C=O respectively.

3.2.1.2 Amides

The ferrocene-containing amides shown in Scheme 3.2, have all been prepared by reacting

aqueous ammonia with an acid chloride under interfacial (Schotten Baumen) conditions.v"

The acid chloride precursors were prepared by chlorination of the corresponding carboxylic

acids.

Various methods were investigated to synthesise the acid chlorides 65a - 65d (Scheme 3.2).

Traditional chlorination by refluxing with thionyl chloride (SOCI2),110.11I route 1, worked

only for the synthesis of 65a. When SOCI:! was used for the conversion of 47b, 47c and 47d

to the corresponding acid chlorides, excessive oxidation of the ferrocenyl moiety to the

corresponding ferricenium derivatives, followed by compound decomposition was observed.

The reason why the acid chloride 65a could be obtained but the acid chlorides, 65b, 65c and

65dl not via the SOCh route, may be found in the reduction potentials of the precursor

carboxylic acids, 47a, 47b, 47c and 47<1. From the results of Blom et alloo (Table 2.3, page

32), the formal reduction potential, EO/, of ferrocenoic acid, 47a, in acetonitrile as solvent, is

0.57 V vs. SCE. All the other derivatives have EO/ values of 0.34 V or less. This indicates

that ferrocenoic acid, 47a, is much more resistant towards oxidation than the acids, 47b, 47c

and 47<1. We concluded that the electrochemical driving force for the known acid-catalysed

oxygen-induced oxidation of a ferrocenyl group. is large enough to oxidise 471>,47c and 47d

during SOCh mediated chlorination. but not large enough to oxidise 47a.
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~CH27;COOH

Fe a: n = 0
~ b:n=1
~ c:n=241 d: n=3

route 1
r- SOCl2 I-

route 2
~-I- (COCI)2

route 3
L- PCI3

~
~ c.~~:ocJ_NH_4_0_H-;~i)i>~ Ca::~oCONH2

~ b: n = 1 rrtv. b: n = 1
~ c:n=2 ~ c:n=2
65 d:n=3 66 d:n=3

unstable

~ CH27;CH2NH2

Fe a: n = 0rrtv. b: n = 2
~ c:n=3

48: n=1 67

Scheme 3.2 General synthetic route towards ferrocene-containing amides 66 and
amines (48 and 67) respectively. Of the three methods investigated for acid chloride
synthesis, only the pei) route proved to be a general procedure. Derivatives 67b and
67c tend to oxidise and decompose when treated with HCI to produce quaternary
ammonium salts.

This explains why 65a was the only acid chloride that could be successfully synthesised by

route 1. Oxalyl chloride, (COCIh, route 2, in Scheme 3.2 is a milder chlorinating reagent

than SOClz but also generates acid chlorides in good yield at room temperature.U'' When the

acids, 47a-47d were treated with (COCIh, only the acid chlorides, 65a and 65b could be

isolated. Acid chlorides 65c and 65d were still unobtainable via this method, inter alia

because the liberated HCI again catalysed ferrocenyl oxidation of the two easily oxidisable

acids 65c and 65d.

The chlorinating reagent of choice for this class of ferrocene-containing carboxylic acids,

however, was found to be phosphorus trichloride (PCI), route 3. Following standard

laboratory techniques utilising the reagent PCI). all the carboxylic acid chlorides, 65a, 65b,

65c and 65d could be obtained.Y' The instability of the acid chlorides 65a - 65d caused us

not to isolate and store them, but rather to proceed with amidation utilising the crude in situ-
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obtained acid chlorides dissolved in dichloromethane. Saturated aqueous ammonia was used

as amidating reagent to liberate the amides 66a. 66b. 66c and 66d in fair yields (41, 24. 62

and 73% respectively). However, for characterisation purposes, the IR spectra of the acid

chlorides were recorded in petroleum ether and they showed the Vc=o stretching frequency at

-1800 cm-I (Figure 3.1). The ferrocenyl amide derivatives were characterised by both

infrared and IH-NMR spectroscopy. In Figure 3. I the IR spectra of the amides 66 is shown

together with inserts and assignments of the carboxylic acids 47 and acid chlorides 65

Assignments

i) 3418 (O-H)

ii) 1710, 1638 (C=O)

iii) 1107 (C-O)

~CH,-COOH

Fo 47b
@

i) 1800 (C-O)
~CHt-COCI

Fo 660:" a 0m 6Ib:"a1
~ 6k:""2

66d:""3

i) 3424 (N-H)
ii) 1638 (C=O)
iii) 1404 (N-H)

! \
<A>-CH,-:-CONH,
'i"'" \ '"

Fo 660:"" 0$ 66b:n'1

i) 3360 (N-H)
ii) 1584 (N-H)

Figure 3. n Infrared spectra (4711>and 66 in KlBr, 65 in petroleum ether solution and
48 between using Nael discs as they are oils) with dominant assignments and structures
of ferrocene derivatives.
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3.2. B..3 Amines

Since it is the aim of this study to anchor ferrocene derivatives onto a polymeric drug carrier

via biodegradable amide bonds (goal 2 and 3 in chapter 1), the syntheses of ferrocene-

containing amines were selected as the chief goal in synthesis of ferrocene derivatives. The

ferrocene-containing amines 48 and 67 shown in Scheme 3.2 have all been prepared by a

general procedure by reduction with LiAIH~133 in anhydrous tetrahydrofuran (THF) at room

temperature from the corresponding amide precursors that have already been described.

Infrared transmission peaks at 3360 cm-I and 1584 cm-I confirmed the presence of a NH2-

group (Figure 3.1, page 46), while IH NMR again clearly showed the signals associated with

each of the side chains of 48 and 67. Characterisation data of all the ferrocene-containing

acids 47, amides 66 and amines 48 and 67 are given in Table 3. 1.

Table 3. 1 Characterisation data of ferrocene-containing acids 47 amides 66 and
amines 48 and 67.

Co rmound Formula Yield M.pl % Found (reguires) IR vc=d
0,-0 °C C H N cm"

47a CIIHIIlO~Fe 86 198-210 57A0(57AO)' 4.51(4.35) 1710

47b C,~H,~O~Fe 80 150-155 59AO( 59.05)' 4.96(5.34) 1710

47c CIJH,.O~Fe 81 115 60.44(60A9)' 5.62(5.47) 1710

47d C1.H1b02Fe 67 107 61.79( 61.79)' 5.73(5.93) 1710

66a C11HIINOFe 41 165 57.49(57.68) 4.78(4.84) 5.73(6.12) 1638

66b CI2H1lNOFe 24 163 58.83( 59.29) 5.54(5.39) 5.7!X5.76) 1638

66c C,lH"NOFe 62 96 60.56( 60. 73) 5.99(5.88) 5.18(5.45) 1638

66d C1.HI7NOFe 73 82 60.14(62.02) 6.56(6.32) 4.78(5.17) 1638

67a C1,H,lNFe 56 oil 61.18( 61.43)b 5.76(6.09) 6.45(6.51 ) 1584d

48 CI2H1,NFe 67 oil 62.79(62.91 r 6.88(6.60) 6.04(6.11) 1584d

67c CIJHI7NFe 82 oil 63.85( 6-l.22) 6.68(7.05) 5.4!X5.76) 1584d

67d C,.H,.NFe 76 oil 65.13(65.39) 7.52(7.45) 5.61(5.47) 1584d

ab. C f JFrom Ref. 101. From Rel. 133. From Re . 86. "N-II-
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Various other methods were also utilised to synthesise some of the amines relevant to this

study. To this effect ferrocenecarboxaldehyde, 46, was used as a starting material for the

synthesis of ferrocenylmethylamine, 67a (Scheme 3. 1). Ferrocenecarboxaldehyde, 46. was

o

~H~HCI

~ NiIIOH ~

46

NOH

~H

Fe

$
58

LiAI~
~

initially converted into ferrocenecarboxaldoxime" 68 by condensation with hydroxylamine

in the presence of sodium hydroxide.

Scheme 3. 3 Synthesis of ferrocenylmethylamine, 67a, from 416.

Reduction of 68 to the amine was achieved by stirring with lithium aluminium hydride in

THF at room ternperature.l " After aqueous work-up, pure ferrocenylmethylamine, 67a. was

isolated as a yellow solid in 56% yield. Amine 67a produced by the procedure shown in

Scheme 3.3 were spectroscopically identical for 67a produced by the procedure shown in

Scheme 3.2 (page 45).

In an alternative four-step procedure to synthesise 2-ferrocenylethylamine, 48, the first step

involves the synthesis of N,N-dimethylaminomethylferrocene, 415,according to Scheme 3.4,

followed by the treatment of the latter85 with methyl iodide to give 61 in 79% yield.

Ferrocenylacetonitrile'" 62 was prepared by refluxing the quaternary ammonium salt 61 with

potassium cyanide for 2.5 hours to give the substituted acetonitrile 62 in 76% yield. Isolation

of 62 from the reaction mixture proved to be difficult and tended to lower yields dramatically

if care is not taken. The last reaction in the synthesis of 418according to this route involves

the reduction of the ferrocenylacetonittile.Ï" 62. by LiAIH~ in dry ether.
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Scheme 3. 4 Synthesis of 2-ferrocenylethylamine, 48, from 3721. TMMDA =
tetramethylmethylenediamine, CSH9NO.

The reduction of the nitrile 62 proceeded for I hour while refluxing at 34°C and after workup,

a dark brown oil residue was obtained. The residual oil was distilled at 0.5 mmHg, 126°C to

give 2-ferrocenylethylamine 48 as a red oil in 81% yield. It should be noted that amine 48

produced by the procedure shown in Scheme 3.4 was spectroscopically identical to 48

produced by the procedure shown in Scheme 3.2 (page 45). Compound 48, as well as all the

other aminated ferrocenes 67a - 67c are not stable but decomposed with time. Normally

ferrocene-containing amines would be stored as the more stable hydrochloride salt, but care

has to be taken when converting the amines to the hydrochloride salt with HCI. Especially

67b and 67c (Scheme 3.2, page 45) are very unstable in the media required to produce the

hydrochloride salts due to acid catalysed Fell oxidation to a ferricenium derivative followed

by decomposition. Therefore, after synthesis. amines were stored in the refrigerator at -50°e.

At this temperature they were stable for periods up to 3 months.

3.2.1.4 Conclusion

In the forgoing paragraphs, methods were described how to synthesise 26 derivatives of

ferrocene. Of these seven compounds, notably acid chlorides 65c and 65d (Scheme 3.2), the

amides 66b, 66c and 66d. and the amines 67b and 67c are new compounds that were hitherto

unknown.
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3.2.2 Polymer synthesis

3.2.2.1 Thermal polymerisation of aspartic acid!

Having synthesised the ferrocene-containing amine derivatives described above, attention was

focused on the synthesis of polymers that can be used as polymeric drug carriers. Once the

desired properties of polymeric drug carriers (see Chapter 2, paragraph 2.2.3, page 12) had

been taken into account. it was decided to concentrate on modifications of polysuccinimide 2.

The known 42 thermal polymerisation of aspartic acid, l , at 185°C and under reduced pressure

for 2.5 hours led to polysuccinimide, 2, as a white solid in 95% yield (Scheme 3.5).

85% ~P04-~--[l!>
180'C, 2 torr,
2.5 hours H

Scheme 3.5 Thermal polymerisation of Dt.-aspartic acid l.

Polysuccinimide 2 is insoluble in water, methanol and most organic solvents except DMF or

DMSO. It was reported elsewhere43.44 that 2, prepared in this way, has a molecular mass of

57000 g/mol. It's IH NMR spectrum showed signals at 5.28 ppm (l H, CH), 3.13 ppm (lH,

CH2) and 2.70 ppm (1H, CH2) in DMSO-d6 (Figure 3.2). The absence of a IH NMR signal at

-4.80 ppm indicated that there were no observable uncyclized aspartic acid units in the

backbone of 2, (see Chapter 2, Scheme 2.1. page 16 for an example of a polymer where

cyclisation of aspartic acid is incomplete). The DC spectrum of 2 shows two signals between

170 and 175 ppm, which corresponds to the carbonyl carbon atoms of 2, while the signal of

the other two C-atoms, can be found at 33 and 43 ppm respectively.
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NMR

H20 in -.
DMSO .t ,.. ,,.. I" IK ,N...

Figure 3.2 IH NMR and IJC NMR signals of polysuccinimide in DMSO-d6.

3.2.2.2 The anchoring of ferrocenylamine derivatives on polysuccinimide

From goal 3 (page 3) of this study. the ferrocenylamine derivatives 48 and 67a - 67c are to be

anchored onto a polymer with suitable solubility properties. The reactions involved to

achieve this are shown in Scheme 3.6. To establish the reaction conditions of this ferrocene-

anchoring step on 2, attention was first focussed on the synthesis of polymer 69. Polymer 69

had as target one ferrocenyl group anchored to it for every three rnorpholine-containing side

chains. The purpose of the morpholino group is to enhance the aqueous solubility of polymer

69, while the ferrocenyl group represents the drug portion of the polymeric drug carrier/drug

conjugate 69.

i15714445
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~~H*NH2
Fe 67a: n = 1

~ 48: n= z
~ 67b: n=3

67c: n = 4
1.

1x

I
69: n = 1 Fe
70:n=2 ~
71:n=3~
72: n = 4

Scheme 3. 6 The synthesis of polymeric drug carriers with the ferrocenyl moiety
covalently anchored onto it.

