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ABSTRACT

.Complexes of p&rimidines, nucleosides and nucleotides have been
prepared in order to investigate the coordination properties of these
biologically important ligands.

The structures of the nucleotide complexes of cadmium, platinum and
zinc were determined using X~-ray crystallographic methods coupled with
infrared spectroscopy to confirm modes of binding. The implications of
these structures have been discussed with relevance to the interaction of
metal ions with DNA and related molecules. A preliminary investigation on
a new class of 'platinum blues' was also carried out with the pyrimidine
bases, nucleosides and nucleotides.

The complexes of 2-pyrimidinethione and 2-pyrimidinone were studied
with mainly first row transition metals and the stereochemistries were
characterised using infrared and electronic reflectance spectroscopy and
magnetic susceptibility measurements. X-ray crystallography was used to

determine the structures of three of these complexes.
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ABBREVIATIONS AND NOMENCLATURE

The abbreviations employed in this thesis are mostly those approved
by the Commission on Biochemical Nomenclature (CBN) of the International
Union of Pure and Applied Chemistry (IUPAC) and the International Union
of Biochemistry (IUB). In cases where units and trivial names remain

largely unchanged in modern literature, these are ugsed instead.

Bases
Ade adenine
MeAde 9-methyladenine (9-methyl-6-purinamine)
Cyt _ cytosine '
Gua guanine
Hyp hypoxanthine .
9MeHyp 9-methylhypoxanthine ( G-methyl- 6—pu.‘rinone)
9BenzPur6SH 9-benzyl-6é-purinethione
Thy thyimine '
Ura uracil
Nucleosides
A adenosine
c cytidine
G guanosine
I inosine
T thymidine
U uridine

Complexes of bases and mucleosides containing deprotonated ligands are

denoted by ( ') or ( !



Nucleotides

5 1-AMP adenosine S'-monophosphate
51=ATP adenosine 5'-= Yriphosphate
5'-CMP cytidine 5'-monophosphate
5t-GMP guanosine S'-monophosgphate
5'-IMP inosine S'-monophosphate
5!'-TMP thymidine &5'-monophosphate
5'-UMP uridine S'-monophosphate

The free acid and sodium salt of these ligands are denoted by Hz

and Nap respectively. The above abbreviations are retained for complexes

P

containing the dianion e.g. 5'-IMP° , but if a further proton is removed

the symbol ( ') is used.

QOther Ligands

Pym2SH
4,6MexPym2SH
Pym20H
1MePym20H
4,Me2Pym20H

SMePym
PY
Py2SH
Py20H
3,5C12 py
Imid
MeImid

Polynucleotides
RNA ribonucleic acid
mRNA mesgenger RNA
tRNA transfer RNA
DNA deoxyribonucleic acid

2-pyrimidinethione
4,6~dimethyl-2-pyrimidinethione
2-pyrimidinone
1-methyl-2-pyrimidinone
4,6-dimethyl-2-pyrimidinone

S5-methylpyrimidine
pyridine
2-pyridinethione
2-pyridinone
3,5-dichloropyridine
imidazole

2-methylimidazole



1y MezImid
BenzImid
1, 3Mez Tmid 2SH
quin
isoquin
dipyam

en

‘AcO

CPA

HA

tet

trpn

-Meg tren
Meg tpt

1y2~dimethylimidazole
benzimidazole
1,3-dimethyl-2-imidazolethione
quinoline

isoquinoline

di-2-pyridylamine

ethylenediamine

acetate

cyclopropylamine

6-aminohexanoic acid
N,N'-di~(3-aminopropyl)piperazine
tris—(3-aminopropyl)amine
tris-(2-dimethylaminoethyl)amine
tris-(3-dimethylaminopropyl)amine

Abbreviations Used in Spectra

sh
br

weak
medium
shoulder
broad
very
strong

10
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CHAPTER 1

INTRODUCTION

1.1. Metal Ions in Biological Systems

Although it has been known for many years that metals ére necessary
constituents for life to function normally, the ways in which these metals
are employed iﬁ biological processes have been atudied in detail only
comparatively recently.1

The rapid development of this field has been largely due to the appl-
ication of such modern physical techniques as n.m.r., e.p.r. and Raman
spectroscopy in addition to the improved methods of X-ray diffraction.z'3
By using these techniques, eluéidation of metal - binding sites of many
large molecules present in living matter has been achieved, for example
in vitamin B12.1'4

Of the metallic elements identified in our bodies, fewer than half
have been shown to be indispensable. These elements may be separated
into two groupss 1) the so-called 'bulk' elements, which'accaunt for
99% of all the metal ions in our bodies, i.e. K, Na, Ca and Mg; and 2)
the *trace' elements, which include Mn, Fe, Co, Cu, Zn, and Mo.

The roles of the four 'bulk' elements are varied, for they can
function electrochemically, catalytically or structurally.5 It should
be recalled that water is the principal medium for the occurrence of
metabolic processes, and with regard to electrochemical functions, it
is essential for the transport of the ions K+ and Na+. These ions are

mainly concerned with the osmotic regulation of body and tissue fluids,6

7,8

but also serve as activators for special enzyme systems. The more
covalent metal ions, Mgz+ and Ca2+, however, are involved with the

catalytic and structural aspects of body processes. Magnesium is the
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commonest enzyme activator and is important in the large class of

9

phosphate transferases,” whereas calcium is primarily involved in the
formation of bones.10

In recent years increasing interest has been centred on the 'trace!'
elements due to their role in enzymea.11 Enzymes which cohtain metals
can be divided into two classes; the 'metallo-enzymes' and the 'métal -
activated! enzymes. The basic diffefence between these two types is
that in the 'metallo-enzyme' system, the active metal is firmly bound
to the protein and is described as a prosthetic group, whereas in the
seoond case the metal is }oosely bound and readily lost. This is
termed a cofactor.

All the 'trace' elements are enzyme activators, but only transition
metals, with variable oxidation states, are found in the 'metallo-enzyme'
class. Compounds of this type and their associated proteins have been
well studied and include ferredoxin (Fe),12 glutamic isomerase (Co),13
and tyrosinase (Cu).14 It should be mentioned that zinc, although not
strictly a transition element, does have similar properties as an
activator and is an essential constituent of several important enzymes
e.g. carboxypeptidase A ( E.C. 3.4.12.2. ) and alkaline phosphatase
( BE«Ce 3e1e3.1e ).8

It may be observed that some transition metals that are relatively
abundant on the Barth's surface do not appear to have any function in
vivo e.ge chromium and nickel. The sugggstion has been made that these
metals are so strongly held in minerals that they are unable to enter

plants and then our bodies. However, recent evidence has shown that

nickel ﬁay be needed in the enzyme Jack Bean Urease ( E«Ce 3e5.1450 ).15
Apart from the metal ions actually required for life, many undesir-

able elements are present in minute quantities.“5 Any metallic cation

that enters the body ( mainly from food ) will spend a large part of its
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time bound to various ligands e.g. amino acids, mucleic acids and proteins.
This binding will often be at the éxpense of a vital 'trace' metal and
hence the normal biological processes will be impaired. The most
important elements of this kind are the toxie 'heavy' metals - Hg, Cd
and Pb. These are extremely dangerous due to their accumilative propert-
ies, and examples of their poisoning effects are vell’known‘16’17
Metal ions obviously play a very important role in biological
aystems, and hence it is often necessary to study in detail their
behaviour with the many ligands in the body. This work therefore under-
takes to investigate further the ways in ﬁhich metals can cqordinate
to nucleic acids by examining the structures of the complexes containing

related molecules.

1«2+ The Nucleic Acids

The mucleic acids are complex compounds widespread in nature and
present in all cells of animals, plants and microorganisms. They occur
in combination with varying amounts of proteins, kﬁown as histones, and
when attached are termed nucleoproteins.

Two distinct types of mucleic acids have been isolated from animal
tissue, ribonucleic acid (RNA) which is found in the cytoplasm and
micleoli, and deoxyribonucleic acid (DNA) which is mainly confined to

18 These nucleic acids are large aggregates of purine and

the nucleus.
pyrimidine ribonucleotides or deoxyribonucleotides with molecular weights
varying from several hundred thousand to several million.19

The macleotides are similar for both DNA and RNA and differ only in
the base constituents and type of sugar. In DNA the common bases are fhe

pyrimidines thymine and cytosine and the purines adenine and guanine,

whereas in RNA uracil replaces thymine ( Fige1e1. ). Each base is then
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Fige1.1. The major bases of the nucleic acids.

attached to a ribose (RNA) or 2'-deoxyribose (DNA) sugar ( to form a

micleoside ) which is in turn linked to a phosphate group via the 3' or

5! carbon atom.

Both DNA and RNA are constructed from these monomers by phcsphodiester

linkages of the 3'-hydroxyl group of one mucleotide to the 5'~hydroxyl

group of the adjacent nuclectide. The primary structures of the acids

are shown in Fig.1.2.

Investigations into the base content of DNA from many sources by

Chargaff,zo indicated that the pairs adenine and thymine and guanine and

bytosine are present in eguimolar amounts. Together with the X-ray

diffraction studies by Wilkins®' and Franklin®2, Watson and Crick>>

proposed the secondary structure of DNA. By arranging the purines and

pyrimidines into 'base-pairs' ( Fig.1.3. )24 they put forward the view
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Fige1+2. The primary structures of DNA and RNA.

that the DNA is double - stranded and in the form of a right-handed
helix with the two polynucleotide chains wound round the same axis and
held together by hydrogen bonds between their bases ( Plate I ). The
less well defined tertiary structures of DNA and secondary structures
of RNA are summarised by Davidson.19
The biological functions of the nucleic acids are now quite well
Junderstood. DNA is found in chromosomes ( hereditary material in nuclei
of cells ), implying its role as a carrier of genetic information. The
genetic message is stored in the sequence of the fouﬁ bases arranged
along the polynucleotide chain. With this knowledge, and that of the
complementary nature of DNA, the replication process, whereby a parent

molecule gives rise to two identical daughter molecules, was greatly

2
clarified by the work of Kornberg. Z He was the first to describe the



To chain

Fige1e3. The Watson ~ Crick base pairing in DNA a) thymine and adenine;
b) cytosine and guanine.

enzyme DNA polymerase ( DNA nucleotidyltransferase - E«Ce 24777+ )
which useg as its substrates the deoxyribonucleoside triphosphates of
the four chief basese.