As shown in Scheme 3.6, 4 equivalents of repeating units of polysuccinimide, 2, were first

reacted with one equivalent of ferrocenylmethylamine, 67a, for 5 hours at O°C in DMF and

then at room temperature for a further 16 hours. The resulting intermediate was then treated

with 3.2 equivalents of N-(3-aminopropyl)morpholine. The resulting product was dialysed

and freeze-dried to give polymer 69 as a yellow solid. The target side chain ratio was one

ferrocenyl group for every three morpholine-containing side chains. The ratio of side chains

actually obtained was determined by IH NMR according to the following guidelines: The E-

protons of the morpholine side chain are found at 3.50 ppm (see Figure 3.3). If there are three

morpholine-containing side chains on 69, it follows that this IH NMR signal must account for

12 protons. The integral of this signal was therefore locked on 12 integral units (i.e. one

proton corresponds to an integral value of 1 integral units). The IH NMR signal for the nine

ferrocenyl protons are found at 3.80 - 4.10 ppm. The combined integral count for this signal

is 5.23 + 3.21 = 8.44 rather than the expected 9. The practically obtained success ratio of

ferrocenyl-anchoring is therefore 8.44/9 = 0.94, and corresponds to a side chain ratio of

morpholino groups:ferrocenyl groups = 3:0.94 compared to the target ratio of 3: 1. This is

regarded as a very good result.
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Figure 3.3 The proton assignment in the IH NMR spectrum of polymer 69: 1.48 (6H,
s, P-CHz), 2.n5 (6H, s, 8-CHz), 2.31 (12H, s, y-CHz), 2.58 (tOH, s, 4 asp-Cl+, + a'-CHz),
2.99 (6H, s, a-CHz), 3.50 (t2H, s, E-CHz), 3.91-4.05 (9H, s,CIOH9), 4.28-4.44 (4H, s, asp-
CH).
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Having established a simple, quick and highly effective procedure for the anchoring of amines

/
I
I

and N-( -3-aminopropyl)morpholine onto polysuccinimide 2, a series of experiments were

conducted to anchor the ferrocenylamines 48, 67b and 67c (Scheme 3.2, page 45) to obtain

polymers 70, 71 and 72 according to Scheme 3.6.

Polymer 70 was obtained after dialysis in 12 000 molecular mass cut off dialysis tubing in

18% yield with one equivalent of 2-ferrocenylethylamine 48 for every three equivalents of 3-

aminopropyl morpholine units successfully anchored onto 2. Polymer 71 was obtained in

18% yield with side chain ratio of 3:0.95 (3-aminopropyl morpholine:3-

ferrocenylpropylamine 67b). Polymer 72 was obtained in 17% yield with 1.75 equivalents of

67c anchored onto 2 for every three equivalents of 3-aminopropyl morpholine side chains.
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The anchoring observed in polymer 72 stands in contrast to the results obtained in polymers

69, 70 and 71 and is most probably due to a weighing error that occurred during the

experiment. Determination of the side chain ratio of each polymer was performed by lH

NMR analysis following the general guidelines given for polymer 69.

Polymers 69 - 72 (Scheme 3.6) satisfy the criteria for drug carriers described in Chapter 2 in

the following way: The degradation of the polymers in a biological environment is possible

by means of enzymatic induced amide bond hydrolysis both in the main polymer chain and

the side chains. Although polyaspartamides have no specific recognition sites for cancer cells

in their structure, they are constructed from the amino acid, aspartic acid. Taking into

consideration the greater need for nutrients and metabolic precursors, such as amino acids and

peptides, by tumour cell as compared to healthy cells, it may be expected that cancer cells

would take up or internalize polymers 69 - 72 faster than healthy cells. The 3-aminopropyl

morpholine side chains in polymers 69 - n makes these stable polymers exceptionally water-

soluble, even though the free drugs 48 and 67a - 67c are not soluble in basic aqueous solvents

and decompose in acidic aqueous solvents.

3.2.2.3 Conclusion

In the polymer section of this research program, five polymers were synthesised and

characterised, four of which (69 - 72) were completely new compounds. The rationale

behind the increasing chain length of the aliphatic chain connecting the ferrocenyl moiety

with the polymer main chain in polymers 69 - 72 is to obtain polymers possessing the

ferrocenyl group with a continuous decrease In formal reduction potential for the

ferrocenyl/ferricenium couple. This is important, as has been described elsewhere that
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3.3 Electrochemistry

The fourth aim of this study (Chapter I) was to investigate some of the electrochemical

properties of ferrocene-containing amines. their precursors as well as the electrochemical

properties of the polymer-bound ferrocenyl derivatives.

3.3.1 Cyclic volrammetry of ferrocenyl derivatives

3.3.1.1 Ferrocene amides

The amides 663 - 66d were dissolved In concentrations of ea. 1.5 mmol dm" and the

solutions contained o. I mol dm" tetrabutylammoniumhexatluorophosphate supporting

electrolyte in acetonitrile. The three-electrode system used consisted of a platinum wire

auxiliary electrode with a platinum working electrode and a Ag/Ag'· non-aqueous reference

electrode. The peak anodic (Epa) and peak cathodic (Epe) potentials (referenced against

(Ag/ Ag+) as well as their differences (óEp) = Epa- Epe,ratio of peak cathodic and peak anodic

currents (ipe/ipa) were determined by reading off the appropriate values on the cyclic

voltammogram as shown in Figure 3.5. Formal reduction potentials (E0/) = (Epa+ Epe)/2 of

each of the ferrocenylamide derivatives were also calculated. Results are summarised in

Table 3. 2. The differences in peak anodic, Epa.and peak cathodic. Epe. potentials, óEp• for all

amides except ferrocenylcarboxamide. 663. were below 75 mV and indicate reasonable

electrochemical reversibility.
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Figure 3. ill Cyclic voltammograms of 66a - 66d, scan rates (v) are 50 (smallest np

value), 100, USO,200 and 250 mv/s.

Electrochemical reversibility'l" of a one electron process at 25 oe is characterised

theoretically by ó,Ep= 59 mV and is independent of scan rate. All Eo1 values for the amides

66a - 66d are independent of scan rates within the range 50 _ 250 mV/so As shown in Table

3. 2, peak current ratios ipc/ipaare all well below I. If these ratios were equal to I, it would

imply that the oxidised ferricenium species, which is generated in the anodic sweep, are

chemically stable in acetonitrile and are reduced electrochemically quantitatively in the

ensuing cathodic sweep. However. our results indicate that ipcis much smaller than ipa. This

implies that. in acetonitrile, the oxidised ferricenium amides that are generated

electrochemically during the anodic sweep destroy itself partially before the cathodic sweep

can reduce them again. The fact that the ratio ipc/ipabecomes larger with increase in scan rate,

supports this conclusion because it is consistent with the fact that at faster scan rates the

electrochemically generated ferricenium amides have less time to self-destruct before

cathodic reduction takes place during the cathodic sweep.
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Table 3. 2 Electrochemical data for ferrocene-containing amides 66a - 66d in
acetonitrile vs. Ag/Ag" at scan rates between 50 and 250 mv/s, Epa = anodic peak
potentials. ~Ep = Epa - Epc (Epc = cathodic peak potentials), formal reduction potentials,
EO/ = (Epa + Epc)/2, ipa = anodic peak currents and ipc/ipa = peak current ratios with ipc =
cathodic peak currents.

Compound v Ep/ llEI EO!/ ip/ ip/ipa

mV/s V mV V ,.tA

fc:H,\,.
50 0.313 83 0.272 11.2 0.39

~ .n CONH, 100 0.313 83 0.272 15.4 0.54
Fe 66a: n = 0 ISO 0.313 83 0.272 18.7 0.61
@ 200 0.312 80 0.272 21.5 0.65