The polymerase enzyme is unusual in that it requires a primer in
the form of a single strand of DNA. A new chain is then built by the
enzyme on this primer strand with the elimination of inorganic pyrophos-
vhate from each triphosphate as it is attached in its turn. Since each
primer strand is produced by the separation of the two component strands
of the original DNA helix, the end result is the production of two new
double helices, each identical with the original.

The DNA, in the nucleus of the cell, serves as a template for the

formation of messenger RNA (mRNA), which then carries the genetic memsage



Plate I

A model of duplex DNA in the B-form.

into the cytoplasm. This is known as transcription. The genetic code
in mRNA is contained in trimicleotide sequences, called codons, of

which the arrangements are specific for each amino acid in the body.
These codons are 'recognised' by anticodons, trimicleotide sequences in
transfer RNA (tRNA), and comprises of the bases that are complementary
to those in the codon, While one part of the tRNA contains the anticodon,
another part binds the specific amino acid for which the particular

tRNA possessing that anticodon is constructed. After the tRNA molecules
( with the amino acids ) have been attached to the mRNA in the right

order, the amino acids are then joined together by peptide linkages to

17
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form a protein molecule. The interpretatiﬁn of the mucleotide code by
the proper sequential placement of‘amino acids is called translation.

A summary of the functions of mucleic acids is given in the concept of
the 'Central Dogma' put forward by Crick ih 195826 and later revised in

1970%7 ( Figeled. ).

} Replication

»  PROTEIN
\ 4 Translation

Fig.1+.4. The Central Dogma. (a) Synthesis of viral RNA on a viral RNA
template; (b) Action of the RNA - dependent DNA polymerase;
(¢) Reaction for which evidence is obscure.

Not only the replication of DNA, but virtually every step in the
utilisation of the genetic code for the eventual production of the proteins
specified by the code, is governed in some way by the presence of metal
iongs. The manner in which these ions influence the three fundamental
processes, replication, transcription and translation is discussed in the

following section.
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1.3. Interactions of Metal Ions with Nucleic Acids.

The role of metal ions in the structure and function of nucleic
acids has received incfeasing attention since the model for DNA was
proposed.2? The first clue to a possible implication of metal ions with
the mucleic acids was the fact that Mg, Ca, Zn, Cu, Fe and Mn were found
present in detectable amounts, tightly bound to RNA or DNA extracted from

28 Although it has not been proved that these cations are directly

29

cells.
linked to the mucleiec acids in vivo, their likely effect on the struct-
ure and function of RNA and DNA has been well documented. = >2

Firstly the possible rolés or inhibitory effects of metal ions in

vivo in the various processes of nucleic acids will be considered

followed by a discussion of some in vitro studies.

1+3.1. Metal Tons in the Biological Function of Nucleic Acids

For the replication of DNA, the enzyme DNA polymerase requires
divalent metal ions, generally magnesium, in addition to the DNA template
and the four deoxyribonucleoside triphosphates. However Mn(II) can
replace Mg under certain conditions causing non-selective incorporation
of‘either ribo~ or deoxyribonucleotides into the DNA.33 This is probabl#
due to the varied coordinating tendencies of Mn(II). The function of Mg
in the polymerisation reaction appears to involve binding of the deoxyribo-
rucleoside triphosphates to the enzyme.34 Zinc is also found but its
function is unknown. |

Cobalt (II) is present in the enzyme terminal deoxyribonﬁcleotidyl—
transferase ( DNA nucleotidylexotransferase - E.C. 2.7.7.31. ), as well
as Mg and Mn(II), and is necessary for the selection of pyrimidine

rmicleotides for the incorporation on the polydeoxyribonucleotide chain.
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Translation, leading to the formation of proteins, generally requires
Hga4 and Mn(II).38’39 However, if is important that the concentration
of ions is not too high, as this may cause the incorporation of the wrong
amino acids in the protein. Studies have shown that error in 'coding'v
may occur if there is mispairing of the bases in mRNA and tRNA leading

to a different protein being formed.4o

1.3.2. Metal Ion Interactions with Nucleic Acids in vitro

From an inspection of the nucleic acid moleéules, it is evident
that they contain several types of electron donors to which metal ions
can attach themselves; phosphate groups, ribose hydroxyl grbups ( in the
ocase of RNA ) and the bases. Metal ions are diverse in their action
and will bind to just about every available site under different
conditions. |

Both replication and transcription require the unwinding of double -
stranded DNA and its subsequent rewindiné. The way in which this happens
is not known, but in vitro studies have shown that metal ions may be
partly respons'ible.32 '

It is clear from the structure of DNA that metal ions binding to
the surface of the molecule, i.e. to the phosphate groups, will exert
quite a different effect than metals binding to the bases, because the
latter mode means competition with hydrogen - bonding. In fact, metals
binding to the phosphate groups stabilise the double helix, while base
binding disrupts it.41

This stabilisation of DNA can be explained quite simply. The
surface of the double — helix has the negatively charged phosphate
groups arranged in close proximity, so that they tend to repel each
other. When positive ions, that bind to the phosphate, are supplied,

these negative charges are neutralised and the tendency to unwind is
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overcome.

It has been shown that the metal ions Mg, Co(ITI) and Ni(II) increase
Tm, ( the melting temperature or the temperature'ét which DNA unwinds
into single strands ) whereas Mn(II), Zn(1I), cd(II), Cu(II) and Hg(II)
vdecrease the value ( usually after an initial increase ).42 From
studies of this kind, the relative affinities of the binding of divalent
metal ions to phosphate compared ﬁith base can be determined and placed
in the order Mg > Co > Ni > Mn > Zn > Cd > Cu > Hg. Hence Mg will
stabilise the structure while Hg will have the opposite effect.: }

BNA and DNA do not exhibit similar behaviour in all of their reactions
with metal ions. The secondary structures of the various forms of RNA
are less well-defined ( except tRNA ) and thérefore the effects of metal
ions on stabilisation are not clearly known. However, the destabilisation,
or rather depolymerisation, of RNA has been well studied.43-46 |

The fact that degradation reactions occur with RNA, but not with
DNA, has led to the assumption that the 2'-hydroxyl group of RNA must be
involved. Eichhorn46 explained this observation by a mechanism proceeding
via a 2'-,3'- cyclic phosphate intermediate, instead of‘the formation
of a metal chelate with phosphate and the 2'-hydroxyl group as he first
proposed.

Berger47 also postulated a theory of ribonucleoside recognition
whereby an in@rganic molecule, such as the copper (II) acetate dimer,
could attach itself to the two hydroxyl groups of the ribose sugar and
therefore be selective. However, an e.p.r. study concluded that differ-
entiation between ribonucleosides and deoxynucleosides by copper (11)
acetate does not result from bridging by the 2'- and 3'- hydroxy groups,

48

but from the relative ease with which the dimeric structure is broken.

To understand the in vivo processes of metal ions with nucleic
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acids, it is of fundamental importance'to first unders;and the nature
of the metal complexes of their constituents. The next chapter deals
with the structural aspects of mucleotide complexes of the biologically
important metals cadmium, platinum and zinc. These elements have all
been found to influence nucleic acid synthesis in some way. 2Zn ions
are necessary for associated enzymes;49’50 Cd ions for their inhibitory

effect,51’52

and, as shown in section 1.4., platinum complexes for their
action as anti-cancer drugs. Later chapters look at the coordination

properties of other 'trace' metals with related ligands.

1e4. Cancer and Chemotherapy

Of the 550,000 or so deaths recorded annually in the United
Kingdom, about 110,000 are ascribed to the range of neoplastic diseases
known collectively as cancei'.53 Roe54 defined cancer as 'a disease of
multicellular drganisms which is characterised by the seemingly uncontrolled
multiplication and spread within the organism of apparently abnormal forms
of the organism;s own cells.' This definition covers the key character-
istics of cancer: autonomous growth and invasiveness - the latter property
being the reagson why cancer is so lethal.

It was previously stated that metals not usually associated with
body functions were toxic and could affect normal metabolic processes
in varying degrees. The extent of their influence is further shown by.the
fact that many of these same elements are known carcinogens,55 with

cadmium being one of the most potent.56

It has been suggested that
these metals penetrate living cells and either advance or retard the
kinetics of anabolic or catabolic enzymes by instigating a competition
57

between the invading and normal metals.

There are four major modalities used in treating cancer: 1) surgery,



23

which cannot be applied when the disease is spread throughout the body;
2) radiation therapy, which damages normal as well as cancerous tissues
3) chemotherapy, which often produces very unpleasant and sometimes
dangerouﬁ side-effects, and 4) the new technique of immunotherapy - the
manipulation of immune response. In all of these methods, it is
eésential to kill, or remove, virtually every neoplastic cell if recurr-
ence is to be prevented.

Cancer chemotherapy attempts to do this selectively58 by means of

59

chemicals,”” and exploits the few signifcant therapeutic differences
vbetween norm;l and cancer cells. Screening of potential drugs for anti-
cancer activity is usually carried out against transplanted animal
tumours.6o Because animal cancers differ from those in humans, a
variety of tumours must be used for the primary screen so that non-
gpecific activity can be determined. However, recent work on this
problem has shown that human tumours can be transplanted into mice and
still keep their identity even after several weeks61 inferring the
possibility of better screening techniques being employed in the future.
Most drugs in current use inhibit cell division by interfering in
‘one way or another with the synthesis or use of nucleic acids during
mitosis.62’63 These compounds are mostly highly poisonous substances
and work on the principle that cancer cells, which divide rapidly, will
be damaged more quickly than the relatively slowly growing cells of the
body. Until recently, very few of these drugs were inorganic in nature
but in 1969 the anti-tumour activities for a class of platinum coordin-
ation compounds were demonstrated.64’65 Since their discovery, the

properties of many platinum complexes have been extensively studied.66-71

It was observed by Rosenberg et 31.72 that when a low alternating

current is passed through platinum electrodes in nutrient medium it can



inhibit cell division in Escherichia coli and cause the formation of
long filaments. It was subsequenfly discovered that some of the
platinum dissolves under these conditions to form the neutral species
cis-Pt(NHj)zCI4. This compound was found to be a potent inhibitor of
cell division while having only a small inhibitory effect on growth rate.

The property of inhibiting cell division but not cell growth
indicated that platinum compounds may possess some anti-tumour activity,
as other compounds ( e.g. alkylating agents ) also caused elongation
and lysis in lysogenic bacteria. The testing of several platinum
compounds against tumours in mice showed that cis compounds ( especially
cis-Pt(NH; )2Clz ) were effective in inhibiting tumour growth, whereas
the trans isomers gave no appreciable activity.

The distribution of platinum ions within E. coli was investigated
using a tracer technique.73 In the filémentous cells, platinum ions
were associated not only with metabolic intermediates but also with
cytoplasmic proteins and nucleic acids, whereas in the inhibited cell
the platinum was combined only with the cytoplasmic proteins. This
observation therefore provided the first indication that the filament
forming ability of these compounds was due to mucleic acid interactions.

It was propbsed that the primary mechanism of filamentation was the
selective inhibition of DNA synthesis with no accompanying inhibition of
RNA or protein synthesis, although binding to these molecules is known
to occur. Conclusive evidence that the activity of platinum compounds
was due to the interaction with nuclear DNA, came from studies on the
incorporation of labelled precursors of DNA ( thymidine - bl ), RNA
( uridine - 32 ) and protein ( L - leucine - bl ) in the presence of.
cis—Pt(Nﬂg)zCIz.74’75 These studies also showed that there was no
inhibition of DNA polymerase, despite a proposal that its inactivation

76

did occur,' and that the trans isomers, as expected, had no effect on

24
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DNA synthesis. From this evidence and that of Drobnik gt a.l.,77 the |
possible mechanism of activity of the platinum compounds with DNA was
investigated from the point of view of their chemical, physical and
‘structural properties.

Many platinum complexes have been studied and tested to find a
correlation between structure and activity.69’78’79 It was shown that
activity was generally confined to neutral compounds possessing cis
leaving groups, and that charged or trans species were inactive. The
most important types were found to be the square-planar cis-PtAzXe
complexes where A is an amine and X is the leaving group, usually chloride.

Although most investigations have been carried out on Pt(11)
complexes, the aﬁti-cancer activity of the Pt{IV) compounds has not
been ignored. These were found to be moderately active and it was
suggested64 that Pt(IV) was reduced in vivo to form a Pt(II) complex.
However, recent work with some substituted ethylenediamine compounds of
P4(II) and Pt(IV) show that this may not be the case.tC

The fact that the trans isomers are fairly inactive and usually
less toxic compared to the cis isomers is interesting and suggests that
the difference lies in either their chemical properties or stereochemistries.
The trans isomers are consistently more reactive than the cis analogues and
thus are likely to react more quickly with the many available ligands in
the body. Hence they will be less specific in their action. Also, the
cis compounds are able to form chelates, which may imply that this

type of interaction occurs in the mechanism of activity.

The ability of platinum compounds to attack DNA suggests a similarity
with the drug action of the bifunctional alkylating agents. These are
supposed to act by cross-linking opposite strands of DNA via the N7

positions of guanine.81 However, the leaving groups in bifunctional
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alkylating agents have a maximum separation of 0.8 mm while the chlorides
in cis-Pt(NH3)2Cl> are only some 0.33 nm apart. This means that the
mechanism of activity must be different. Nevertheless, some type of
interstrand éross—linking of Pt(II) and Pt(IV) complexes has been

2-87 88,89

demonstrateda although with other work, it was concluded that

~ this type of linkage bore little relationship to their cytotoxic

properties. A study of platinum compounds with bacteriophages90

confirmed the lack of importance of interstrand linking and, like Harder,91
suggested that the main contribution to inactivation came from cross-
linking of neighbouring bases on the same nucleic acid chain, a reaction
which is also known to occur with the bifunctional alkylating agents.
Other types of DNA binding have also been proposed. An intercalation
reaction was suggested as a possible mode of interaction even though this
has not been found‘ig.z;!g.92 Nevertheless, structural work has still been

93,94

carried out on model compounds.

A mechanism for the anti-tumour activity of platinum compounds has

been put forward by Rosenberg95

implying that the initial binding to DNA
by interstrand or intrastrand linking or intercalation is only the 'primary
step'; He postulated the 'enhanced antigenicity' hypothesis which states.
that the combination of platinum to tumour DNA is such that the antigenic-—
ity of the tumour is altered in favour of the host's ability to destroy it.
However, to help in the understanding of structure - activity

relationships, it is of major importance to first determine the initial
mode of interaction with DNA. The next chapter, therefore, examines the
structures of cis-platinum complexes containing nucleic acid components to

find out the prime coordination sites with a view to explaining the

'primary' mechanism.
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CHAPTER 2

COMPLEXES OF NUCLEQOTIDES

Many physical techniques have been employed to determine the nature of
96-98

the electron donor atoms, and some of these methods have been reviewed

in detail.29:100

This chapter describes results obtained in a continuation
of the study of metal - nucleotide interactions and deals with the ribo-

nucleotide complexes of cadmium, platinum and zinc.

2.1. Structural Studies

Ribonucleotides possess three major potential binding sites for metal
ion coordination; the heterocyclic bases, the ribose hydroxyl groups and
the phosphate groups. Of these, the last group has been generally cons-
idered to be the strongest donor for most transition metals, whereas the
ribose sugar is the weakest.99 Nevertheless, the HSAB ( Hard and Soft Acids
and Bases ) approach suggests that the 'softer' metals, cadmium and platinum,
would probably bind preferentially to'nitrogen donors on the bases, rather
than to oxygen atoms of the other sites.101

Investigations on the tautomeric structures of the bases shown in
Fig. 1.1. ( and hypoxanthine ), have indicated that they exist predominantly
in the amino and/or lactam forms.102’103 This means that when the N1
( pyrimidine ) and N9 ( purine ) positions are blocked by a ribose sugar,
as in nucleosides and nucleotides, the most likely coordination would be to
N3 of'5'-CMP, and N7 of the purine analogues.100 For 5'-TMP and 5'-UMP,

however, binding to base at N3 may only occur if the blocking proton is

removed.

104-108 109

Recent n.m.r. and e.p.r. studies together with absolute
structural determinations using X~ray diffraction methods ( Table 2.6. ),

have shown that the metal ions do bind to mononucleotides at the base sites



28

proposed with little interaction from the oxygen and amino substituents.
These investigations have also shown that phosphate binding occurs but not
ag readily as that of metal to base, and that the ribose groups only bind

weakly,if at all.

Because metals are able to bind to all these various sites under
different conditions, this investigation examines the reliability of another
technique i.e. infrared spectroscopy, in determining modes of binding in
Cd, Pt and Zn muicleotide complexes. First, however, the structures of

110

several key compounds were determined by X-ray methods to provide a

firm basis for assessing the i.r. results.

The vibrational spectra of nucleic acids and their components have

111-118

been well studied. Although these spectra are extremely difficult

to interpret because of the high complexity and low symmetry of the mol-

119-125 attempted to use this technique to

ecules, Ogawa and Sakaguchi
investigate the interaction of metals with mononucleotides. They concluded
that binding to the base and phosphate group could be demonstrated but not
binding to the ribose sugar.

The determination of these sites was based simply on the comparison
of the i.r. spectra of the Na, K, Ca, and Ba salts. The binding of metals
to the base moieties was founded upon observing freguency shifts of the
bands in the region 1800 - 1500 cm~1. These are assigned to ring vibrations
and are sensitive to interactions such as complex formation.126 The proposal
for identifying binding to the phosphate group, however, is assumed solely

115,127

on whethexr the P0$2_ symmetric stretch is present or not.

The spectra of the Na, K, Ba, and Ca salts show this strong band at
ca. 980 cm"1 but it is not found in the free acid. This is thought to be

due to the position of the ions on the nucleotide. These Group I and II

128

metals are known to be associated with the phosphate group whereas the

122

protons are situated near the base. Ogawa and Sakaguchi then stated
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that if on complexation the spectrum of the cqmpound showed the PO32-
vibration, then the hetal is bound to the phosphate group, but if this band
is absent, binding to some other part of the molecule occurs.

Although the criterion for metal - binding to.base has some theoretical
justification, that of coordination to phosphate is clearly unsatisfactory.
It should be noted, however, that despite the way this interaction is
suggested, the final complexes prepared by Ogawa and Sakaguchi may indeed
possess phosphate binding. This is due to the fact that some coordinated
water molecules, in the original complexes, are removed by washing with
ether and drying in vacuo over P20s5 therefore forcing the metal to accept
other coordination sites i.e. phosphate. The question of using i.r.

spectroscopy to determine interactions of this kind will now be re-examined.

The vibrational spectra of phosphate groups have been studied in some

detail 127

including those occurring in natural nucleic acids, synthetic
polynucleotides and mononucleotides.115 The phosphate represented in
mononucleotides is the phosphomonoester group, ROPO32—. In general, this
group exhibits three characteristic bands at ca. 1100 cm“7 ( strong, broad ),
ca. 980 em™ ! ( strong, sharp ) and ca. 750 em™ ! ( weak ). .These are
assigned to the P03 2- asymmetric (Yas ), symmetric (Vs ), and P - 0
stretching modes respectively.127’130
The bands at 1iOQ and 750 em™ ! appear to be of little value in
determining metal — coordination, for the P - O stretch is too weak and Vas
is too broad. However, the P032— asymmetric stretch hag been considered
useful in suggestipg metal - phosphate binding in various 5'-ATP complexes.
It was proposed that a pronouncéd splitting of this band strongly indicated

interaction of the terminal phosphate group.131’132

As this group has
similar properties to those found in mononucleotides, the PO32- symmetric
stretch vibration is also considered to be the band most sensitive to metal

ion coordination.
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From an i.r. study of some metal salts of (R0)2PO:z~ ( the representative
group of polynucleotide phosphates ), it was notéd that the more covalent
metals caused the POz symmetric stretch mode to shift to higher frequen-
cies.133 This behaviour was alsc found with some CH3P032- salts where the
P032- gymmetric stretch moved from 973 to 990 cm-1 on going from sodium 134
to zinc.135 The reason for these frequency shifts is not clear, but is
thought to be due tc a reduction in the symmetry of the phosphate group by
its coocrdination to the metal ion.