EO/av= 0.272 V 250 0.312 82 0.271 24.0 0.68
(C..,\

~~~ 50 0.125 74 0.088 9.38 0.39
Fe 66b~ n = 1 100 0.125 74 0.088 12.7 0.57
@ ISO 0.125 75 0.088 15.4 0.62

200 0.126 76 0.088 17.6 0.67
EO!av = 0.088 V 250 0.125 75 0.088 19.6 0.69

I -,
CH,

~' .;;-'CONH, 50 0.101 71 0.066 13.9 0.39
Fe 66c: n = 2 100 0.102 72 0.066 18.7 0.60@ ISO 0.102 72 0.066 22.6 0.67

200 0.104 74 0.067 25.2 0.72
EO/av= 0.066 V 250 0.102 72 0.066 26.6 0.71

(CH~
~ CONH, 50 0.085 76 0.047 10.5 0.44

Fe 66d: n = 3 100 0.084 75 0.047 14.4 0.60
@ ISO 0.084 73 0.047 17.7 0.65

200 0.084 73 0.048 19.9 0.67
EO/av = 0.047 V 250 0.084 75 0.047 21.7 0.71

Exactly how the electrochemically generated ferricenium amides self-destruct is uncertain at

this stage, but it is conceivable that intermolecular or intramolecular electron transfer between

the free or 1t electrons of the amide functional group and the ferric ion nucleus of the oxidised

species may occur as shown in Scheme 3.7.
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Scheme 3. 7 Intramolecular electron transfer from the free electron pair on the NH2

group or the O-atom or even from the n-electron cloud! in the carbonyl group may
reduce the Felll ferricenium nucleus to a Fell Ierroeene species thereby lowering the
concentration of the ferricenium species that are available for reduction during the
cathodic sweep.

Previous studies 100 on the carboxylic acid precursors of the amides 6621- dl, i.e. the acids 4731

- 4l7d (Scheme 3.1, page 42) showed ipc/iparatios much closer to one at slow scan rates than

the amides 66. Current ratios for the acids were equal to one at high scan rates. Since both the

acids and the amides functional group have a carbonyl group. we concluded that the -NH2

portion of amides 6621- d are more involved in destroying the electrochemically generated

ferricenium cation than the carbonyl group. This is indicated by path 1 in Scheme 3.7 above.

Finally, it is noted that EO! becomes larger (more positive) with a decrease in (CH2)n-chain

length. This is to be expected as larger (CH2)n chain lengths more successfully isolate (shield)

the electron-withdrawing properties of the amide carbonyl group from the ferrocenyl moiety.

The shortest chain length. i.e. 6621with n = O. had a much larger EO' value (0.272 V) than all

the other amides which did have a CH2 isolating spaeer separating the amide and ferrocenyl

group. This is to be expected as only 6621can conjugate with the ferrocenyl group as shown

in Scheme 3.8. Compounds 66b, 66c and 66d cannot conjugate in this way because the

isolating CH2 groups separates the ferrocenyl and amide groups.
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Scheme 3. 8 Canonical forms explain the conjugation between the electron donating
ferrocenyl group and adjacent carbonyl group. For clarity, only one ferrocenyl isomer
is shown for the two structures on the left but in reality their exist the normal mixtures
of isomers corresponding, for example, to the zwitter ionic structure on the right. A
CH2 spaeer between the ferrocenyl and amide groups will break this conjugation and it
will result in much less positive reduction potentials for the ferrocene/ferricenium cation
couple.

3.3.1.2 Ferrocene amine hydrochloride electrochemistry in water

The electrochemistry of the ferrocene-containing amines 48 and 67a - 67c were investigated

in water as these compounds are soluble as hydrochloride salts in 10mmol dm'3 aqueous HCL

The electrode system used for aqueous cyclic voltammetry measurements consisted of a Pt

wire auxiliary electrode, glassy carbon working electrode and an Ag! AgCl reference

electrode. The supporting electrolyte was 1 mol dm'3 KCl and the concentrations of each

The cyclic voltammetry behaviour of ferrocene-containing amine hydrochloride derivatives

Figure 3.5 Cyclic voltammograms of ea. 1 mmol dm'J solutions of the hydrochloride
salts of 48, 67a, 67b and 67c in water containing 1 mol dm'J KCI and 10 mmol dm'J HCI
at 25°C at a scan rate 150 mV/s utilising a glassy carbon working electrode.

amine were CG, 1 mmol dm".

are shown in Figure 3.5 at a scan rate of 150 mVIs.
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The electrochemical data relevant to each amine hydrochloride is summarised in Table 3. 3.

The first conclusion. that can be drawn from the data repeated in Table 3. 3 is that all the

hydrochloride salts of compounds 48, 67a, 67b and 67c underwent one-electron diffusion-

controlled electrochemically reversible processes because 6Ep•

Table 3. 3 Peak ancdie potentials, Epa, difference in peak ancdie and peak cathodic
potentials. 6Ep = (Epo - Epc), formal reduction potentials, [0l = (Epa + Epc)/2, peak anodic
currents, iPB and peak cathodic/anodic current ratios, ipc/ipa for the indicated ferrocene-
containing amines as tbe hydrochlorides in water containing 10 mmol dm-J HCI and 1
mol m-J KCI as supporting electrolyte at 25°C. Working electrolyte = glassy carbon,
[ferrocene-amine hydrochloride] = n mmol dm·J•

Compound Scan rate Epa 6Ep
Eol Ipa ipc/ipa

mV/s V mY V !=lA

~""'""'
50 0.356 69 0.321 35.77 0.84
100 0.352 63 0.321 49.45 0.82

@n~:a
150 0.365 78 0.326 61.15 0.83
200 0.361 81 0.321 71.08 0.80
250 0.361 79 0.321 78.23 0.83

Average 0.322 0.82

~~HCI
50 0.243 65 0.210 83.07 0.87
100 0.247 71 0.212 114.83 0.87

t£ 48 150 0.253 80 0.213 138.28 0.86

n"2 200 0.249 80 0.209 164.67 0.85
250 0.254 84 0.212 175.91 0.89

Average 0.2]2 0.87

~""'""'
50 0.186 65 0.153 47.56 0.80
100 0.189 67 0.156 64.77 0.79

@n~:b
150 0.198 79 0.158 78.18 0.80
200 0.198 83 0.157 89.86 0.78
250 0.193 77 0.154 100.66 0.81

Average 0.156 0.80

~NHz.HCI
50 0.166 69 0.132 59.08 0.81
100 0.167 73 0.131 79.38 0.84

Fe 61c 150 0.173 80 0.134 96.00 0.83
@na4 200 0.175 85 0.133 110.77 0.82

250 0.173 84 0.131 123.69 0.82

Average 0.n32 0.82
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especially at slow scan rates, are very close to the theoretical value of 59 mV. The ipc/iparatio

is not one, but lies between 0.80 and 0.87. This is much closer to one than was observed for

the amides of the previous section and is quite normal for aqueous electrochemistry of

ferrocene derivatives.C))

The deviation from 1 is attributed to the interaction of the free electron pair of H20 with the

electrochemically generated ferricenium species as shown in Scheme 3.9 below.

.nodlc olld.lIon

~
" J+;nNH,.HeI

_ IR ' Reduced Fo"..,onllllnlng
e + ~~ ~ ferroc:enylapecleu including@ ...~,

"
~NH,.HCI

@ealllocllc reducllon

Scheme 3. 9 Interaction of the free electron pair of H20 with the electrochemically
generated ferricenium species may result in Il variety of reduced Fell ferrocene species
including the shown hydroxylated compound. See Chapter 2, page 26.

It is notable that for the hydrochloride salts of compounds 48 and 673 - c, there are no free

electron pairs on the functional group, while the amides have a free electron pair on the NH2

portion of the molecule 66a - d as shown below.

~o
c~

n \
~H2~,

66a - d

~NH;cr
Fe

~
48, 67a -c

n = 0,1,2,3n = 0,1,2,3

This observation, together with the observation that the ipc/iparatios of the amides as described

in the previous section are deviating much more from one than the amine hydrochlorides of

this section, gives further proof that it really is the free electron pair on the NH:! group of the

amides that causes the deviation from unity for the ipc/iparatio of the amide compounds.
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When one considers the average formal reduction potentials. EO' (vs. Ag/AgCl), tabulated in

Table 3. 3. it becomes apparent that the formal reduction potentials of each compound are

manipulated by the increase in aliphatic chain length separating the amine hydrochloride

_- --
~~:tCONH2

Fe 66a: n = 0 } <I
~ 66b:n=1}
~ 66c: n = 2 III

66d: n = 3

functional group from ferrocenyl moiety. The relationship between Eo' and spaeer chain

length separating the ferrocenyl and NH} + as well as the ferrocenyl and CONH2 groups is

shown in Figure 3.6.

Amide conjugation
with ferrocenyl
group occurs

No conjugation of functional group
with ferrocenyl group possible

tU!'i

tU

O.2!'i

;.. 0.2

~.. 0.1!'i

0.1

O.O!'i

0

0

~H2tNH3+cr

Fe 67a.HCI: n = 1r'*' 48.HCI: n = 2 .
~ 67b.HCI: n = 3

67c.HCI: n = 4

2 J

n(no.nf ("-alom. inchain)

Figure 3.6 Relation between EO! and! n, "Ill" is the number of ClI-h groups that
separate the ferrocenyl group from either the NHJ+ group in compounds of type Fe-
(CHz)nNH/ (48, 6ïa - c in water, £, lED! vs. Ag/AgCl) or from the type CONHz group in
compounds of the type fc-(CHz)nCONll-llz (in acetonitrile, 6621= <It, a conjugated system
ami 6611>- dl = Ill, Il1IOIl1l conjugated systems, EO! vs. Ag/Ag"), Fe = ferrocenyl. The slope
dy/dx becomes steeper with shorter chain length indicating that with shorter chain
lengths the Fc/Fc+ couple is under Hlle influence of stronger electron withdrawing
functional groups, here NH/ or CONHz. Since dy/dx is larger for NH/ than for the
corresponding CONHz compounds, it follows that Nll-llJ+ is a stronger electron-
withdrawing group than the CONHz group.

The influence of the strongly electron withdrawing NH)'" group on the reduction potential of

the ferrocenyl/ferricenium couple is most pronounced in 6721 where the connecting chain is a

single CH2 group (Note that for this part of the discussion, compound 6621 which has NO

connecting chain is ignored) as this compound is substantially more difficult to oxidise (Eo! =
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0.322 V) than the other compounds in this series (0.132 V ~ EO/ ~ 0.212 V). As the number

of CH2 groups increases from I to 4, the electron-withdrawing influence of the NH) + group

diminishes non-linearly to a value of 0.132 V. One would expect that the trend of higher EO'

values with shorter connecting chain lengths would be more pronounced in compounds with

strong electron-withdrawing substituents compared with what is observed for weak electron-

withdrawing substituents. This expectation is confirmed when one compares the drift in EO/

values for the amide functionalised ferrocene compounds 66a - d with that of the NH) ",

ferrocenes of this section as shown in Figure 3.6. For example, the slope, dy/dx, at n = 1 is

much smaller for Fc-CH2-CONH:! than for Fc-CH:!-NH) + (see Figure 3.9) because the

electron-withdrawing capabilities of the R-NH~- group exceeds that of the carbonyl moiety in

an amide group by far.

3.3.1.3 Ferrocene-amine electrochemistry in acetonitrile

The ferrocene-amine hydrochlorides of the previous section are, of course, also soluble in

organic solvents as the free base. Hence a cyclic voltammetric study of the basic ferrocene-

amines 48 and 67a - c was also undertaken in the organic solvent acetonitrile. Approximately

I mrnol dm-3 solutions of the ferrocene-containing amines 48, 67a-c containing 0.1 mol dm-3

tetrabutylammonium hexafluorophosphate as supporting electrolyte in acetonitrile were used

for cyclo voltammetric studies. A three electrode system consisting of a Pt wire as auxiliary

electrode. a Pt working electrode and a Ag! Ag- non-aqueous reference electrode were used.

Some cyclic voltammogram of 48 and 67a - 67c is shown in Figure 3.7. The amines 48, 67b

and 67c show normal cyclic voltammetric behaviour. but the cyclic voltammograms of

ferrocenylmethylamine, 67a, shows two peaks indicated by couple I and couple II. This
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observation will shortly be attempted to be explained, but first attention will be given to

compounds 48, 67b and 67c. All electrochemical results are summarised in Table 3.4.

and 0.220 \' .~

Coup. 1

ISO

~~tNH2
Fe 67a: n = 1

~ 48:n=2
~ 67b: n=3

67c: n = 4

I~

678: n = I
[ol =0.0782 V

-0.2 o 0.2 0.4 _I~ ~ __ ..--_---,.--_--r __

ElV 1'_'" Ag/Ag· -tl.! tt IJ.! 0.'"
PotrnliAII\" "" ,\&lAt·

Figure 3. 7 Cyclic voltammograms of ea. 1 mmol dm-J solutions of the ferrocene-
containing amine series (fc-(CH2)n-Nll-h) in CHi)CN containing 0.1 mol dm-J

tetrabutylammonium hexafluorophosphate at 25°C at a scan rate of 250 mV/s OIl1l a Pt
working electrode. hlsert bottom right: Enlargement of the 200 mV/s scan of 673
highlighting the two observed electrochemical couples for this compound.

Excluding compound 67a the difference in peak anodic, Epa, and peak cathodic, Epe,

potentials, 6Ep, for all ferrocene-containing amines 48, 67a and 67c indicate quasi

electrochemical reversibility. For the purpose of this study, when the measured 6Ep ~ 80

mV, the electrochemical processes are regarded as electrochemically reversible10s (in theory

6Ep = 59 mV). Any 6Ep value larger than 80 mV is considered as a quasi-reversible

electrochemical process.

The current ratio ipc/ipa(where ipcand ipa are the peak cathodic and peak anodic currents) are

all well below I. This implies that the electrochemical oxidation of the iron (II) nucleus of

the ferrocenyl groups is not followed exclusively by an electrochemically induced reduction
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of the Fe (III) nucleus of the ferricenium group. It follows therefore that oxidation of the

ferrocenyl group in these amines is electrochemically irreversible although it may be

chemically reversible.

Table 3. 4 Electrochemical data for the ferrocene-containing amines 48, 67b and 67c
in CHJCN containing O.i mol dm-J tetrabutylammonium hexafluorophosphate as a
supporting electrolyte at 25°C.

Compound Scan rate Epa ~Ep Eo' Ipa ipc/ipa
mV/s V mV V !lA

Couple I
50 0.108 60 0.078 4.35 0.94
100 0.109 64 0.077 6.35 0.90
150 0.113 71 0.077 8.00 0.88
200 0.116 74 0.078 9.50 0.81
250 0.118 76 0.079 10.66 0.79

~~
Average 0.078 0.86

Couple II
Fe 50 0.152 59 0.127 3.05* 0.94@ 67a
n"1 100 0.151 61 0221 4.07* 0.91

150 0.151 66 0.218 5.09* 0.95
200 0.251 71 0.216 6.36* 1.00
250 0.251 71 0.216 7.12* 1.00