From these observations the following study on the mononucleotide
complexes will look closely at the PO32- vibration (Vs ) to find if metal -

phosphate interactions can be predicted with any certainty.

Attempts at preparing platinum complexes of 5'-AMP resulted in the

formation of glasses, and therefore will not be considered further.

2+.1.1. Cytidine 5'-Monophosphate

The platinum complexes are discussed in Chapter 3.

[ ca(s'-cvp) (H20) ],B.0 150

This compound was obtained as colourless,‘fibrous crystals at pH 4.64.
Preliminary oscillation and Weiséenberg photographs showed the crystals to be
orthorhombic and gave the space group as P212121. Unit cell dimensions
were found to be a = 0.5293, b = 1.6367 and ¢ = 1.7063 mm, U = 1.4782 nm’
and Z = 4.

The main part of the structure consists of a three - dimensional
polymeric network in which the cadmium atom is pentacoordinate ( Fig. 2.1.,
Plate II ). It is bonded to the pyrimidine base at N3, to the phosphate
groups of three neighbouring 5'-CMP molecules and to a water molecule. In
turn, each phosphate group is bonded to three cadmium atoms. A distorted

coordination geomeiry, intermediate between square - pyramidal and trig-



Fig. 2.1. Stereoscopic view gf a fragment of the polymerie structure of
[ ca(s'-crp) (H20) ] -

Plate II

A model of the siructure of the complex [ €d(5'-CMP)(H20) ],Hz20.

31
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Fig. 2.2. The arrangement of donor atoms around the pentacoordinate cadmium
ion. The view is directly related to Fig. 2.1.

onal - bipyramidal, is found for the metal atom, with metai - ligand
distances of: Cd —'NB = 0.2%327 mm, Cd -0 ( phosphate ) = 0.2213 - 0.2280 nm
and Cd - 0 ( water ) = 0.2387 nm ( Fig. 2.2. ). The second water molecule
occurs as water of crystallisation in the interstices of the structure.

The crystal structure is.stabilised by a network of hydrogen bonds involving

the coordinated water molecule, the water of crystallisation, phosphate

oxXygens, ribose oxygens, keto oxygen (02) and the amino nitrogen (N4).

The i.r. spectral data, with assignments, of §5'-CMPNaz are given in

Table 2.2. The stretching vibrations of the ¢ = 0, ¢ = N, and C = C groups

and the NHz scissoring mode are shown in the region 1700 - ca. 1500 c:m"1

¥

with the symmetric PO32— stretch at 986 om~1.157-139

The spectrum of [ Ca(5'-CMP)(H20) ],H20 displays some differences from
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that of the sodium salt. The binding of cadmium to the base portion is
indicated by a shift of bands in the 1700 - 1500 cm_1 region as proposed by
Hartman.126 Although extensive coupling occurs, it has been concluded 140
that binding to an unsaturated nitrogen site i.e. N3 in cytidine, can affect
the w-electron distribution of the heterocyclic ring, thereby altering the
C =N, C =C and associated stretching frequencies. The N3 coordination in
the 5'-CMP complex therefore corresponds to the observed band shifts in the
spectra. | |

A usual consequence of this type of binding is the shift to higher
wavenumbers of the neighbouring carbonyl stretching band. However, the
stfucture of this complex shows that 02 is quite close to the cadmium atom
and hence may cause the band ascribed to mainly the v(C = 02) vibration to
shift to slightly lower frequencies. This behaviour has been noted with

141,142 11e structure of which shows the

the cytosine complex, Cu(Cyt)2Clz,
copper bound to N3 of the two pyrimidine bases with a weak bond to the 02
atoms. The infrared spectrum has demonstrated this interaction by dis-

playing a shift downwards in the carbonyl stretch frequency as compared to

143

cytosine itself.
The PO32_ symmetric stretch is split with two bands at 988 and 980 om—1.

This observation, therefore, does not agree with the postulation that

metal - phosphate binding would shift the main band to higher frequencies.

The reason may be due to the fact that the symmetry of the phosphate group

is not lowered significantly because each oxygen is bound to the metal.

Nevertheless, the more covalent cadmium ion ( with respect to sodium )

would still be expected to alter the band position more than is observed.
The i.r. spectrum of the above compound in the 1800 - 860 cm—1 region

was found to be very similar to that reported by Ogawa and Sakaguchi,125

who prepared a complex of the same stoichiometric formula even under severe

drying conditions. Despite the uncertainty in predicting binding modes,

fhey concluded, correctly, that cadmium is coordinated to both phosphate
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and base.

During the course of this work, other structural determinations were
carried out on the same compound and on [ Co(5'-CMP)(H20) ],144 together

with the seven - coordinate cadmium complex [ Cd(5'-CMP)(Hz0) ],3Hz0. 47

ca(5'-CcMP),5H2 0 and Zn(5'~CMP),4H20

These compounds were prepared at pH 6.65 (Cd) and pH 5.70 (Zn). The
relevant bands in their i.r. spectra are listed in Table 2.2.

In the region >1500 en” ! the spectrum of Cd(5'-CMP),5H20 is essentially
the same as that of [ Cd(S'-CMP)(HZO) 1,H20 indicating N3 as the base binding
site. The PO32_ vibration, vs, is slightly lowered suggesting that phosphate
binding is not present due to the increasevin water content.

Like the cadmium complex, Zn(5'—CMP),4H20 igs thought to possess strong
binding to N3 as denoted by the shift in the 1700 - 1500 cm_1 region.
Nevertheless, the position of v(C = 02) suggests that 02 is not as close to
the metal as in [ Cd(5'-CMP)(H20) ],H20. The shift to higher freguency of
the PO32- vibration implies that coordination to the phosphate group may be

present but is difficult to assess without further evidence.

2.1.2. Guanosine 5'-Monophosphate

[ ca(s'-arMp) (Hz0)5 ],3H20

This compound was obtained as small feathery crystal clusters from a
solution at pH 3.41. The crystals were not of very good quality, but were
acceptable for preliminary eissenberg and oscillation photographs. The
data obtained showed that the cell dimensions are similar to those of the

146 sp s s
compound [ Mn(5'-GMP) (H20)s ],3H20, '~ and so it is inferred that the
complexes are isostructural ( Table 2.1. ).

The structure is therefore as shown in Fig. 2.3. The cadmium atom is

bonded to the nucleotide only at N7 on the base, while the octahedral
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Crystal Data [ Mn(5'-GP) (. 0)s ], 46 [ ca(s5'-avP) (H20)s ],
SHe0 220
a 0.6757(1) nm - 0.68 nm
b 1.1230(1) nm 1.14 nm
c 2.7809(3) nm 2.81 mm
Space Group C2‘ c2
Z 4 ' 4

Pable 2.1. Comparison of the crystal data of hydrated cadmium derivative of
5'-GMP with that of its manganese analogue.

geometry is compieted by five oxygen atoms from the coordinated water
molecules. |

Although the phosphate group is not bonded directly to the metal atom,
an important factor in the stabilisation of the complex may be the presence
of three intramolecular hydrogen bonds between the ligand water molecules
and the 06 atom. There is a1s§ an extensive three dimensional network of
intermolecular hydrogen bonds of the type 0 = H ¢¢eee O and N ; H.oeoo. O

linking the compléx molecules and the molecules of water of crystallisation.

In the same manner as the 5'-CMP complexes, the binding to base in the
compound | Cd(S'QGMP)(Hzcjs 1,3H20 is shown by a comparison of its spectrum
with that of the sodium salt ( Table 2.3. ). Coordination to N7 only is
signified by both the shift in the coupled ring vibrations and the movement
to higher frequency of v(C = 06). This is the converse of other infrared
spectroscopic studies where a shift to lower frequencies is obsexrved for Cu

147

and Ag complexes of 5'-GMP and guanosine in solution and in the solid
state.148’149 For these investigations it was suggested that the metal -
oxygen (06) interaction was quite strong. The P032- stretch is split into

a band at 981 cm'-1 and a shoulder at 966 cm-1, indicating, as found, no

binding to the phosphate group.
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o

Fig. 2.3. A schematic view of the structures [ Ca(5'-GMP)(H20)s ],3H20 and
[ ca(s'-n@) (H20)s ],nHz0.

As this work was being completed an accurate determination of the
structure of [ €d(5'-GMP)(Hz0)s ],3H20 was carried out confirming the
proposed stereochemistry.150 The crystals were prepared at pH 4.5 and gave
cell dimensions very similar to those found from this investigation i.e.

a = 0.6774(%), b = 1.1361(5) and ¢ = 2.7849(7) mm.

ca(s'-GMP), 6H20

This compound was prepared as an amorphous solid at pH 5.62. The i.r.
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spectral data ( Table 2.3. ) are very similar to those of [ ca(5'-GP)(Hz0)s ],
30,0 and hence the same coordination and geometry about the cadmium atom is

suggested even though vs is slightly different.

cis-[ P4(NH: )2 (5'-GMP)2Hz ],5H20

The complex was obtained as small colourless crystal clusters at pH 2.48.
An oscillation photograph was taken and showed the compound to be rather
unusual ( Plate III ). The strong 5th layer line suggested a polymeric

structure with a repeating unit every 0.47 nm. The nature of this polymer

Plate III

An X-ray photograph of cis~[ Pt(NH; )2 (5'-GMP)2Hz ],5H20 showing
layer lines of a helical structure.

is not certain from the limited amount of data, but it is worth noting that

5'-GMP has been shown to form helices with a wvariable number of nucleotide

151

residues per turn. The possibility that the platinum complex assumes
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this type of structure is supported by a recent X-ray structural determination

52

of the compound [ PtenGz ]2+ possessing a helical geometry.1 It is inter~

esting that the manner of the base arrangement shows a distinect similarity

]2+

to the complex cis-[ Pt(NH;)2(5'-IMP)2 with platimum coordinating to the

N7 positions ( section 2.1.3. ).