Average 0.220 0.96

1\ 50 0.093 96 0.045 11.16 0.73
~~ 100 0.103 104 0.051 15.76 0.71

Fe 48 ISO 0.114 117 0.056 20.02 0.66
@naz 200 0.125 127 0.062 13.96 0.59

250 0.135 141 0.065 27.70 0.52
Average 0.055 0.64

-, 50 0.096 91 0.050 8.99 0.94
~~ 100 0.086 83 0.045 12.94 0.85

Fe 67b 150 0.092 93 0.045 14.97 0.90
@na3 200 0.089 94 0.042 17.11 0.93

250 0.096 97 0.047 19.02 0.92
Average 0.046 0.91

'\ 50 0.069 79 0.030 9.86 0.87
~~ 100 0.071 81 0.030 13.05 0.91

Fe 67c ISO 0.071 84 0.031 15.66 0.90
@n.4 200 0.073 88 0.029 17.98 0.90

250 0.091 106 0.038 20.01 0.87

Average 0.032 0.89

* ip<values as ira was inaccurate.
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The spread of formal reduction potentials of the ferrocene-containing amine derivatives 48,

67b and 67c is small. The least positive formal reduction potential value is 0.0386 V for

ferrocenylbutylamine, 67c, whereas the 1110stpositive E01 value is 0.055 V (compound 48) or

0.078 V (couple I for 6721). This very small spread in EO' values is the result of very poor

communication between the ferrocenyl group and the amino group via the isolating (CH2)n

linking chains. Communication is the result of a field effect through space and not

~HztNHZ

Fe 67a:" = 1m 48:"=2
~ 67:"=3

67:" = 4

conjugation along double bonds.

Table 3.4 and Figure 3.8 shows or demonstrate the decrease in formal reduction potentials,

EOI, for the ferrocenyl compounds with an increase in the length of the linear aliphatic

segment that links the ferrocenyl fragment with the amine and NH3'" functional group.

0.4

0.3

;;
..- 0.2
lol

0.1

0
0

~HztNH3·cr
~ Te 67~.HCI: n" 1'*' 48.HCI: n = 2

~ 67b.HCI: n = 3
67c.HCI: n .. 4

n (no. of C-alom in chain)

Figure 3.8 Relation between lEol and n. 'Ill' is the number of CIHIz groups that
separates the ferrocenyl group from the NH2 group of the type Fe(C1HI2)nN1HI2= (®) (418,
6721 - c in acetonitrile, lEol (V) vs. Ag/Ag") and NH/Cr of the type Fc(C1Hl2)nNI,I)+Cr =
(~), in water, lEol (V) vs. Ag/Agel, Fe = ferrocenyl. For 6721, couple I was used in this
plot.

When we compare the drift in Eol values for NH)+-ferrocene compounds (Table 3.3, page 60)

with that of the Nl-lj-ferrocene compounds of this section. it is obvious that the NH3 +
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compounds have a larger influence on the E01 values than the -NH:! group. This effect is also

shown in Figure 3.8.

Returning to the cyclic voltammogram of ferrocenylmethylamine, 67a, (Figure 3.7, page 64

insert graph), two ferrocenyllferricenium couples were observed. Couple I displayed the

expected formal reduction potential of 0.078 v. Couple II showed a EO' value of 0.220 V

which indicates that in this couple, the ferrocenyl group is subjected to a much stronger

electron withdrawing group than in couple I. An immediate NMR of amine 67a proved that

this compound had not decomposed. Furthermore, amine 67a does not show 2 couples in

water when the amine is converted to the NH.;Cr salt (see section 3.3.1.2 page 59). This

observation indicated that some hydrogen bonding network may result in the observed two

couples. It is known that the iron (II) nucleus of ferrocene can interact with H+.137 Making

use of this property, one may conceive a hydrogen bonding network as proposed for structure

67a (A) in Scheme 3.10.

reduction t
(couple I) 4

Epc = 0.048 V lOXldation
2 (couple II)

Epa = 0.252 V

'-O~'H
+ I I

~

tl-~----- ell
H""o' 0+ ~

III ~

@) 67a(O)

O+O~H ~+
H-

+~ I I

! I III
N-H e3 H""o' 0+ ~

• elll ~
reduction

(eeupte u 167a<c)
Epc = 0.193 V

Scheme 3. 10 The possible explanation of the broadening of the peaks of
ferrocenylmethylamine, 67a. during oxidation-reduction processes.
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Structure 67a(A) proposes that 67a actually exists as a stable dimer in acetonitrile solutions.

If this is the case, then the observed two redox couples of 67a are easy to explain. First, the

reader's attention is drawn to the cyclic voltammogram of the p-diketone diferrocenoyl-

methane, 53e.')3 This is shown in Figure 3.9.

Figure 3. 9 Cyclic voltammogram and structure of diferrocenoylmethane 53e (left)
and ferrocenylmethylamine 67a (right).

The similarity of these two cyclic voltammograms is obvious. The two peaks that were

observed for diferrocenylmethane was explained by observing that the two ferrocenyl groups

are not oxidised simultaneously at the surface of the electrode. First one ferrocenyl group

(Fe) is oxidised in the reaction

The group elecrronegativity'" of an Fc~ group (XFc+ = 2.82) is, however, much more than that

of a Fe group (XFc = 1.87). It is in fact almost as electron withdrawing as a CF) (for structure,

see Scheme 2.6. page 29 compound 53a) group (XFc = 3.0 I). This meant that the second Fe

group that still has to be oxidised in FcCOCH:!COFc + is now, by means of conjugation,

20

-c 10

.;
~ 01---
o
lo-.....en
-10

0,04

~CH,_HH,

"*" 67a Couplr I
I~ ~ I

·I~+----,.------.---.,---...,
..H.2 II 11.2 u.~ 11.6

PotentiaUV vs. Ag!Ag·

0,24 0,44
E/V VS. Ag/Ag +

0,6·

+ / +fcCOCH2COIFc , EO :: 0.187 V vs. Ag/Ag
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experiencing the rather strong electron withdrawing properties of the Fe- group making it

much more difficult to oxidise.

FeCOCH2COFe + ~ Fe +COCH2COFe +, Eol = 0.297 V vs. Ag/Ag ~

It is proposed that a similar process is taking place in 67a when it is electrochemically

oxidised. However, there is no conjugation possible in 67a as there is in

diferrocenoylmethane 53e. Communication here must be restricted to a thorough-space,

inductive field effect. Therefore. when the dimer 67a(A) in Scheme 3.10 is oxidised in

couple I.we propose that 67a(8) with only one Fe group is formed through the reaction

Eol = 0.078
II:

couple I

Through hydrogen bonding the remammg unoxidised ferrocenyl group of 67a(8) (see

Scheme 3.10) is now experiencing the strong electron withdrawing properties of an Fe+ group

as was in the case for diferrocenylmethane. The oxidation of 67a(8) to give the double

oxidised ferricenium dimer 67a(C), therefore. takes place at a much higher potential than the

potential that was necessary to oxidise 67a(A) to 67a(8) (see also Scheme 3.10).

+
Fe-CH2-,ti~H~~~~

,,1'," ...."

HNH-CH2-Fe

67a(8)

Eol = 0.220

couple II

In the cathodic cycle. the above two processes are reversed. The overall effect of formation

of a stable dimer would therefore be two redox couples in the cyclic voltammogram of 67a.

We have found these two couples at formal reduction potentials of 0.078 V (couple I) and

0.220 V (couple II).
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~Ep values for both couples were ideal at slow scan rates (60 and 56 mV respectively) but

ipc/iparatios could not be determined very accurately due to poor resolution of the two redox

waves. Peak anodic currents and ipc/iparatios documented in Table 3.4 were estimated from

superimposing the decay current for peak 2 on peak 1 and the decay current of peak 4 on peak

3. The current ratios are surprisingly close to I especially at low scan rates. This indicated

that the free electrons of the amino group in 67a(A) to 67a(C) were indeed largely occupied

by something, providing further proof for our proposed dimer 67a(A). Peak currents for

couple I were not exactly identical bearing in mind the inherent inaccuracy of determining

peak current values from the unresolved couples in the cyclic voltammogram of 67a (Figure

3.7, page 64). However. they did not deviate so much from each other that it was inconsistent

with our proposed structural dimer 67a(A) - 67a(C). Indications therefore are that couple I

and couple II actually had about the same amount of ferrocenyl groups that were redox active

(i.e. 50% each for the dimer 67a(A) - 67a(C».

3.3.2 Cyclic veltammetry of water-soluble polymer-bound ferrocenes

The electrochemistry of the polymers 69 - 72 was investigated in water. The electrode

system used for these aqueous cyclic voltammetry measurements consisted of a Pt wire

auxiliary electrode, glassy carbon working electrode and a Ag!AgCl reference electrode. The

supporting electrolyte was always 1 mol dm" KCI and the concentration of each polymer was

such that the ferrocenyl concentration was ea. I mmol dm". The cyclic voltammograms of

polymers 69 - 72 are shown in Figure 3.10 and results are summarised in Table 3.5, page 72.

The óEp values of polymers 69, 70 and 71 were found to be very close to the theoretical value

of 59 mY at 50 mY/s scan rate (70 mY. 59 mY and 59 mY respectively), whereas for 72, it
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was found to be 99 mV (Table 3.5). The reason for this observation is not quite clear but the

larger side chain of72 (n = 4) is probably instrumental in it.

Figure 3. 10 Cyclic voltammograms of 1 mmol dm-J solution of polymers 69 - 72 in
water containing 1 mol dm-J at 25°C at a scan rate of 100 mV/s on a glassy carbon
working electrode.

The influence of the CH2 spaeer was also observed on the current ratios, ipc/ipa. The average

ipc/ipavalues moved closer to I from 0.70 to 0.95 in polymers 69 - 72 respectively) as the

length of the (CH2)n spaeer that separates the amide functional group linking polymer main

chain with the ferrocenyl moiety increases. This is probably due to the greater 'nakedness'

(more exposedness) of the ferrocenyl group in polymers with longer side chains (e.g. 72, n =

4) as compared to polymers with shorter side chains. To explain, shorter ferrocenyl side chain

polymers possess a ferrocenyl group locked between aminopropyl morpholine side chains,

while this becomes progressively less in the case for polymers with long ferrocenyl side

chains. Figure 3.11, page 73 shows how the ferrocenyl group in 69 is actually more easily

accessible for the N:-group of the morpholino moiety than in the case for 72.
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Table 3. 5 Peak ancdie potentials, EP8' difference in peak ancdie and peak cathodic
potentials, ~Ep = (Epo - Epe), formal reduction potentials, Eol = (lEPIl + Epe)l2, peak ancdie
currents, ipa and peak cathodic/anodic current ratios, ipe/ipll, (ape = peak cathodic
currents) for the polymeric conjugates 69 - 72. (polymeric conjugates] = 1 mmol dm",
with I mol dm-J KCI) as supporting electrolyte.

Compound Scan rate Epa ~Ep EO' Ipa ipJipa
mV/s V mV V ~A

fr}t~ 50 0.282 70 0.247 4.30 0.73
100 0.282 69 0.248 6.14 0.76
150 0.297 93 0.250 8.21 0.71
200 0.281 77 0.242 9.50 0.68

C) 69: •.~ 250 0.292 89 0.247 10.50 0.63

Average 0.247 0.70

frlf~ 50 0.235 59 0.210 12.21 0.84
100 0.237 58 0.213 17.18 0.82
150 0.244 60 0.214 20.49 0.85
200 0.245 66 0.212 23.64 0.83

C) 70: •.~ 250 0.245 67 0.213 26.39 0.84

Average 0.212 0.83

frlt~ 50 0.234 58 0.205 12.35 0.90
100 0.239 71 0.203 17.29 0.88
150 0.241 70 0.205 20.79 0.87
200 0.247 80 0.206 23.43 0.88C) 71:..~ 250 0.254 95 0.207 26.30 0.86

Average 0.205 0.88

f:ilt~ 50 0.266 99 0.227a 13.33 0.97
100 0.281 113 0.225a 18.08 0.97
150 0.282 113 0.226a 21.67 0.96
200 0.281 134 0.224a 23.75 0.98

C) 72:••~ 250 0.291 137 0.222a 25.67 0.94

Average 0.2258 0.95

a The potential ofO.225 V for 72 is an anomaly. Adding 59/'2 mV to the Epe value (not listed) indicates a value
of EU' = 166 + 59/2 = 195 mV. which may be more realistic.
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In paragraph 3.3.1.1 and 3.3.1.2 it was demonstrated that the inter- or intramolecular electron

transfer reactions from the free electron pair on N-atom is much more effective than electron

transfer from the free electron pair on an O-atom.

tc",,"yC",",yC",," YC"""1="" ,.111 ,.du.tIon II1lnll'l,"o".ulll, ._.o-tc",," yC",,"yC",," yc",,"}
~ I.._, l... .. tr." ..... "~N,,.,."decroDM 1'W:IUci1IId1ntr.~ l-.. l... l...

CONH tONt CONH COHH,l Intr.mo6ocu&M' .'I.illlb'- Fen1O.nium cation fot )( CONH COMt COHH COMt

<-~<- 5-""'''''- ........._Io.I ..du._dur

in

9 _ ... - <- ~ ~ 5< < lito a.thoeU. o.otrooMmioal swoop <
C) $l)C C)a ( C

EktatroctMmêo.lty
o.id_ 8& Elootr............ 1Iy

oxidiMd 72

Figure 3. Il Chemically induced intramolecular electron transfer for the oxidised form
of polymer 69 is more possible than for the oxidised form of polymer 72.

It is clear from Figure 3.11 that electron transfer from the free electron pair on the N-atom of

the morpholino group to a electronically generated ferricenium group is much more feasible

for 69 than for 72. simply by means of the easier access of an Nt-group to a Felll centre in 69

than compared to the more difficult access in 72. This being the case, it is obvious that in 69

not all electrochemically generated oxidised 69 will be available for reduction during the

cathodic sweep of cyclic voltammetry as some Felll centers may be chemically reduced by

intramolecular electron transfer from a N r-atom from the morpholino group. Apparently the

longer ferrocene side chains of 72 prevent this intramolecular electron transfer. This

observation clearly explains why the ipc/iparatio is best for 72 and poorest for 69.

Again the same tendency of decreasing formal reduction potentials with increasing aliphatic

side chain length was observed in Table 3.6. Formal reduction potential, EO/, values decreased

from 0.147 V to 0.103 V (for polymers 69 and 71 respectively). Polymer 72 showed a

slightly higher EO' value (0.115 V) than polymers 70 and 71 (0.213 V and 0.103 V

respectively). The reason for this may be centered therein that the structure of polymer 72 (n

= 4) is such that the redox active ferrocenyl site cannot get access to electrodes for the same
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reason as described in the previous section (see Figure 3.11). From Table 3.5 Epa values in

particular appears to be accessively large. The Epe values of ea. 166 mY (not listed) are more

in line of what is expected for this compound. By adding half the ideal ~Ep value to the Epe

values, a more "expected" EO/ value of 166 + 59/2 = 196 mV vs. Ag!AgCI may be found.

Figure 3. 12 show the relationship of formal reduction potential (EO/) against 'n', the number

of carbon atoms separating the ferrocenyl moiety from the amide, amine, amrnomum

hydrochloride and polymer-amide functional groups from ferrocenyl moiety.

0.4

0.3

0.1

o (I-Fc-(CH:!)n-NHCO-polymer>'_'-' 0.2
o~

"/l. •••••• _ .!l ..... ". ... ....···....···Fc-(CH:!)n-NH3·Cr

~ - -fc-(CH:!)n-NH~

o 2 3

n (no. orC-atoms in chain)

Figure 3. nl Comparison of EoI vs. n (number of ClHb groups separating the indicated
functional group from the ferrocenyl moiety) for the ferrocene-contaillling amides 66a -
d (!ii), amines 48, 67a - c (0), amine hydrochlorides 48.lHICI, 67(a - c).HCI (~) and
polymers 69 - 72 (0). 111 = 0, n, 2,3 or 4.

With the exception of polymer Tl; the results above show that the ferrocenyl formal reduction

potential (EO/) decreases with increase in the length of the (CH:!)n chain linking ferrocenyl

group with functional group. The deviation of 72 from this trend, ~Eo/ = 20 mV is not

explainable at this stage. The biggest influence is observed where n = 0 (Fc-(CH~)n-CONH:!
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series) and this is where conjugation between the ferrocenyl group and the amide group is

possible. The trend of change in ~Eo/ with size of 'n' is much smaller when no conjugation is

possible (n > I). In the studied families of compounds, it was found that the charged

ammonium species, NH) +, has a larger influence on the EO/ value with shorter separating

chains than the -NH~, -NHCO- or -CONH~ groups. This is attributed to the greater electron-

withdrawing properties the -NH~ - group has compared to a -NH~, -NHCQ- or CONH2

groups.

3.3.3 Conclusion

The electrochemistry performed on all the ferrocene-containing compounds 418, 66, 67 and

polymers 69 - 71 above showed that the compounds with the least positive formal reduction

potentials were in every series that compounds with the largest (CH2)n spaeer separating the

ferrocenyl group from a functional group.

Based on earlier results obtained in this laboratory. it is expected that these compounds will

also be the most active in chemotherapy. and that the polymer derivatives 69 - 72 should also

be more active based on actual drug content than the monomeric amide or amine precursors

66,48 and 67 respectively. This hypothesis was put to the test with a study of the cytotoxicity

of these compounds on two human cancer cell lines and results will be discussed in the next

section. paragraph 3.4.
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3.4 Cytotoxicity studies

The experimental part of the cytotoxic studies were performed by Mrs Elke Kreft from the

Department of Immunology, Institute for pathology at the University of Pretoria. The author

thanks her for her efforts.

3.41.1 Introduction

The cytotoxicity of ferrocene-containing amides. 663 - 66d. amines. 48, 6ïa - c and polymers

69 - 72. were determined by observing their effects in vitro on cultured HeLa and CoLo

DM320 cell lines for I day and/or 7 days of continuous drug exposure. HeLa is a human

cervix epitheloid cancer cell line, while CoLo DM320 is an intrinsically multidrug resistant

human colorectal cell line. After incubation at 37°C, cell survival was measured as a

percentage of living cells in relation to a control that was not exposed to the drug by means of

the colorometric 3-(4.5-dimethylthiazol-2-yl )-diphenyltetrasodium bromide (MTT) assay.135

Survival curves indicating percentage cell survival were plotted as a function of drug dose (in

ug/rnl or mg/ml for the polymers). Figure 3.13 shows a set of these survival curves after 7

days of incubation with the monomeric amides and monomeric amines respectively. ICso

values (drug dose required for 50% cell death) were estimated by extrapolation and are

summarised in Table 3.6.



CHAPTER 3- 77 -

lOO

~COIdIlt

$
66a: eol .. 0.272 V

~CONIIt

~
66b: eol .. 0.088 V

rCONIIt

$
66c: eOI,. 0.066 V

~COIdIlt

~
66d: eol .. 0.047 V

668=*
66b=+
66c=.A.
66d = 'W

'.

HeLa

_::...::::.-"~.a''''''':''''':=:T·-·_·_·O·-·-·-·-o-·-·-·_·1r-..:=:: """ 1'1 "..._ .
\

"8
i GO
o
u
;;
'#-

3 8 12.5 25
Conc....lmlon (...Wml)

r~
@

67a: eol .. 0.078 V
and 0.220 V

BO

67a=.
48 =()

67c=.

HeLa

o+---~----------~----~--~----~o

-.

'00 ~:::.----------- ......,

lO ·:r'··:~:;r:~···~1'\ "1""1,
'., .. ,} '-\-. T ' '-

"8 r--·· " \ '""tI, \

j GO 66&=. '-.~\\ ']
i 66b =* ",<'.
.,. 40 66c=. !\~f

66d-.... ,\- \"',

30 CoLo DM320 \>,..
a.. _ ..

o ·O!:-----:IU-::---a.~4--0-7--,.....5 ---;, -6~~'2..5--~2-5 ~50'---_;"GO

Concontrcllon (JlglmI)

rHIIt

~
48: eol. 0.055 V

0~0----~l----~8----~12-.5--~25----~~~~~~
C_ntrMlon ("'Wm.

20

~~

@
67b: eol .. 0.046 V

~HIIt

Fo

~
67c: eol ..0.032 V

'00 ,,

.: \t1/}~
j BJ 1\
i 67a =. \
.,. Cl 48 = C) '-

li) 67c = .. 't"

CoLo DM320 -. '.0.7 1.5 I 5
Cone.nlr.lon (Jig/mi)

Figure 3. 13 Percentage cell survival for HeLa and DM320 cancer cell lines, relative to
the control vs. concentration (ug/ml) of amides 66a - 66d and amines 48, 67a and 67c (see
structures above graphs) after 7 days incubation. Sited potentials are versus a Ag/Ag"
reference in acetonitrile.

3.4.2 Small molecule ferrocene-amides and -amines

It was found that the amide 66a had no observable effect on HeLa cell line at concentrations

up to 100 ug/rnl while for CoLo DM320 cell line a slight effect was only observed at
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concentrations larger than 25 ug/rnl (see Figure 3.13). Results are summarised in Table 3.6

(page 79).

The activity of ferrocene-containing amines 48. 67a and 67c against HeLa and Col,o DM320

cell lines (Figure 3.13). showed a similar trend as the precursor amides in that

The activity of amides 663 - dl improves on HeLa and Col,o DM320 cancer cell lines with

increase in (CH~)n chain length that separates the amide group from the ferrocenyl group.

From the ICso values summarised in Table 3.6 amide 66d1 is the most effective in killing both

HeLa (lCso = 23.4 ug/rnl) and Col,o (lCso = 6.3 ug/rnl) cell lines in the amide series of

compounds. It is strikingly evident that all the amides 66 are about 4 times effective in killing

the multi drug resistant Col,o DM320 cell line than the HeLa cell line. This is an unusual

observation as most drugs are more active against HeLa than Col.o DM320 cancer cells. It

was also evident that compounds with less formal reduction potential. EO! values are more

active, while those with more positive Eo1 values (662 has Eo1 = 0.272 V vs. Ag/Ag") are less

active or totally inactive (Table 3.6).
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Table 3. 6 Formal reduction potentials, EO/, (vs. Ag/Ag+ in acetonitrile) and ICso

values of the amides 66 and amines 48 and 67 in in vitro cancer cells after 7 days of
incubation utilising Col,o DM320 and Hel.a cell lines.

Compound"

HeLa CoLo
DM320

662 0.272 >50
66b 0.088 39.7
66c 0.066 21.6
66d 0.047 23.4

67a 0.0782 (O.322)b 28.5
48 0.0552 (O.212)b 28.0
67c 0.0463 (0.156)b d

67d 0.0320 (O.132)b 18.2

>100
10.2
6.8
6.3

29
9.5

d

2.0

a For structures see Figure 3.15. page 74.
b The potentials l's. Ag/Agel in brackets are for the hydrochloride salts. Fc-(eH~).-NH)+er. obtained (section
3.3.1.2. page 59). in water containing 10mmol dm' Hel.

C Data from three experiments and expressed as the mean drug concentration causing 50% cell death.
d No measurements could be made as the drug decomposed during the experiment. For the Hela cells one
experiment could be pertonned with this compound giving an inaccurate estimate of le ~()= 12 - 25 ug/cm",

compounds with longer (CH2)n spaeers separating the ferrocenyl and amine groups from each

other are more active in inducing cell death. This tendency is also demonstrated in Table 3.7

with ICso values becoming smaller with longer (CH2)n chains. Like the amides, the free

amines were also more effective in destroying CoLo DM320 cells than HeLa cells. Using

ICso values in Table 3.6 amine 67c. the most active amine. was 9 times more active in killing

CoLo DM320 than HeLa cells. Like the amides. in Table 3.6 it can be seen that the amines

also become more active in inducing cancer cell death with decrease in ferrocenyl formal

reduction potential.
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Figure 3.14 shows the relation between EO' and ICso as well as "n" (in (CH2)n) and lCso for

both the amines and the amides. From the graphs in Figure 3.16 it is deduced that the amines

with longer side chain lengths are better anticancer drugs than the precursor amides .
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Figure 3. n4 Relation between Eol (V) and! BC50 (ug/ml) (left), and between "Ill' (in
(CIHI2)n) and nc50 (f..lglml)(right) for the amides 66 and! amines 48, 6721and 67c.

3.4.3 Polymeric conjugates

The activity of polymers 69 - 72 were measured after I day and after 7 days of incubation

with HeLa and CoLo DM320 cancer cell lines (Figure 3.15). ICso values for the different

experiments are summarised in Table 3.7.

The first deduction that can be made from the ICso values listed in Table 3.7 is that ICso

values from 1 day exposure experiment are consistently substantially higher than those from

the 7 day exposure experiment. This observation is consistent with the possibility that an

induction period is required to pass before the polymeric drugs become active. Such an

observation will fit in with the explanation that the polymer needs to be at least partially

enzymatically degraded (Chapter 2. page 11) before the drug is activated for cancer therapy.
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Figure 3. 15 Effects of polymers 69, 70, 71 and 72 on HeLa and CoLo DM320 cancer
cell lines after 24 hours and 7 days of incubation. Cited potentials are versus an Ag/Ag C!
reference electrode in water. Percentage cell survival are expressed as a percentage of
living cells in relation to a control that was not exposed to the drug.

The second piece of information that can be extracted from Figure 3.15 (and Table 3.7) is that

in all cases, the most effective drug is once again that drug which has the longer spaeer

between drug moiety (the ferrocenyl group) and the polymer backbone, here polymer 72,

which has ICso = 0.15 mg/ml (7 day exposure).
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Table 3. 7 Hel.a and CoLo DM320 cell lines cell death after 24 hours and 7 days
incubation with polymer-ferrocene drugs, IFc= ferrocenyl.

Compound EO' (Cso (mg/ml)"
(V)a

HeLa CoLo DM320

24 hC 7 days' 7 days" 24 hC 7 days' 7 days"
total total Fc total total Fc
polymer polymer content polymer polymer content

69 0.247 >3 2.25 0.49 >3 1.15 0.25
70 0.213 >3 1.15 0.24 >3 0.25 0.052
71 0.203 1.14 0.66 0.14 2.4 0.15 0.034
72 0.195 0.37 0.18 0.031 0.5 0.15 0.030

a Data from paragraph 3.3.2. page 69.
b IC~(I= dose in rug/ern' required to induce 50% cell death.
C Calculated for the total mass of polymer-based drug used.
d Calculated for the actual drug content (ferroccnyl content) on the polymer administered.

Activity decreases. as the connecting chain between polymer chain and drug becomes shorter.

The lowest activity was observed for 69 (lCso = 2.25 mg/ml and 1.15 mg/ml for 7 days

incubation with HeLa and CoLo DM320 cells respectively). Unlike what was found for the

non-polymer bound drugs, the polymeric devices 69 - 72 appeared to be more effective in

killing the HeLa cells than the CoLo DM320 cells. This is more apparent by looking at the

concentration where total cell death is achieved rather than looking at the ICso values in Table

3.7. Polymer 72 in particular achieved total HeLa cell death at a concentration ofO.4 mg/ml.

while a concentration of ea. 1 mg/ml was needed for total CoLo DM320 cell death (7 days

incubation). see Figure 3.15.
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As was found for the free amines and amides of the previous paragraphs, the activity of the

polymers also increased with lower formal reduction potentials for the ferrocenyl group.

Figure 3.16, left, demonstrate the graph for Hela and right for Col,o DM320 celllines tests.

Graph of IC50 (rug/ml) vs. EO' (Y) Graph of IC50 (mg/ml) vs. n

] I_~
Ol

!
:; I

!.~

Hela
ë I.~..
!
1. I-
tI.~

ti

ti
11.3

II+-------.-----.-------..,
11.1:'1 n.:

Figure 3. 16 Relation between Eol and nc~ (left) and between "n" (in (CH2)n) and ICso
(right) on HeLa and CoLo DM320 cell lines for polymers 66 - 72.

The last thing that remains to be verified is if there was an improvement in the activity of the

drug when anchored onto a water-soluble drug carrier as compared with the activity of the

free drug. Table 3.7 gives ICso values both in terms of the total mass of polymer

administered, and in terms of actual content of Fc-(CH1)n-NH fragment. The best polymeric

drug was 72 with IC50 value for Hela cells in terms of actual drug content 31 ug/ml, The

corresponding amine. compound 67c. and amide. compound 66b, had ICso values for the

Hela cell line of 18.1 and 13.4 ug/rnl, This is rather a disappointing result as other results

from this laboratory led us to expect an improvement at least of one order of magnitude in

drug activity. To try and explain the lack of improvement in drug performance found in this

study one need to examine the structural influence of the amides 66a - d and polymers 69 -

72 more closely. Figure 3.17 is a graph of lC50 values against side chain length for 66 and 69

- 72 (utilising actual drug content lCso values for the polymers, (NOT total drug administered
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values). It is evident that side chain length has a much larger influence on the activity of the

polymeric