The shift of the bands in the 1700 — 1500 cm | region is similar to
that found in the cadmium - 5'-GMP complexes, imﬁlying N7 binding only on
the base ( Table 2.3. ). The weak P032- stretch vibratién at 992 e
suggests, from the proposed theory, that phosphate binding is present.
However, this is extremely unlikely fof platinum complexes with a choice éf

nitrogen donor atoms. Therefore the shift may arise because of extensive

hydrogen - bonding.

Zn(5'—GMP),nH20 n=4.50r5

The white solid was prepared at pH 5.08. The i.r. spectrum again
showed shifts in band vibrations similar to the other 5'-GMP complexes
inferring the same coordination to base ( Table 2.3. ). The position of
the P032_ stretch frequency, like Zn(5'-CMP),4H20, may suggest actual

phosphate interaction.

2.1.3., Inosine 5'-Monophosphate

[ ca(5'-mP) (H20)5 ],2.5H20

This was formed as crystal clusters from a solution at pH 5.85 and X-ray
photographs showed that two forms existed, one of which was relatively
unstable.

The stable form has the space group C2 with unit cell dimensions a =
0.69, b = 1.14, and ¢ = 5.28 o, B = 93.2°, U = 4.15 m> and % = 4. Compared
to the related complex [ Cd(5'-GMP)(H20)s ],3H:0, a and b are very similar,

with ¢ approximately twice as large. This implies that [ cd(5'-1MP)(H20)s 1,
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2.5H20 has the t&pical octahedral structure with binding to N7 of the base
and five water molecules ( Fig. 2.4. ) but with a definite doubling of the
long axis.

The unstable form was measured more accurately on a diffractometer and
gave the dimensions a = 2.074, b = 1.145, and ¢ = 2.641 nm. This means that
there is a tripling of the short axis. It is observed that the crystals tend
to change to the more stable 2:2 compound above very easily, suggesting that
the three cadmium atoms are in similar environments. However, in the case
of the stable manganese analogue ( which shows distinct tripling ) the

153

" 8tability comes from the metal having environments that are dissimilar.

The i.r. spectrum of 5'-IMPNaz resembles that of the 5'-GMP salt and
therefore the assignments are the same except for the absénce of the NHz
deformation ( Table 2.4. ). As for the'cadmium - 5'-GMP complexes, the N7
coordination in [ Cda(5'-IMP)(H:0)s ],2.5H20, is shown by the band shifts in
the double - bond region, especially the movement to higher frequencies of
3(C = 06). No shift inV¥s occurs as is consistent with there being no

phosphate interaction.

[ ca(s'-1MP)(H20)s J,H20

‘This was prepared as small colourless prisms in a similar manner to
the previous complex but at a lower pH i.e. pH 4.51. X-ray data showed
that although the crystals were of a different habit, the structure is of
the stable 2:2 compound. This conclusion is confirmed from the virtually
identical i.r. spectrum ( Téble 2¢4e ) Hence the only difference is in

the water of crystallisation.

[ caz(5'~-1MP)3H2 (H20)s ],6H20 154

These colourless crystal clusters were obtained from a solution at

pH 3.88. The crystals are in the form of flat needles and oscillation and
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Weissenbefg photographs showed them fo be monoclinic with thé space group
C2. Accurate unit cell dimensions were detefmined on a diffractometer to
give a = 3.0377(4), b = 0.8760(1), and ¢ = 2.0885(2) mm, B = 106.29(1)°,
U = 5.3344 nm>, and 2 = 4.

The principal features of the structure of the compound are shown in
.Figs.‘2.4. and 2.5. It consists of units of the type [ Cda(S'—]JVIPQ-)-
(5'—IMP1°)2(H20)5 ] arranged in a polymeric array with about six non-coord—
inated water molecules of crystallisation distributed over nine positions.

There are two independent cadmium atoms, both having a distorted oct-~
ahedral coordination, but attached to the nucleotides in differing ways.
Cadmium 1 is bonded to a phosphate oxygen atom from 5'-IMP(3), to the N7 atoms
of 5'-IMP(1) and 5'-IMP(2) with these atoms arranged in cis positions. The
octahedron is completed by three coordinated water molecules. Cadmium 2, on
the other hand, is bonded to N7 of 5'-IMP(3), three coordinated water mole-
cules, and to the two exocyclic ribose oxygen atoms 02' and 03' of 5'-IMP(2).

Thus each 5'-IMP unit binds to cadmium in a different way. A common
feature is that in all cases N7 is employed. However, whereas for 5'—IMP(1)
this is the only bond formed to cadmium, with 5'=IMP(2) the two ribose exo-
cyclic atoms are also utilised, and 5'-IMP(3) uses one phosphate oxygen atom.
It may be noted that 5'-IMP(1) and (3) each carry a unit negative charge,
whereas 5'-IMP(2) is doubly charged.

The differences in the enviromments of the‘cadmium atoms are reflected
in the salient bond lengths ( Fig. 2.6. ). Thus in the case of cadmium 1 a
rather short Cd - O ( phosphate ) bond of 0.223 nm is accompanied by two
longer Cd - N7 bonds of 0.240 and 0.242 nm, while for cadmium 2 a short
Cd - N7 bond of 0.227 nm is associated with two longer Cd - O ( ribose )
bonds of 0.242 nm ( to 02' ) and 0.232 nm ( to 03' ). On the other hand,
for both metal atoms all the Cd - O ( water ) bonds lie in a narfow range

of 0.227 - 0.232 nm.



Fig. 2.4. A view showing the polymeric structure of [ Cde(5'-TP)3EHz2(H20)s 1.

TF
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Fig. 2.5. A stereoscopic view of the structure of [ Cdz(5'~IMP)3Hz (H20)s .

The overall structure is stabiliéed by numerous hydrogen bonds involving
the coordinated water molecules, waters of crystallisation, phosphate oxy-
gens, ribose oxygens, and the 06 and N1 atoms of the base etc.

A feature of particular interest concerns the geometry of the two
hypoxanthine bases which are bonded in cis positions to Cd 1. The Cd - N7
bonds are very markedly out of the planes of the purine bases, such that
Cd 1 is 0.092 nm out of the base plane of 5'-IMP(1) and 0.081 nm out of the
plane of 5'-IMP(2). This results in a distortion towards pyramidai geometry
at N7. The flexibility at N7 permits the planes of the two purine bases to-
move a considerable way towards achieving a parallel base stacking situation.
Thus, although the N7 - Cd1 - N7 angle is 79.10,‘the angle between the two
base planes is only 31.49. A similar effect in a platinum compound of
5'.-IMP 155 is also observed, however, the angle between the two bases is

somewhat larger (430).

As cadmium binds to all the different available sites in the complex,
the i.r. spectrum was studied closely to see if these types of coordination
could be observed. The data ( Table 2.4. ) show a similarity to the other

cadmium complexes of 5'-IMP in the 1650 - 1500 cm™ ! region supporting the
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Tig. 2.6. The arrangement of donor atoms around the two cadmium ions in [ Cde(5'-IMP)3Hz (H20)e ]

bond lengths are given in x10" " 1m.

The
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observed N7 interaction. However, the v (c =O6) band is not shifted to
higher frequencies quite so much as compared with the sodium salt, probably
indicéting the extensive hydrogen - bonding.

It is noticeable that the P032- symme tric étretch hardly shifts at all
even thougﬁ phosphate binding has been shown in the complex. No information
as to coordination to the hydroxyl groups of the ribose sugar could be

obtained as these frequencies are obscured by bands due to water.

cis-[ Pt(NH; )2 (5'-1MP)2 ]2' 155

This was formed as colourless prisms from a solution at pH 6.85.
Preliminary single - crystal photographs showed the crystals to be ortho-
rhombic with the space group C2221. The unit cell dimensions are a =
0.8766, b = 2.2933, and ¢ = 2.2436 mm, U = 4.5103 nm’ and Z = 4.

The crystal structure is based on that of the sodium salts,156’157 in
which pairs of 5'-IMP moieties are connected to a common water molecule via
hydrogen bonds to the N7 positions. In crystals of the platinum compound
this water molecule is partially replaced by a Pt(NH: )z group of a discrete
anion of formula dis-[ Pt(NH; )2 (5'-1MP )2 ]2_ shovn in Fig. 2.7. The platinum
atom lies on a crystallogfaphic two-fold axis, and is bonded to the N7 atoms
of two 5'-IMP moieties. The coordination is square - planar with Pt - N7
and Pt - NH3y distances of 0.202 and 0.205 nm respectively. The metal atomis
markedly out of the hypoxanthine base plane ( approx. 0.059 nm ) thus
although the angle N7 - Pt -~ N7 is 89° the angle between the two bases is

only 430. ( This bending at N7 may well be a crystal - packing effect ).

The i.r. spectrum is very similar to that of 5'-IMPNap except for the
small shifts in the ring vibration band and V(C = 06) indicating the N7
interaction ( Table 2.4. ). Also, as with the many other complexes showing no

phosphate binding, there is no shift in the PO32— symmetric stretch.
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Fig. 2.7. Stereoscopic pair showing the structure of cis-[ Pt(NH;)2(5'-IMP): ]2_.

2¢.1.4. Uridine 5'-lMonophosphate

The platinum complexes are discussed in Chapter 3.