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Figure 3. 17 Relation between Hel,a cell nc~ovalues against side chain length for the
amides 66a - d. the amines 418.67a. 67c and the polymers 69 - 72. Actual drug content
KC~ values for the polymers and not the total polymer drug values were used! in this
graph. The insert graph is a blow up of the main graph for better reading.

drug than on the activity of the free. monomeric. drug. Extrapolation of the side chain length

connecting either polymer main chain or with the ferrocenyl group raises the possibility that a

polymer having a side chain connecting chain length of (CH2)s or larger (that is only 1 or at

worst maybe :2 C-atoms longer than was obtained in this study), probably will end up having a

more active drug moiety than 72 or its mouomeric precursors. The validity of this hypothesis

will be tested in future studies (see Figure 3.18 and text thereafter).

For this study. the indications therefore are that there is a certain minimum side chain length

that must be exceeded before a polymer-bound drug will end up more active than a free,

monomeric, drug. Figure 3.18 predicts that this entry side chain length before
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pharmacological benefits may obtained by a polymeric drug carrier may be 5 or 6 atoms

between polymer and drug moiety. This deduced criterion was tested on a series of polymers

that this laboratory reported on earlier in 200I.C) It was found that polymer 29 (Figure 3.18)

were almost 10 times more effective than the free dug 49 in cytotoxic tests. Polymer 29 has 6

atoms separating the ferrocenyl group from the polymer main chain. Polymer 72 has only 4.

C) .:=0 Cj .. · Cj 0=:<;0
~ 72@ ;~

29 ~ 73a:
na1 if~

~ b:na2
c: n II 3
d:na4 @

Figure 3. 18 Examples of polymers.

It appears thus the predictions from the graphs in Figure 3.15 that 5 - 6 spaeer atoms are

required before polymeric drug carriers will enhance cytotoxic activity of a ferrocene-

containing drug, may be true. With this background research is currently underway to

synthesise polymers 73 having 9 - 12 spaeer atoms between ferrocenyl group and polymer

main chain to test this hypothesis.
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EXPERiMENTAL



4.2.4 Dialyses and freeze drying of polymers

Dialyses were performed against running tap water in I:2000 molecular mass cut-off cellulose

membrane tubing followed by freeze drying on an EZ-DRY 550Q instrument at -43°C and

63mTorr.
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4.1 Materials

Solid reagents (Merck, or Aldrich) were used without further purification. Liquid reactants

and solvents were distilled prior to use. water was double distilled. Dry, air-free acetonitrile

was obtained by refluxing under nitrogen over calcium hydride before distilling onto alumina

for storage. Dry, air-free diethyl ether and tetrahydrofuran (THF) were obtained by refluxing

under nitrogen over sodium wire for 2 and 3 hours respectively.

4.2 Techniques and apparatus

4.2.1 Infrared (IR) Spectroscopy

IR-spectroscopy was conducted on a Hitachi 270-50 speetrometer with data processor. Solids

samples were recorded in KBr pellets. while all the liquid samples were recorded as thin films

between two NaCI discs.

4.2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

Proton 'H NMR spectra at 298 K were recorded on a Bruker AM-300 FT-instrument with

deuterated solvents as internal standards. while chemical shifts are presented as ê-values

referenced to Silvle, at 0.00 parts per million (ppm).

4.2.3 Determination of the melting points (m.p.)

Melting points were determined with a Reiehet Thermopan microscope, with a Koffler hot-

stage and are uncorrected. This instrument can only detect melting points lower than 200°C.
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4.2.5 Column chromatography

Merck silica gel 60 (particle size 0.040-0.063 mm) was used for column chromatography and

aluminium sheets coated with silica gel 60 F:!5-twere used for thin layer chromatography.

4.2.6 Cyclic volrammetry

Measurements on ea. 2 mmol dm,3 solutions of amides and I mmol dm,3 ammes m

acetonitrile with 0.1 mol dm,3 bl'tetra uty ammonium hexafluorophosphate (Fluka,

electrochemical grade) as supporting electrolyte were conducted under a blanket of purified

argon at 25.0°C utilising a BAS model CV -27 voltammograph interfaced with personal

computer. A three-electrode cell, which utilised a Pt auxiliary electrode, a Pt working

electrode with surface area 0.03142 crrr', and a Ag!Ag+ (0.0100 mol dm", AgN03) reference

electrode mounted on a Luggin capillary'l" was employed. Aqueous electrochemistry of all

amine hydrochloride and polymers were performed in water containing I mol dm" KCI as

well as 10mmol dm,3 HCI as supporting electrolyte, substrates concentrations were I mmol

dm,3. The working electrode in the aqueous medium was a glassy carbon electrode of surface

,
area 0.0707 ern".

For cleaning, electrodes were polished with Jum Diapat diamond paste, rinsed with ethanol,

acetonitrile followed by water and dried before each experiment. All measurements were

referenced against Ag! AgCI electrode. Scan rates were between 50 and 250 mVIs. Data,

uncorrected for junction potentials. were collected with an Adalab-PC'" and Adapt'" data

acquisition kit (Interactive Microwave. Inc.) with locally developed software, and analysed

with Hyperplot (JHM International. Inc.). The temperature was kept constant to within 0.5°C.
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4.2.7 Cytotoxicity tests

The author acknowledges Mrs. Elke Kreft from the Department of Immunology, Institute for

Pathology at the University of Pretoria for performing these experiments.

Sample preparations: Polymers. 69 - 72. were dissolved in water giving stock concentration

of 50 mg/ml. Amides and amines (66a - 66d and 67a, 48, 67c, 67<1 respectively), were

dissolved in DMSO to give stock concentration of 10 mg/cnr' and diluted in the appropriate

growth medium supplemented with fetal calf serum (FCS) to give final DMSO concentrations

not exceeding 0.5% and drug concentrations of 1-3000 ug/cm ' prior to cell experiments.

Cell cultures: A human colorectal cell line, CoLo DM320 (ATCC CCL-220), was grown as a

suspended culture in RPMI 1640. The human cervix epitheloid cancer cell line, HeLa,,(ATCC

CCL-2), were grown as a monolayer culture in MEM. Growth media was at 37°C under 5%

COz and fortified with 10% FCS. and I% penicillin and streptomycin. Appropriate solvent

control systems were included. Cells were seeded at :WOO cells/well for 24 h incubation

experiments and 400 cells/well for 7 days incubation experiments in 96 well microtiter plates

in a final volume of 200 III of growth medium in the presence or absence of different

concentrations of experimental drugs. Wells without cells and with cells but without drugs

were included as controls. After incubation at 37°C for I day or 7 days cell survival was

measured by means of the colometric 3-(4,5-dimethylthiazol-2-yl)-diphenyltetrasodium

bromide (MMT) assay. us
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4.3 Synthesis and functionalisation of the ferrocene

4.3.U 2-Clnlorobenzoylferrocel1le97 (60) [Scheme 3.1, page 421

A clean dry IL three-necked round-bottom flask was immersed in an ice bath, and flushed

with nitrogen gas. Ferrocene, 3731. (18.603 g. 100 mmol), 2-chlorobenzoylchloride (17.5 g,

12.7 mmoi), and dichloromethane (200 crrr') were added while stirring. When the solution

was chilled thoroughly. solid anhydrous aluminium chloride (14.021 g. 100 mmol) was added

in small portions at a rate so that the temperature of the reaction mixture does not exceed 5°C

(about 20 min). The appearance of a deep blue colour indicated that the reaction was taking

place. Stirring was continued for 30 min in the ice bath and then for 16 hours at room

temperature. The reaction mixture was then cooled in ice. ice water (200 crrr') was cautiously

added. and the resulting heterogeneous mixture stirred vigorously for 30 min before the

separated aqueous layer was extracted with dichloromethane (3 x 200 cm"). The

dichloromethane extracts were combined with the original organic layer before it was first

washed with an equal volume of water, then twice with 10% aqueous NaOH (100 ern"), and

dried over MgSO-,. Removal of the solvent under reduced pressure yielded dark red solid 2-

chlorobenzoylferrocene, 60. (21.89 g. 67.4%); m.p. 80 - 82°C. 8H (CDCI3, spectrum 1): 8.06-

8.21 (4 H. m. C6H-,). 4.78-4.60 (4H. m. CsH-,), 4.30 (SH. s, CsHs)

4.3.2 Ferrocenoic acidl97 (4731)[Scheme 3.U, page 421

In a clean. dry round-bottom flask, 1.2-dimethoxyethane (180 cm"), potassium tert-butoxide

(33.1 g. 294.9 mrnol), and water (1.6 cm) were mixed while stirring. producing a slurry. To

this slurry was added 2-chlorobenzoylferrocene, 60, (21.89 g. 67.4 mmol) to give a red

coloured mixture which was refluxed for I hour. As the reaction proceeded, the colour

changed to tan. The reaction mixture was cooled to room temperature and transferred into
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water (I L) containing small amounts of ice and extracted with diethyl ether (3 x 200 crrr').

The combined ether extracts were back extracted with 10 % aqueous NaOH, followed by

acidification with concentrated HCI. The precipitate was collected by vacuum filtration and

air dried to give an air stable yellow powder of ferrocenoic acid, 4731, (18.75 g, 86 %): m.p.

198 - 21 O°C. (decomp.). ()H (COCI ..): 4.84 (2H. t. C, Ht). 4.45 (2H, t, CsH,,), 4.25 (SH. s.

CsHs). IR (KBr)/cm'l: 1617 (C=O).

4.3.3 N,N-dimethylamnnomethylferrocene methiodide8~,86 (M) (Scheme 3.1, page 42)

To a solution of N,N-dimethylaminomethylferrocene. 45. (20.10 g, 81.92 mmol) in methanol

(54 cm '), methyl iodide (11.63 g, 5 cm ', 81.92 mmol) was slowly added and the reaction

mixture was heated in an oil bath at 100°C for 30 min. After cooling to room temperature,

diethyl ether (74 cm) was also added. The crude methiodide, 61. separated as oil that quickly

crystallizes. The solid was filtered. washed with ether. and air dried overnight at room

temperature to give N.N-dimethylaminomethylferrocene methiodide 61 (25.00 g, 79%): m.p

175-185°C. ()f{ (COCI ... spectrum 2): 4.29 (2H. t. CsH,,). 4.20 (2H, t, CsH,,), 4.18 (2H, s,

CsH4CHf), 4.05 (5H, s, CsHs), 2.71 (9H, m, (CH3)]).

4.3.4 Ferrocenylacetonitrile'f (62) (Scheme 3. r, page 421

A solution ofN.N-dimethylaminomethylferrocene methiodide. 61. (21.16 g, 54.8 mmol) and

potassium cyanide (21.52 g. 330.49 mmol) in water (210 cm ') was refluxed for 2.5 hours.

The dark brown reaction mixture with fine precipitate at the bottom was then cooled to room

temperature before the liquid was decanted slowly and as carefully as possible. The decanted

aqueous solution was first extracted with ether (3 x 200 crrr'), and then with toluene (2 x 200

crrr'), The remaining aqueous layer was left overnight in the fumehood to form crystals,
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which were extracted with dichloromethane. washed with water, dried with Na2S04, and

evaporated to dryness. The fine solid that remained after decantation was dissolved in

toluene. All the ethereal and toluene fractions were combined and washed well with water,

dried with Na2S0-l. and evaporated to dryness under reduced pressure. The combined solid

residues obtained. was then recrystallised from boiling hexane to give yellow crystals of

ferrocenylacetonitrile. 62. (9.45 g. 76 %): m.p. 78-80 -c. s, (CDCI3. spectrum 3): 4.20-4.24

(9H, m. CIOHq). 3.44 (2H. s. CH2). IR (KBr)/cm·l: 2248 (C=N).

4.3.5 Ferrocenylacetic acid86•98 (47b) [Scheme 3.1, page 421

A suspension of ferrocenylacetonitrile, 62. (3.43 g, 16.015 mmol) in ethanol (34 crrr') was

added to a solution of potassium hydroxide (8.5 g. 151.49 mmol) in water (85 crrr') and

refluxed for 5 hours. After the evolution of ammonia had ceased. ethanol was concentrated in

vacuo to bring the volume to about 20 cm~. The residual aqueous suspension was dissolved

in water (80 cnr'), extracted twice with equal volumes of diethyl ether and then filtered.

Acidification of the alkaline aqueous solution with 85% phosphoric acid to pH 1-2 afforded

golden crystals. The product was collected by filtration as a yellowish solid and air-dried to

yield ferrocenylacetic acid. 4ïlb. (2.743 g, 80%): m.p 150-155°C. s, (CDCl3, spectrum 4):

4.20-4.05 (9H. m. C1oHq). 3.71 (2H. s. CH2). IR (KBr)/cm-l: 1710 (C=O).

4.3.6 Ferrocenecarboxaldellnyde87 (46) [Scheme 3.1, page 421

A solution of N-methylformanilide (2.16 g. 160 mrnol) and phosphorus oxychloride (15.3 g,

100 mmol), was stirred vigorously. while ferrocene. 3721.(11.16 g. 60 mmol) was added in

small portions over a period of 10-15 min. The purple viscous mixture was stirred for 1 hour

at room temperature and then at 65 - 70°C for 2 hours under nitrogen atmosphere. Hereafter
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the reaction mixture was cooled to O°C before a solution of sodium acetate (50 g, 609,5 mmol

in 400 crrr' water) was added. Stirring continued overnight before the mixture was extracted

with diethyl ether (3 x 400 ern:'). The ether extracts were combined and washed with equal

volumes of I mol dm':' HCI. water. saturated sodium bicarbonate solution and finally with

water (all saturated with sodium chloride). The ether phase was dried over MgSO~ and

evaporated to a volume of about 50 cm:'. The product was purified by column

chromatography on silica gel with ether-hexane ( I: I) as eluent. Removal of the solvent under

reduced pressure yielded reddish-brown crystals of ferrocenecarboxaldehyde, 46, (9.76 g,

76%); m.p 120-12:2°C. OH (CDCl): 9.95 (I H. s. CIOHQCHO), 4.80 (2H, s, CH), 4.62 (2H, s,