Ca(5'-UMP),nH20 n = 6 or 6.5

This compound was prepared as large, fibrous crystals at pH 6.80.
Good VWeissenberg but poor oscillation photographs were obtained which showed
the crystals as having a very short axis of about 0.50 nm. Two other
compounds which have exhibited this behaviour both have metal - phosphate
bonds, i.e. [ Zn(5'-IHP) ],Hz0 1°° with an axis of 0.5580 nm and [ Ca(5'-CMP)-

(#20) 1,120 12°

with one of 0.5293 nm. The limited X-ray data available
for the compound therefore suggests that phosphate to metal bonding occurs.
Furthermore, preliminary investigation of the cobalt complex of 5'-UMP has

also shown it to be of a similar structure.153

The data from the i.r. spectra of this complex and 5'-UMPNaz ( Table 2.5. )

do not give any real evidence for this proposed mode of binding. The PO32“
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stretch vibration in Cd(5'—UMP),nH20 ig split and the maip peak is shifted
only slightly to higher frequencies:compared to 5!'-UMPNaz. However, only a

small shift is observed in the pyrimidine nucleotide complex [ ca(s1-cvp)-
.(HaO) ],HgO, which showed phosphate binding, hence no conclusions as to
this mode of coordinatipn can be made from i.r. measurements.

The bands in the 1800 - 1600 cm-1 region of the 5'-UMPNaz spectrum are

very difficult to assign with any certainty due to the extensive coupling
of the carbonyl and C = C stretch vibrations and possibly N - H deformation

138

modes . Nevertheless, a comparison with the spectrum of Cd(5'-UMP),nHz0

shows definite binding to the base. Because of the shift to high frequency

of v(C = 02), the site of coordination is probably N3, as was suggested for

the Mn and Cu complexes.104’1o5

The structure of 5'-UMPNaz is known to be in the keto form with a

138

proton attached to N3. If this atom is the true donor, then the proton

must be weakly bound and repositioned on another part of the molecule on

complexation. Re-examination of the spectra show that the broad band
ascribed to the P032_ asymmetric stretch, at ca. 1100 cm_1 in 5'=UMPNagz
. ?

is split in the cadmium complex like that found in uridylic acid. This

infers that the proton is no longer bound to N3 but may still reside near

the base portion.122

Support for the theory that this N3 -~ H bond is weak has come from
several investigations. It is well known that for uracil itself, metal -

binding to N3 usually occurs only if the proton is completely removed under

159-161

alkaline conditions to form an inner complex. Thymine behaves in this
way but on substituting at N1, as in the case of 1-methylthymine, the N3 - H

bond is considerably weakened and the proton is removed comparatively easily

162

in neutral solution. This occurs in the 2:1 mercury complex. Further

evidence ofN3 interaction has come from n.m.r. studies of 5'-UMP complexes 104-106

and X-ray work on the uridine complex Cu(U)(Cqu)z(H20)2-163 However, recent
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work on neutral complexes of uracil and related ligands has indicated that
04 may be the preferred site.143
In conclusion it would appear that the complex Cd(5'-UMP),nHz0 possibly

contains both phosphate and base (N3 or 04) coordination. No information as

to any ribose interactions could be obtained.

Zn(5'-UMP), 2Ho O

This complex was prepared as small, white needles at pH 5.60. ﬁo
X-ray work was carried out on this solid.

The same cqordination as the cadmium complex is suggested from the i.r.
spéctrum ( Table 2.5. ). The shifts in bands are similar except for the Vs
mode of P032- which moves to a much higher frequency. Phosphate binding is

almost certain to occur due to the low water content.

2+1+5. Conclusions from Structural Studies

Although infrared spectroscopy is an easy and quick technique, this
investigation has underlined its limited value in determining metal -
nucleotide binding sitese.

The spectra have been shown to be complex, with the bands difficult to
agsign and this has precluded the positive identification of specific
donor atoms. Nevertheless, in combination with X-ray work, coordination to
the base moieties has been indicated from shifts in the carbonyl stretching
vibrations and those pertaining to the ring. The donors appear to be N7 of
the purine mucleotides, N3 o% 5'-CMP and N3 or 04 of 5'-UMP. However,
binding to phosphate is not denoted at all. No pattern was observed from
shifts in the P032- symmetric stretch vibration of complexes with or without
this type of coordination. Also no information as to ribose interaction
could be achieved due to the overlapping V(0 - H) bands of the water

molecules.
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2.2. Implications of Metal - Nucleotide Structures

2.2.1. General Aspects

In the previous section, all the metal ~ nucleotide structures det-
ermined showed the proposed binding modes i.e. N7 of purines and N3 of
pyrimidines, excépt in two cases. Additional phosphate binding was found
for [ cd(5'-CMP)(Hz20) ],H20 and phosphate and ribose in [ Cdz(5'-IMP)3Hz-
(B20)e ],6H20. This is not wholly uneipected as experimental work carried
out with DNA showed that although cadmium bound to bases quite strongly,
interaction with the phosphate residues also occurred.100

~ As a 2:2 complex of cadmium with 5'-IMP could also be made showing Jjust
N7 binding it was thought that for [ Cdz(5'~IMP)3Hz (H20)e ],6H20 the acidity
ﬁust enhance the binding ability of the oxygen donors. Nevertheless, it
would be expected that an increase in the concentration of a 'hard' donor,
such as H+, would tend to also 'harden' the oxygen atoms instead of the
reverse.

A study of the list of known nucleotide complex structures given in
Table 2.6. indicatés that no rule can be made about the effect of low pH,
as no two structures showing completely different binding modes have been
found with the same ligand, metal and stoichiometry. The five and seven =~
coordinate cadmium ~ 5'=CMP structures appear to be the exception, but the
arrangement around the metal is in fact very similar.

It would seem, therefore, that the reason for the preparation of
[ cdz(5'-1MP)3Hz (H20)s ],6H20 is inconclusive. This is borne out from
several features of metal - nucleotide and nucleoside complexes. The
inconsisteﬁcy of ligand behaviour towards acidity is shown by 5'-GMP, for
[ Cus (5'-GMP)3 (H20)s ],4H20, prepared at pH 3.50, exhibits phosphate binding, 04
whereas [ ca(5'~GP) (H20)s ],3H20 at pH 3.41 shows the 'normal' N7 inter-
action. In addition, the complexes of the pyrimidine nucleotide 5'-CMP

( and possibly 5'-UMP ) appear to bind to phosphate regardless of pH.
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With respect to the ribose group, again there is no obvious reason for its
interaction with cadmium, as work with copper(II) and the nucleosides
adenosine and uridine 165 found that the hydroxyl groups bound to the metal
in the pH region 9.5 - 12.

From the evidence given above, it would seem prudent to suggest that
variations of pH in the acidic region does not affect the binding modes
directly but probably influences the stabilisation of complexes and hence
their structures. This then may explain the change of stoichiometry in
going from the 2:2 Cd - 5'-IMP complex to the heavily hydrogen - bonded

[ cd2(5'-DMP)3Hz (H20)e J,6H20.

The compound [ Cd(5'-CMP)(Hz0) ],H20 also exhibits an interesting
structure ( Fig. 2.1. ). It shows a pentacoordinate cadmium atom in a
distorted stereochemistry bound to the N3 of the 5'-CMP base, one water
molecule and oxygen atoms from three phosphate groups. The 02 atom and a
phosphate oxygen were found near to the metal but not actually bound.

A recent crystallographic study on the seven - coordinate complex

[ ca(s'-cMp)(H20) ],3H20 ( Fig. 2.8. ) has proved that a definite Cd - 02

02

Fig. 2.8. Structure of the seven - coordinate complex [ Cd(5'-CMP)(Hz0) J,3Hz20



50

bond can, however, exist with the distance as'0.269 nm.145 On close
inspection of this structure there is a strong resemblance to the five -
coordinate complex [ Cd(5'-CMP)(H20) ],H20 which has a very similar
arrangement of atoms but>with 02 and the phosphate oxygen slightly farther

away from the cadmium atom.

The effect of 02 atoms ( of pyrimidine bases ) on metals has been
examined in several recent crystallographic studies of copper(II) -

142’166’167and copper(II) - cytidine 168 complexes. The structures

cytosine
clearly show two principal features common to all of the compounds; 1)
binding of the pyrimidine or pyrimidine nuecleoside through the N3 position
of the ring, 2) an intramolecular Cu - 02 interaction from each bagse. The
Cu - 02 distances range from 0.274 nm to 0.288 nm with all of the structures
indicating a weak bond.

The formation of these semi-chelated compounds with cytosine and
cytidine appears to have some theoretical justification. Molecular
electrostatic potential calculations 169 for these ligands suggest that there
is a wide attractive region for electrophilic agents with two deep minima,
one in the direction of the lone pair on N3 and one at an éngle of 55° to
the ¢ = 02 bond. The simultaneous binding of metal ions to N3 and 02 of
cytosine and cytidine would seem, therefore, to be a natural consequence
of the attractive potential inherent in the molecular framework.

Other related work with an N1 bonded ¢u(II) - thymine complex 170
shows no meaningful Cu - 02 interaction. This is to be expected since the

electrostatic potential at 02 of thymine is considerably less nucleophilic

than 02 of cytosine.

The biological implications of the structures of [ cd(5'-cMP)(Hz0) ],H20
and [ Cd2(5'-IMP)3Hz (H20)s ],6H20 are considered from their known metal -

phosphate and ribose interactions. The significance of the complex cis-
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[ Pt(xH;)2(5'-D1P)2 ]2- is discussed in the following section.
Although binding to the ribose moieties of nucleptides have been

suggested for copper(II) 48,171

and cobalt(III) 172 n indirect evidence,
[ caz(5'-MP)3H2(H20)s ],6Hz0 provides the first direct demonstration that
heavy metal - ribose binding can occur. There is therefore the possibility
that such inter-actions may favour the known catalytic degradation of RNA
by heavy metal ions.173 However, it appears that the cadmium - ribose
interaction is not an unduly strong one, as the Cd - 0 ( ribose ) bonds
tend to be rather long and the 02' - Cd - 03' angle is only 68.30. There-
fore the effects of such interactions are likely to be secondary to metal -
phosphate bonding in influencing RNA degradation ( section 1.4. ).