CH), 4.30 (SH, s, CsHs). IR (KBr)/cm'l: 1638 (C=O).

4.3.7 3-Ferrocenylacrylic acid99 (63) [Scheme 3.1, page 421

Ferrocenecarboxaldehyde. 46. (5.00 g. 23 mmol), malonic acid (5.00 g, 48 mmol) and

piperidine (100 drops; I cm ') were dissolved in pyridine (120 crrr') and heated in an oil bath

at 110°C for 2 hours in nitrogen atmosphere, The cooled solution was diluted with water,

extracted with chloroform (3 x 200 cm) and the combined chloroform extracts were washed

with 2 mol dm" HCI and water. and then extracted with 2 mol dm'3 NaOH. Acidification of

the aqueous layer with :2 mol dm') HCI precipitated the brick red product 3-ferrocenylacrylic

acid, 63, after filtration. (5.31 g. 73%); m. p. 190-192°C. OH (CDCI3): 7.70 (I H, d,

CH=CHCOOH), 6.07 (I H, d, CH=CHCOOH). 4.55 (2H. s. 2,5-H), 4.45 (2H, s, 3.4-H) 4.20

(SH. s. CsHs). IR (KBr)/cm'l: 3412 (s) (O-H). 1665 (s) (C=O). 1611 (CH=CH).
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4.3.8 3-Ferrocenylpropanonc acid99 (47c) [Scheme 3.1, page 421

3-Ferrocenylacrylic acid. 63. (2.45 g. 9.6 mmol) was suspended in absolute ethanol (100 cm ')

and palladium activated charcoal was added while stirring. Hydrogen gas was bubbled

through the stirred heterogeneous mixture for 7 hours. before the reaction mixture was filtered

through a small amount of silica gel. Equal volumes of water and ice were added to the

yellow ethanolic mixture before the solution was extracted with diethyl ether (2 x 150 cm ').

The combined ether extract was thoroughly washed with enough water to remove the excess

ethanol. The solution was dried over MgSO.! and evaporated under reduced pressure to give

3-ferrocenylpropanoic acid 47c (2.00 g, 81%); m. p. lIS-117°C. bH (CDCb, spectrum 5):

4.14 (SH, s, CsHs), 4.09 (4H, s. CsH.!), 2.71 (2H. t. CH~COOH), 2.61 (2H, t, CsH4CH~). IR

(KBr)/cm·l: 1710 (C=O).

4.3.9 3-FerrocenoyllPropall1lonc acndloo.lol (64) [Scheme s.r, page 421

In a 500 cm' two-necked flask, a solution of succinic anhydride (2.7 g, 27 mmol) in

dichloromethane (lOO crrr') was added to a mixture of ferrocene (10.02 g, 53.7 mmol) and

aluminium chloride (7.2 g, 54 mmol) in methylene chloride (200 crrr') in a nitrogen

atmosphere. The deep purple mixture was retluxed for 2 hours, and poured into water (200

crrr') containing water. The aqueous phase was thoroughly washed with dichloromethane,

and the combined organic phases were washed well with water. The organic phase was then

extracted with 2 mol dm·3 NaOH. followed by acidification with 2 mol dm·3 HCI to pH 1,

giving a tan precipitate after filtration. 3-ferrocenoylpropanoic acid. 64. (4.85 g. 31.5%); m.p.

169 - 1710C. bH (CDCI3• spectrum 6): 4.85 (2H. t, CsH.!). 4.55 (2H, t, CsH.!), 4.25 (SH, s,

CsHs), 3.10 (2H, t, CsH.!-CO-CH,), 2.75 (2H. t, -CH:!COOH).IR (KBr)/cm": 1716 (s) (C=O,

keto), 1658 (C=O, acid).
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4.3.10 4-Ferrocenylbutanoic acidloo.lol (47d) [Scheme 3.1, page 421

First zinc amalgam was prepared by washing 20 g of zinc dust briefly with 2 mol drn' HCl

after which 27 cm ' water. 2 g mercuric chloride and 1.1 crn ' concentrated HCl were added.

The mixture was left for 10 min after which all liquids were decanted from the gray solid

residue. After the formed amalgam had been washed with small amounts of water, ethanol. 2

mol dm" HCI and again with water. it was the quickly dried at 60 - 65°C under reduced

pressure.

4-Ferrocenylbutanoic. 47d, acid was prepared by Clemmensen reduction of 3-

ferrocenoylpropanoic acid. 64. (5.04 g, 17.62 mmol) in a (I: 1:5 ratio) refluxing mixture of

concentrated HCI. glacial acetic acid and water (280 cm ') in the presence of zinc amalgam (4

g) under nitrogen for 42 hours. Fresh concentrated HCI (2 crrr' aliquots) was added to the

mixture at 12 hours intervals. Isolation of the product was achieved by diluting the ice cooled

reaction mixture with ice water (150 cnr') and extraction with diethyl ether. The ether

extracts were combined and washed thoroughly with water. and extracted with 0.5 mol dm']

NaOH. Acidification of the basic aqueous phase with ice-cooled I mol dm·3 HCl precipitated

4-ferrocenylbutanoic acid, 47d, after filtration. (3.4 g, 67%); m.p, 107-109°C. 8H (CDCl],

spectrum 7): 4.12 (4H. m, CsHs). 4.09 (SH. s. CsH-l), 2.41 (4H. m, CsH-lCH~CHl CH2COOH),

1.90 (2H. m, CsH-lCH2 CH~). IR (KBr)/cm": 1704 (C=O).

4.3.11 FerrocenecarboxaldoximeIJ2 (68) [Scheme 3.3, page 481

To a solution of ferrocenecarboxaldehyde. 46. (0.58 g. 2.710 mmol) in ethanol was added a

solution of hydroxylamine hydrochloride [(1.21 g, 17.67 mmol) in water (5 cm3
)] and sodium

hydroxide [(0.516 g, 12.90 mmol) in water (5 cnr'j], After 2 hours of refluxing, the reaction

mixture was extracted with chloroform. and the organic layer washed with water, dried over
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Na2S0~ and the solvent removed under reduced pressure. The red solid was recrystallised

from hexane to give ferrocenecarboxaldoxime, 68, (0.28 g, 48 %), m.p. 116°C (dec.). bH

(CDCh. spectrum 8): 7.96 (1H. s. =C(H». 4.51 (2H. m. CsH~). 4.35 (2H. m, CsH~). 4.21 (5H,

s, CsHs).

4.3.12 Fell"II"oceU1lykarlboxamidei26 (6621) [Scheme 3.2, page 45)

All ferrocene-containing amides were obtained by reacting aqueous ammonia with a

ferrocene-containing acid chloride. Owing to the instability of the acid chlorides they were

not isolated and stored. but immediately reacted in situ with aqueous ammonia. The acid

chlorides were obtained by reacting the corresponding carboxylic acids with oxalyl chloride,

thionyl chloride or phosphorus trichloride.

4.3.12.1 Oxalyl chloride met/wl/IIII

To a solution of ferrocenoic acid, (4721), (1.0014 g, 4.39 mmol) in dry dichloromethane (20

crrr') was added oxalyl chloride (2.3 cnr', 11.6 mmol) and a drop of pyridine. The mixture

was stirred for 12 hours at room temperature and then at 45°C for 8 hours. The red solution

of the ferrocenoyl chloride could not be isolated in high yield or stored because of its

instability. Hence the reaction mixture was immediately used for the synthesis of

ferrocenylcarboxamide. 6621. Aqueous ammonia 25%. (20 crrr') was added through the top of

the condenser on the dichloromethane layer and stirring continued for 2 hours at room

temperature. The organic phase was separated from the aqueous phase and stored. The

aqueous phase was extracted with dichloromethane (2 x 100 crn '), and all the combined

organic phases washed well with equal volumes of water, and 10% NaOH solution. Finally

the organic solvent was dried over MgSO~ followed by removal of the organic solvent under
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reduced pressure to give a fine reddish powder of ferrocenylcarboxarnide, 68, (0.412 g, 41%);

m.p. 165°C. OH (CDCb, spectrum 9): 4.70 (2H, t, CsH.d, 4.40 (2H, t, CsH4), 4.21 (5H, s,

CsHs).IR (KBr)/cm-l: 3424 (NH2), 1638 (C=O), 1540 (NH, amide II).

4.3.n2.2 Tltionyl chloride met/lOd/Jf},IJ/

Ferrocenoic acid, 47a, (2.00 g, 8.26 mmol) was dissolved in thionyl chloride (50 crrr', 82 g,

689 mmol) and retluxed for four days. The excess thionyl chloride was removed by

distillation at 150-155°C, for identification purposes a small sample of the acid chloride was

dissolved in petroleum ether (b.p. 60-80°C) and the IR spectrum was recorded. The residue

was dissolved in dichloromethane (50 cnr') and immediately treated with saturated aqueous

ammonia (50 crrr') and stirred for 30 min at room temperature. The organic phase was

separated from the aqueous phase and stored. The aqueous phase was extracted with

dichloromethane (2 x 100 ern"), and the combined organic phases washed well with equal

volumes of water. and 10% NaOH solution and finally dried over MgS04 followed by

removal of the organic solvent under reduced pressure to give a reddish solid

ferrocenylcarboxamide, 66a, (0.232 g. II %); m.p. 165°C.

4.3.12.3 Phosphorus trichloride met/lOi lJ

To a solution of ferrocenoic acid. 47a. (2.00 g. 8.656 mmol) in toluene (12 crrr'), phosphorus

trichloride (2.6 crrr', 4.09 g, 29.78 mmol) was added and retluxed at 86°C for 2 hours. The

excess PCI) and solvent was removed under reduced pressure and to the crude residue was

added toluene (IOcmj) followed by the addition under vigorous stirring of an excess of

aqueous ammonia (20 cnr'). Stirring continued at room temperature for 30 min before the
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reaction mixture was extracted with diethyl ether, dried over MgSO-t and solvent removed

under reduced pressure to give a yellow solid 6621 (0.77 g, 38%), m.p. 165°C.

4.3.13 fenocel1lylacetamndeI18.t21.t26 (661)) [Scheme 3.2, page 451

The thionyl chloride method was not appropriate for this synthesis as the ferrocenyl group is

oxidized during the cause of the reaction.

4.3.13.1 Oxalyl chloride metllodllR

To a solution of ferrocenylacetic acid, 47b, (0.5024 g, 2.06 mmol) in dry dichloromethane (10

crrr'), oxalyl chloride (1 cnr', 11.6 mmol) and a drop of pyridine were added. The reaction

mixture was stirred for 15 hours at room temperature, and then refluxed for 2 hours. During

refluxing, the colour of the reaction mixture changed from deep red to blue. Aqueous

ammonia 25%, (30 cm") was added through the top of the condenser on the dichloromethane

layer, and dichloromethane (l O cm ' was also added to increase the volume of the solvent.

Stirring continued for 2 hours at room temperature. The organic phase was separated from

the aqueous phase and extracted with dichlorornethane (3 x 50 crrr'). The combined organic

phases were washed well with equal volumes of water, and 2% NaOH solution and finally

dried over MgSO-t and evaporated under reduced pressure to give a yellow solid

ferrocenylacetamide, 661b,(0.12 g. 24 %): m.p, 163-165°C. OH (CDCh, spectrum 10): 4.20

(9H, m, CIOHQ), 3.35 (2H, s. CH~), 1.52 (2H. s. NH~). IR (KBr)/cm'l: 3424 (NH amide I),

1638 (C=O) and 1404 (NH amide II).

4.3.13.2 Phosphorus trichloride met/lOt/m

To a solution of ferrocenylacetic acid, 471b, (2.00 g. 8.26 mmol) in toluene (12 cm '),

phosphorus trichloride (2.6 cm3, 4.09 g, 29.78 mrnol) was added and refluxed at 86°C for 2
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hours. The excess PCIJ and solvent were removed under reduced pressure. To the crude

residue was added toluene (15 cm3) followed by the addition under vigorous stirring an excess

of aqueous ammonia (30 crrr'). Stirring continued at room temperature for 30 min before the

reaction mixture was extracted with diethyl ether. dried over MgSO-l and solvent removed

under reduced pressure to give ferrocenylacetamide. 66b. (0.9:24 g. 46%). m.p. 163-165°(.

4.3.14 3-Ferrocenylpropionamide121.l26 (66c) [Scheme 3.2, page 45)

Neither the oxalyl chloride nor thionyl chloride method was successful in this synthesis.

To a solution of ferrocenylpropanoic acid. (47c). (1.00 g. 3.876 mmol) in benzene (5.9 cm '),

was added phosphorus trichloride (1.27 cm:'. 2.00 g. 14.56 mrnol). The solution was refluxed

at 85°C for 2 hours. The excess PCIJ and solvent was removed under reduced pressure and to

the residue was added toluene (15 cm') followed by the addition under vigorous stirring an

excess aqueous ammonia (30 crrr'), Stirring continued at room temperature for 30 min before

the reaction mixture was extracted with diethyl ether. dried with MgSO" and solvent removed

under reduced pressure to give a yellow solid 3-ferrocenylpropionamide, 66c, (0.62 g, 62%);

m.p.96-99°(. OH (CDCI3, spectrum Il): 4.15 (9H. m, C1oHq), 2.71 (2H, t, CH2), 2.41 (2H, t,

CH~CONH2).IR (KBr)/cm'l: 3424 (HN2). 1638 (C=O), 1540 (NH, amide lI).

4.3.15 4-Ferrocenylbutanamidel2l.126 (66d) [Scheme 3.2, page 45)

To a solution of 4-ferrocenylbutanoic acid. 47d. (1.25 g. 4.576 mrnol) in toluene (7.35 cm '),

was added PCI3 (0.41 cm ', 0.64 g. 4.66 mmol). The solution was refluxed at 86°C for 2 hours.

The excess PCI3 and solvent was removed under reduced pressure and to the residue was

added benzene (15 cnr') followed by the addition under vigorous stirring an excess aqueous

ammonia (30 cm'). Stirring continued at room temperature for 40 min before the reaction
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mixture was extracted with diethyl ether. dried over MgSO-t and solvent removed under

reduced pressure to give 4-ferrocenylbutyramide. 66d. (0.91 g. 73%); m. p. 82-84°C. DH

(COCIJ): 4.20 (5H. s. CsHs). 4.08 (4H. s. CsH-t). 2.40 (2H. t, CsH-tCH~). 2.25 (2H. t, CH:!),

1.85 (2H. t, CH:!CONH:!). IR (KBr)/cm'l: 3424 (NH:!). 1638 (C=O). 1540 (NH. amide II).

4.3.16 Ferrocenylmethylamlne'Y (6721)

4.3. n6.1 Reduction of amide metllOd133 {Scheme 3.2, page 45/

To a solution of ferrocenylcarboxarnide, 6621. (0.6 g, 2.619 mmol) in dry tetrahydrofuran (30

cm '), was added powdered lithium aluminium hydride (0.216 g. 5.691 mmoi). The reaction

mixture was retluxed at 69°C for 24 hours. after which the excess LiAIH4 was destroyed by

the addition of water (50 cnr'), The THF-water mixture was extracted with chloroform and

the organic layer washed well with water. dried over Na:!SO-t and the solvent removed under

reduced pressure. The product was purified by column chromatography on silica using

methanol/aqueous ammonium solution (95:5 v/v) as eluent to give after solvent removal

ferrocenylmethylamine. 67a. (0.31 g 55%) as a dark brown oil. 8H(COCb, spectrum 12): 4.15

(9H, m, CqH1o), 3.54 (2H. s, CH:!). 1.25 (2H. b. NH:!). IR (NaCl diskj/cm": 3360 (NH2), 1584

(NH, amine II).

4.3.16.2 Ferrocenecarbaldehyde oxime metluu!'-'l.I.U {Scheme 3.3, page 48/

Ferrocenecarbaldehyde oxime, 68. (0.25 g. 1.152 mmol) was dissolved in dry THF (8.9 crrr')

and an excess of lithium aluminium hydride (0. t 9 g. 5.007 mmol) was added portion-wise

with care. After 6 hours of retluxing under nitrogen atmosphere, benzene (8.9 crrr') and ethyl