The similarity of the base stacking of two §5'-IMP ligands found in
[ caz(5'-1MP)3Hz (H20)s ],6H20 with that in cis-[ Pt(NH3 )z (5'-TMP)> ]2' is
of some importance with the possible interaction of toxic metals with
nucleic acids. If metals bind together adjacent purines in DNA, cell
replication may be seriously affected, as proposed for the primary anti -
tumour mechanism of platinum compounds. However, it should be noted that
cadmium can bind in a less specific manner i.e. to base, phosphate and
ribose sugar, and may therefore affect normal metabolic processes in this

way.

It is well known that heavy metals replace certain essential elements
in nstural processes ( section 1.1. ) and therefore because of the chemical
similarity of cadmium and zinc it is of interest to compare their nucleotide
gystems. The only zinc derivative for which X~ray information is available
is [ 2n(5'-DP) ]n,nHaO.158 There is considerable similarity between the
structures of this complex and [ Ca(5'~CMP)(H20) ],H20, for the zinc atom
is bound to a base at N7 and to phosphate oxygen atoms from three other
5'-IMP groups. Although the stereochemistry around the metals are slightly

different, the fact that similar binding modes are employed give further
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evidence as to the possible ways cadmium may affect the functions of the
bOdyo 1 74’ 1 75

2.2.2. cis-Platinum -~ Nucleotide Complex Structures and

Anti - Cancer Mechanisms

It was stated in section 1.2. that the activity of the platinum
compounds was due to inhibition of the DNA synthesis in cells and was
thought to be caused by inter- or intfastrand linking of the double - helix.
These two possible modes of binding are now discussed with regard to the

crystal structure of cis-[ Pt(NH3 )2 (5'-IMP)2 ]2—.

In high chloride medium, such as isotonic saline, replacement of the
chloride groups in cis-Pt(NH3)2Clz will be suppressed except for displace—
ment by the strongest nucleophiles such as sulphur. Once inside the cell
( where the chloride ion concentration is much lower ) it is assumed that
before interaction with DNA, the platinum complex converts to the diaquo

1?*. It should be kept in mind that since

69

species cis-[ Pt(NH3 )2 (H20):
the discovery of a stablevplatinum - pyrophosphate complex, there is also
the possibility that the chlorides may be replaced initially by a phosphate
anion. However, the diaquo compound is considered as the major reactive
intermediate.

Studies in vitro, using ﬁ.v. spectroscopy, showed that platinum compounds
reacted with the bases of DNA rather than the sugar or phosphate residues,176
and that the rate of reaction is enhanced as the G + C content is incr-
ea.sed.ﬂ?’178 In all cases both cis- and trans-Pt(NH3)2Clz interacted with
the displacement of at least one chloride ion. Investigﬁtions into the
binding of these Pt(II) compounds to DNA constituents using spectrophoto-

179 and kinetic 180 techniques, demonstrated that guanine was the

metric
preferred base followed by adenine and then cytidine. No immediate reaction

was recorded with thymine although it is known to form a 'platimum - blue'
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compound slowly ( see Chapter 3 ). For the nucleosides, the major binding
sites were shown fo be the N7 position of the purine bases and N% of the
pyrimidines. However, the latter position will be blocked in helical DNA;j
this implies that the N7 atomé of guanine and adenine are the most likely

sites for binding to platinum.

Although the previous studies showed some differences in the binding
capabilities of cis- and trans-Pt(II) complexes, no evidence was given as
to the specificity of action of the cis isomers. Té account for this
observation, interstrand cross-linking of double - siranded DNA was

82,85 and with studies using dinucleotides,181 it was suggested

proposed,
that the amino groups on the adenine bases were important sites for cis
bidentate binding. However, there is ample evidence that the hybridisation
of these groups is essentially spz, with the formal lone electron pair
participating in1<—bon&ing to the purine ring. This greatly diminishes
their coordinating ability as compared with the ring nitrogen atoms. This
conclusion is supported by many structures of metal compounds with purine
bases etc., in which the amine group is not directly bonded to the metal
:’.c:n.182-184 Instead N7 appears to be the most commonly involved atom.

It should be noted , however, that the results achieved by Roberts and
83

Pascoe using the method of alkaline caesium chloride density gradients,
gave no certainty that platinum cross-links double -~ stranded DNA. The
results do prove though that a) platinuﬁ binds to DNA and b) interstrand
links are formed at some stage in the experimental procedure used, even if
only during, or after, strand separation.

Because interstrand cross-linking of helical DNA can be discounted as
the mode responsible for the activity shown by cis-platinum compounds,

9

another proposal was put forward by Shooter 0 who suggested that intra-

strand linkage occurred instead i.e. binding on the template strand only.

This idea has since been widely supported.185—189
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Morrison and Gale studied the binding sites in DNA for possible
intrastrand bifunctional interactions of the platinuﬁ compounds,  and
concluded that they may interact at electron — rich areas. It was suggested
that intrastrand interaction occurred between either 06 or N7 of the guanine

base and 02 of thymine ( although this has been shown previously not to

react easily ).

Since the N7 poéition in DNA is the most open to attack,'and as this
nitrogen atom has been found bonded to platinum in the nucleotide complex
cis-[ Pt(NH3 )2 (5'-11P)2 ]2', a mechanism indicating the anti-tumour action
of the platinum compounds is now proposed. This accounts for the specificity
of the cis isomers. |

The complex ion cis-[ Pt(NH3 )z (5'-IMP)2 ]2_, found both in the solid 122

191

and solution, shows binding to the N7 position of two hypoxanthine bases.
This implies that some sort of intrastrand linkage may be possible but it is
doubtful that such an interaction occurs when the DNA is in the double -
helical form. Thus the most likely attack on DNA by an active compound

such as cis—[ Pt(NH3)2(H20)2 ]2+ will be initially the formation of a bond.
to only one N7 position as indicated in Fig. 2.9.a. A hydrogen - bond may
then be formed between a coordinated water molecule and the 06 position.
This would entail the water molecule being markedly out of the plane of the
guanine base, vhich could lead to steric problems in the helix. If these are
severe, this water molecule could be lost, and a direct, weak bond formed to
the keto oxygen ( Fig. 2.9.b. ). In the case of adenine both possibilities
involving the amino group are less likely. Thus the most plausible situa-~
tion in helical DNA would seem to be that platinum aﬁoms are attached mainly
to the guanine bases, firmly at N7 and weakly via 06. Each platinum atom

~ then has one relatively labile bond.

A consequence of this would be that as soon as the two strands separate,

and the restrictions of base stacking are largely removed, the metal is
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NH,

Fig. 2.9. Postulated modes of initial binding of platinum to .a guanine
base in double -~ stranded DNA.

free to feplace the labile bond by a stronger Pt - N bond to a neighbouring
base. This is more likely to be a base within the same strand. Thus

guanine could be linked by platinum to the N7 positions on adenine or

another guanine, or to N3 on cytidine. In this way most of the bound
platinum should be able to 'capture' a second base, since'only a TGT sequence
would be unaffected. Such a process would be very effective in preventing
replicatién. -

Although most of the DNA will be doublé - stranded, the active platinum
species may encounter single - stranded segmentsf These less restricted
systems offer wider opportunities for attack by platinum. For instance, the
N1 position on a hypoxanthine base,192 N7 and N1 on adenine 193-197 and N3

on cytosine 142 198

would now also be open to initial attack. The avail-
ability of a number of potential binding sites, and the flexibility of the
system increase the chance of interstrand linking. However, in these
circumstances one would expect the non-active trand complexes to be at least

as effective in forming interstrand links as their cis counterparts.199
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The above considerations apply equally well to all forms of RNA, but
the consequences on cell replication of such platinum attack will depend on

how readily that particular form of RNA can be replaced.

Evidence for the first step of this mechanism has come from potentio-
metric zooand X-ray photoelectron spectroscopy 201 techniques which concluded
that cis—Pt(NH;)2Clz formed a specific chelate with N7 and 06 of guanine.
However, the second step, leading to inhibition of DNA replication, was
thought to be slightly different to that prOposed here. The cis-platinum
compounds are thought to first attack and saturate all the N7 sites of
guanine in DNA, then these square - planar complexes form a strong. bond to
06 which breaks the hydrogen - bond between 06 (Gua) and NHz (Cyt). 4s a
result 06 (Gua) is not available to form hydrogen - bonds in the replication
proéess. This reduction of hydrogen - bonds prevents the recognition of
guanine by cytosine because the Gua - Cyt approach is very specific ( three
hydrogen - bonds ). The inability of guanine to form three hydrogen bonds
with cytosine can stop the DNA synthesis, but may not affect the growth.
This is also the process by which cadmium is thought to destabilise DNA.2O2

The objection to this mechanism is that it would be expected that the
Pt - 06 bond is much weaker than a Pt - ¥ bond. Hence, if a nitrogen atom
is available ( as after strand separation )ithe initial bond would break
forming the more stable PtN42+ moiety. Furthermore, it is interesting to
note that although the work has shown the cis-platinum isomer binding to X7
and oxygen, ESCA is not able to differentiate easily between 06 or any other
oxygen atom in DNA. This means that while the presence of a Pt - 06 bond is
not discounted, a Pt - Hz0 bond, also proposed for the first stage of the
previous mechanism, should cause a similar shift in the spectrum.

Absorption studies and related techniques were also used to confirm.the

203

initial attack of cis-platinum compounds on guanine. This work supported

the proposed second step of the mechanism whereupon binding to the second
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purine molecule led to a loss of base stacking. This was observed for DNA

bound with platinum.