acetate ( 1.6 crrr') were added with caution. followed by few a drops of 5 mol dm" NaOH until

precipitation of the inorganics was complete. Filtration of the mixture yielded a yellow
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filtrate and a gummy solid residue. The filtrate residue was washed with copious amounts of

benzene:methanol (80:20 v/v) solution. The filtrate was then evaporated to dryness and

inorganic impurities removed by dissolving the residue in dichloromethane followed by

filtration and evaporation of the organic solvent under reduced pressure. The product was

purified by column chromatography on silica using methanol/ aqueous ammonium (95:5 v/v)

solution as eluent to give after solvent removal ferrocenylmethylamine, 672, (0.14 g, 56%).

4.3.17 • 8-'; 86 IJJ2-f'errocenylethylamme'" (48)

4.3.U7.n By tile reductio" of ferrocenytacetonitrite'V" (62) [Scheme 3.4, page 49/

Into a 500 cm ' round bottomed flask. a suspension of lithium aluminium hydride (2.04 g, 54

mrnol) in diethyl ether (100 cm') was stirred under reflux at 34°C for I hour. To the reaction

mixture a solution of2-ferrocenylacetonitrile. 62. (3.027 g. 13.4 mmol) in ether (20 crrr') was

added slowly. After 2 hours of refluxing, the reaction mixture was cooled in ice, and water

(20 cm:'), 20% NaOH (15 cnr') and water (90 cnr') were added consecutively. The ethereal

layer was slowly decanted from the solid followed by the addition to 2 mol dm·3 NaOH, and

extracted with more ether and washed with equal volume of water. dried (Na:!SO.j) and the

solvent removed under reduced pressure to give a dark brown oil residue. The residual oil

was distilled at 0.5 mm to give (2.41 g. 81%) of 2-ferrocenylethylamine: b.p. 120 - 135°C.

OH (CDCI3• spectrum 13): 4.12 (SH. t, CsHs). 4.07 (2H. s. CsH.j). 4.02 (2H. s. CsH.j), 2.79 (2H,

4.3.17.2 By the reductio" of I-ferrocenylccetamide'Ó' (66b) [Scheme 3.2, page 45/

To a solution of 2-ferrocenylacetamide. 66b. (0.4 g. 1.646 mmol) in dry tetrahydrofuran (40

ern:') powdered lithium aluminium hydride (0.25 g. 6.5869 rnmol) was added. The reaction
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mixture was refluxed at 69°C for 24 h. after which the excess LiAlH~ was destroyed by the

addition of water (30 crn'). The TH F-water layer was extracted with chloroform and washed

well with water. dried over Na~SO~ and the solvent removed under reduced pressure. The

product was purified by column chromatography on silica using methanol/aqueous

ammonium solution (95:5v/v) as eluent to give after solvent removaI1-ferrocenylethylamine,

41S.(0.23g. 58 %) as a dark brown oil.

4.3. US 3-FerrocenylpropylamollllelJJ (671)) (Scheme 3.2, page 415)

Powdered lithium aluminium hydride (0.29 g. 7.652 mmol) was added to a solution of 3-

ferrocenylpropionamide. 66c. (0.8 g. 0.3889 mrnol) in dry THF (40 cm:'). The reaction

mixture was refluxed at 69°C for 24 hours. after which the excess LiAlH~ was destroyed by

addition of water (60 ern:'). The THF-water mixture was extracted with chloroform (3 x 50

crrr') and the organic solvent was washed thoroughly with water, dried (Na:!SO~) and removed

under reduced pressure to give 62% yield of a dark brown. oily product. The product was

purified by column chromatography on silica using methanol/aqueous ammonium solution

(95:5 v/v) as eluent to give after solvent removal (0.24 g. 30 %) of 3-ferrocenylpropylamine,

67b. oH(CDCI:;. spectrum 14): 4.17 (5H. s. C,Hs). 4.01 (4H. s. C5H~). 2.80 (2H. t, C5H~CH~),

2.40 (2H. s, C5H~CH~CH,). 1.70 (2H. s. CsH~CH~CH~CH,NH~).

41.3.U9 41-Ferrocell1ylbutylamol1leIJJ (67c) (Scheme 3.2, page 4151

To a solution of 4-ferrocenylbutyramide. 66d. (0.75 g. 2.746 mmol) in dry THF (38 crrr'), was

added powdered lithium aluminium hydride (0.27 g. 7.114 mmoi). The reaction mixture was

retluxed at 69°C for 24 hours. after which the excess LiAIH~ was destroyed by the addition of

water (75 cm:'). The THF-water mixture was extracted with chloroform (3 x 50 crrr') and the
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organic solvent washed thoroughly with water. dried (Na:!SO-t) and removed under reduced

pressure. Dark brown. oily residue oil was purified by column chromatography on silica

using methanol/aqueous ammonium solution (95:5 v/v) as eluent to give after solvent removal

(0.38 g. 51 %) of 4-ferrocenylbutylamine. 67c. 8" (COCI:;. spectrum 15): 4.05 (SH. s, C5Hs).

4.00 (4H. s. CsH-t). 2.69 (2H. t. CsH-tCH~). 2.31 (2H. t. CsH-tCH:!CH:!). 1.45 (4H, s.

CsH4CH:!CH:!CH:!CH,NH:!).

4.4 Synthesis of the polymeric carriers and the anchoring of the ferrocene

4.4. n Poly-Db-succinimide'f (2) (Scheme 3.5, page 501

Finely powdered DL-aspartic acid. I. (5.00 g. 37.57 mrnol) and 85% orthophosphoric acid

(5.00 g. 51.02 mmol) were thoroughly mixed in a 250 cm:' round bottomed flask. The flask

(connected to a rotary evaporator fitted with a vacuum pump and manometer) was carefully

submerged at atmospheric pressure into an oil bath preheated to 200°C with slow rotation.

Care must be taken that the reaction mixture does not froth out of the flask. After 5 min of

rotation. the oil bath temperature was lowered slightly and maintained at 170-190°C for 2.5

hours. while the pressure was reduced to below 2 torr. After the reaction mixture was cooled

to ea. 50°C. DMF (30 crrr') was poured onto the warm reaction mixture, and was rotated

slowly on the rotary evaporator overnight to afford a homogeneous. light brown solution.

This solution was poured. with vigorous stirring. into a beaker containing water (500 cm '),

and the resulting polymer was filtered and thoroughly washed with water (5 x 250 cnr'), The

solid was ground under liquid nitrogen and dried at 56°C under reduced pressure over P:!Os in

an Aberhalden drying tube, using boiling acetone as a heat source to give a white solid (3.44

g. 95%) ofpoly-DL-succinimide 2. 8" (DMSO. spectrum 16): 5.28 (lH. s. CH). 3.13 (2H. S.

CH:!), 2.70 (lH. s. CH:!). IR (KBr)/clll·1 1710 (C=O). 1413 (C-N).



EXPERIMENT AL - 104 -

4.4.2 Polymer",2 (69) (Scheme 3.6, page 521

Remark: The syntheses of polymers 69. 70. 71 and 72 are performed in exactly the same

manner. Only the synthesis of polymer 69 will be given as a representative example. Yields

and characterization data is presented for all the compounds after the representative synthesis

procedure. Abbreviation: Asp = aspartyl group of the main chain of the poly(aspartamide)

polymers.

Polymer 70 was obtained in (0.15g. 18%). Dil (020. spectrum 18): 1.50 (6H, s. P-CH2), 2.00-

2.49 (20H, m. D-CH:! + y-CH:! + P'-CH:!), 2.63 (8H. s. 4 asp-Cl-h), 3.04 (8H. s, a-CH:! + a'-

CH:!). 3.52 (12H. s. E-CH:!). 3.97 (9H. s. CloHCJ).4.26-4.44 (4H. s. asp-CH). IR (KBr)/cm-
l
:

1661 (NH, amide I), 1550 (NH. amide li).

To a stirring solution of poly-OL-succinimide. 2. (0.128 g. 1.320 mmol repeating units) in

anhydrous OMF (1_8 cm) was slowly added a solution of ferrocenylmethylamine, 67a,

(0.0709 g, 0.330 mmol) in anhydrous OMF (0.5 cm) at oae. The reaction mixture was

stirred for a further I hour at O°C and then overnight at room temperature. Hereafter the

stirred solution was again cooled to O°C before N-(3-aminopropyl)-morpholine (0.152 g, 0.99

mmol) in DMF (0.5 crrr') was slowly added. Stirring continued for a further 1 hour at O°C

and then at room temperature for 5 hours. This reaction mixture was dialyzed for 24 hours in

12 000 molecular mass cut-ofT membrane tubing against running tap water, followed by

freeze drying, to give the final product as a yellowish spongy solid polymer, 69, (0.24 g,

18%). DH(020, spectrum 17): \.48 (6H. S. p-CH:!). 2.15 (6H. s. y-CH2), 2.31 (12H, s. D-CH2),

2.58 (IOH. s. 4 asp-Cl+ + a'-CH2). 2.99 (6H. s. a-CH:!). 3.50 (12H. s. E-CH2). 3.91-4.05 (9H,

s. CloHCJ). 4.28-4.44 (4H. s. asp-Cl-l). IR (KBrl/cm-l: 1661 (NH. amide I). 1550 (NH. amide

Il).
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Polymer 71 was isolated in (0.27 g. 18%). 8" (D~O. spectrum 19): 1.56 (6H. S. p-CH:!). 2.20

(6H. S. y-CH:! + P'-CH:!). 2.45 (14H. s. 8-CH~ + i-CH:!). 2.70 (8H. s. 4 asp-Cl+-), 3.06 (8H, s,

a-CH:! + a'-CH:!). 3.50 (12H. s. E-CH:!), 4.00 (9H. s. C1oHQ). 4.35-4.56 (4H, s. asp-CH). IR

(KBr)/cm·l: 1661 (NH, amide 1),1550 (NH, amide II).

Polymer 72 was isolated in (0.35 g, 17%). 811 (D~O, spectrum 20): 1.14-1.16 (1OH. m, p-CH:!

+ p'-CH:! + A-CH:!)1.75, 1.82-3.21 (36H, m, 4 asp-Cl-l- + &-CH:! + y-CH:! + a-CH:! + a'-CH2 +

y'-CH:!)1.75, 3.50 (12H, S, CH:!c), 3.89 (9H. S. CIOHQ)175, 4.12-4.44 (4H. s. asp-CH)1.75. IR

(KBr)/cm·l: 1661 (NH. amide 1).1550 (NH. amide II).
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The goals of this study can be summarised as the synthesis and electrochemical

characterisation of ferrocene-containing water-soluble polymers with anti cancer activity. To

achieve this. the author had to perform a number of tasks.

A Synthesis

A series of ferrocene-containing carboxylic acids of the type Fc-(CH:!kCOOH with 0 ::;

n ::; 3 and Fe = ferrocenyl were synthesised.

2 A general method of converting those acids to the acid chlorides Fc-(CH:!kCOCI

utilising PCI3 as chlorinating reagent was developed.

3 The acid chlorides were then converted to the amides Fc-(CH2)n-CONH2 following

reaction with aqueous ammonia under Schollen Baumann conditions.

4 A further general synthetic procedure was developed to reduce the obtained amides to the

corresponding amines. Fc-(CH:!kNH:!. 1 ::; n ::; 4. via LiAIH... Some of the obtained

amines were also prepared via alternative routes. These were spectroscopically identical

with the compounds obtained from the LiAlH .. path.

S A general technique was then developed to anchor all the obtained amines onto a water-

soluble poly(aspartic acid) derivative.

6 In total 24 compounds were synthesised. 12 of which were new. Appropriate compounds

were characterised utilising inter alia techniques such as elemental analysis, melting

point determination. IR spectroscopy and IH NMR spectroscopy.

B Electrochemistry

A cyclic voltammetric study of all the amides and amines in acetonitrile showed that the

formal reduction potential. EO'. is dependent 0 the length of the (CH:!)n chain that links the

ferrocenyl group with the amine or amide functional groups. Longer (CH:!)n chains



CHAPTER 5 - 108 -

lowered the formal reduction potential of the Fe/Fe couple. For the amides. E01 was

found to lie between 0.047 V and 0.272 V (CH2) vs. Ag!Ag+, while for the amines it is

0.032 V s E01 s 0.078 V.

2 Aqueous electrochemistry was also conducted on the amines after converting them to the

hydrochloride salt. Again. the formal reduction potential (vs. Ag! AgCl) was found to be

dependent on the length of the (CH2)n chain. Shorter chains led to higher reduction

potentials and values were found to be 0.132 V s EO' s 0.320 V.

3 Aqueous electrochemistry of all ferrocene-containing polymers again showed shorter side

chains that link the ferrocenyl group to the polymer main chain resulted in higher formal

reduction potentials.

4 Almost all the compounds were found to exhibit electrochemical reversibility at slow

scan rates. but cathodic reduction of electrochemically generated ferricenium cations

were not always qualitative to give ipc/iparatio of I. It was found that wherever there were

free electron pairs on the compounds that were investigated. especially free electron pairs

on an -Nll-group. intra or intermolecular electron transfer occurred to chemically reduce

the electrochemically generated ferricenium species. with resulting decrease in ipc/ipa

ratios.

c Cytotoxnc studies

The ferrocene-containing amides. annnes and polymers that were synthesised in this

study were then subjected to cytotoxic tests utilising Hel.a, a human cervix epitheloid

cancer cell line. and CoLoDM320. an intrinsically multidrug resistant human colorectal

cell line.
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2 It was found that compounds with the lowest Fe/Fe + reduction potential and with the

longest (CH2)n chain separating the ferrocenyl group from another functional group are

the most active in killing cancer cells.

3 A further result from this study is that anchoring of an antineoplastic drug onto a

polymeric drug carrier does not automatically imply enhanced pharmacological activity.

There appears to be a threshold in chain length that links drug moiety with polymeric

main chain that must be crossed before the potential advantage of drug carriers becomes

experimentally observable. At this stage of our knowledge it appears that a (CH2)s or

(CH2)6 linking group is the threshold before the benefits of a polymeric drug carrier can

actually be observed in drug activity of a polymer-bound drug compared with the activity

of the free drug.

In this study the author has developed techniques to anchor amine-containing ferrocenes on a

water-soluble polymeric drug carrier and, from cytotoxic studies, demonstrated the

antiproliferative activity some ferrocenyl derivatives possess. However, many questions still

remain to be answered. These would include how different drugs will behave on the same and

different polymeric drug carriers. To answer these questions research is currently being

conducted in this laboratory to determine the pharmacological activity of platinum group

metals, particularly rhodium and iridium complexes, other metallocenes such as cobaltocene

or ruthenocene and phthalocyanine derivatives when polymer-bound or as the free drug.

Alternative drug carriers are also under investigation, the most notable of which are

derivatives of polyepichlorohydrins and polyphosphazenes.
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Spectrum ns 4-ferrocenylll)lllltylamillle (67c) in eDO].
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Spectrum 16 P I DL .. 2o y- -succinimide (2) in DMSO-d6•
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