To conclude this section about the implications of cadmium and platinum
in nucleic acid chemistry, it is interesting to note ' Haddow's Paradox! 204
vhich states that 'agents which cause cancer also cure it'. This is empha-
sised by the fact that both anti-tumour and carcinogenic mechanisms 205,206
show that electrophiles, such as cations, undergo substitution at selected

nmucleophilic sites, mainly N7 and 06 of the guanine residues in nuclear DNA
of cells. This therefore endorses the importance of these sites with regard

to the different effects metals may have on metabolic processes and under-

lines how specific drugs must be.



a,b
5'~CMPNaz ['Cd(s'-cm)(nzo)ﬂéé cd(5'-CMP) ,5H20 Zn(5'-CMP ) , 4H20 Assignment ' 192137-139

1668 sh - - - SNHz

- 1667 s 1658 s - SNHz + ¥(C = 02) ¢
1648 8 1640 8 1640 8 1652 s,br Mainly (C = 02) °
1614 sh 1601 s 1603 sh 1619 sh Coupled v(C =€) + [v(C = N)]
1583 sh - - - Overtone
1525 m 1527 8 1527 m 1536 sh Coupled ring
1490 s 1502 s 1505 s 1511 s vibrations
986 s 988 s Symmetric P032-
978 sh 960 < 960 s 995 s stretch

a. Crystalline solids.

b. X-ray shows metal binding to phosphate and base (N3).

c. Also contribution from &NHz.

Table 2.2. Selected i.r. data for 5'-CMP complexes_._1 Measurements were carried out using Nujol mulls between NaCl

plates and KBr discs.

Values are incm .

8%



a a,b a
, ' [ca(5'-cMP) (H20)s |, cis-—EPt(NH_-, )eHa- zn(5'-GMP) ,nHz0 115,138
51-GMPNag 3Hz 0 250 ca(g'-cm),snzo 51-CMP)s i5M20| = 4.5 o 5 Assignment ’
1692 s 1697 s 1698 s 1695 8 1695 s v(c = 06) °
1660 sh 1638 s 1632 & 1640 s 1640 s Coupled v(C = 06) ©
+~(C = C)
1601 s 1609 s 1601 sh 159 s 1602 8 Coupled ¥(C = N) e
1585 sh 1571 m 1577 sh +3(C = C)
1545 s 1533 : - 1535 1540 1538
1480 m 1478 1483 1500 1489 Ring vibration
981 s : | ‘ : : Symmetric P032-
975 s 986 s 992 w 993 ' v
966 sh stretch

a. Crystalline solids. i
b. X-ray shows metal binding to base only (N7).

¢. Also contribution from the NH or NHz deformations.

Table 2.3. Selected i.r. data for 5'-GMP complexes_.1 Measurements were carried out using Nujol mulls between NaCl
plates and KBr discs. Values are incm .

69



(B0 | [Ga(5~1P) (120)s 1o e (51=TP)gHam | oim[Pb (s m
(ca(5'-1P) (H20)s ], | [Ca(5'~MP) (H20)s5 ], Cd2 (5'-IMP )3 H2~ cis-[Pt(NH; )2- ,_ 115
51-IMPNas 2.5H50 H0 (H20)e ],6H20 (5'—]}[?)2 ]2 Assignment
1678 s 1693 s 1693 s 1685 s 1688 s v(c = 06)
1675 sh 1676 sh
1645 sh 1625 sh 1625 sh 1625 m 1642 sh Coupled v(C = 06) &
+ V(C = N)
1591 m 1586 m 1587 m 1589 m 1593 m d
1551 m 1554 m 1555 m 1550 m 1561 m C°?Pled ve =)
1521 1510 1512 1512 1525 +~(C =)
1480 - - 1497 ‘1494 Ring vibration
976 s 976 s Symmetric P032—
971 978 s 976 s
958 sh- 958 sh stretch

a. Crystalline solids.

b. X~ray shows metal binding to base only (N7).

c. X-ray shows metal binding to phosphate, ribose and base (N7).

d. Alszo contribution from the NH deformation.

Table 244

plates and KBr discs.

Values are incm .

Selected i.r. data for 5'-IMP comple:l:es_..1 Measurements were carried

out using Nujol mulls between NaCl

09



a
5 '-TMPNaz 0a(5'-0P) a0 7n(5'-TMP) , 220 Assigoment |1971375138,207,208
n= 6 oY 6.5
1775 vw 1785 wvw 1785 vw Overtone or combination
1678 8 1717 m ? 1695 s Mainly v(C = 02) b
1655 sh 1656 s 1668 s Coupled v(C = 04) + [v(C = ¢)] b
1635 sh - 1610 Coupled v(C = C) + [~(C = 04)] °
985 s 992 : oe
981 s Symmetric P03~ stretch
971 sh 986 sh

a. Crystalline solids.

b. Also contribution from the NH deformation.

Table 2.5. Selected i.r. data for 5'-UMP complexes.
mulls between NaCl plates and KBr discs.

Measurements were, carried out using Nujol
Values are incm .
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Table 2.6. Details of the binding modes from the known structures of transition metal - nucleotide complexes.

Fucleotide Complex pH of Prep. Binding Modes Reference
1. [ Ni(5'-aMP)(Hz0)s ],H20 5.0 N7 of base + five water molecules 184
2. [ co(5'-crp)(H20) ] 5.4 N3 of base + one water molecule + 144
two phosphate oxygens
3. [ cd(5'-cMP)(H20) ],H20 a) 4.64 N3 of base + one water molecule + This Work (136)
three phosphate oxygens
b) 6.5 As for 3 144
4. [ cd(s'-cMp)(H20) ],3H20 6.5 N3 and 02 of base + one water mol- 145
' ' ecule + four phosphate oxygens
5. [ Mn(5'-GMP)(H20)s ],3H20 4.19 N7 of base + five water molecules 146
6] [ .Co(5'-GMP) (H20)s ],3H20 6.5 As for 5 209
7. [ Ni(5'-CMP)(H20)s ],3H20 - As for 5 210
8+ [ Cuz(5'-GMP)3 (Hz0)s J],4H20 345 N7 of base + three water molecules 164
+ one phosphate oxygen

9



10.

11.

12.

13.

14.

[ ca(5'-cMP) (H20)s ],3H20

[ Mn(5'-1P) (H20)5 ],2H20

[ co(5'-1MP)(H20)5 ],2H20

[ Ni(5'-IMP)(H20)s ],2H20

[ Zn(5'-DP) ] ,nH20

[ ca(5'-1P)(Hz0)s ],Hz0

1

[ ca(5'-1P) (20)5 ],2.5Hz0

b)

b)

3.41
4.5

55

445
6.5

4.5

451

5485

As for §

As for §

A trimer with binding to N7 of base

+ five water molecules

N7 of base + five water molecules

As for 11a)
As for 11

N7 of base + three phosphate
oxygens

A dimer with binding to N7 of base

+ five water molecules

Both dimer and trimer forms were
obtained with binding to N7 of basge

+ five water molecules

This Work

150
153
211
209
211,212

158

This Work

This Work

€9



16.

17.

[cdz (5'-IMP)3Hz (H20)s ], 6H20

cis-[ Pt(NHz)2(5'-DP): ]2-

3.88

6.85

Cadmium 1 is bound to the N7 atom
of two bases + three water molecules
+ one phosphate oxygen

Cadmium 2 is bound to the N7 atom
of one base + three water molecules

+ two ribose oxygens

N7 of two bases + two NH3 groups

This Work (154)

This Work (155)
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CHAPTER 3

COMPLEXES OF PURINES AND NUCLEOSIDES,AND THE PLATINUM BLUES

The importance of chelation in biochemical processes has long been
known and the use of metal chelates in all areas of medicine1 and their
relationship with carcinogens and anti-cancer agents have been well
studied.213 The significance of this type of binding is now discussed
with regard to the first step in the proposed mechanism of the anti-
tumour action of platinum drugs, and also concerning the possibdle struct-

ures of the platinum-blue compounds.

3+1+ Guanosine and 9-methylhypoxanthine

In Chapter 2, it was proposed that the initial binding of cis-
[ Pt(NH3)z (B20)2 ]°* to DNA was to the guanine base at N7 and tb 06,
either directly with a weak bond, or via a water molecule. The type of
binding in the latter case has been widely demonstrated in many nucleo-
tide complexes ( Table 2.6 )y but direct oxygen binding has not been
conclusively shown. To investigate whether the guanine base can chelate
in this way, a study was carried out using platinum with the compounds

guanosine and the nucleoside analogue 9-methylhypoxanthine.

Examination of the complexes of guanosine and related compounds has

shown that N7 is the normal binding site for most meta.ls,100’149’214

including ple;.’cinumms"218 ( see also purine nucleotide structures ).

This is confirmed by X-ray crystallographic studies of the copper - -

219 220

9-me thylhypoxanthine and 9-methylguanine complexes. These

structures show the 06 atom hydrogen - bonded to a water molecule which

65

itself is coordinated to the metal. The absence of chelate ring formation

was explained on geometric grounds.zzT
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From these studies it is obvious that if chelation is to take place,
the metal - oxygen bond would be expected to be weak, as indicated in
section 2.2.,2. This mééns that to force bidentate binding onto. the
ligand, the deprotonated form should be used. This was the approach

emplojed in this work.

The first method followed that of Heitner and Lippa.rd;222 who

prepared a platinum compiex with 9-benzyl-b6~purinethione. This crystall-
ine compound, of formula Pt(9-BenzPur6S)z, IMA, has a square - planar
structure with two deprotonaﬁed ligands chelating to blatinum via the
K? and S6 atoms ( Fige3.1e )e This structure has since been reported

223

for the analogous thionucleoside complex with platinum.

DMA

Fig. 3.1. Structure of Bis(9-benzyl-6-purinethione)platinum(II) -
dimethylacetamide.
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The observed cis-configuration ( Fige3.1. ) permits maximum
back-bonding to sulphur and the orbitals of the two sulphur atoms can
overlap different metal orbitals ( d_ and dyz )e

An attempt to obtain a similar chelated platinum - guanosine complex
led to a_brown solid with a poor analysis. However, 9-methylhypoxanthine,
gave better results and the complex Pt(9MeHyp);, 0.5 IMA was prepared in
the same manner. Unlike the structure shown in Fig.3.1., the compound
jrobably has a trans structure for if a platinum - oxygen bond is formed,

this will certainly be weak ( Figo3.2.a. ).

OG/\W | os/f\m
AN
N7 \06 Cl/ \N7

b.

e
/

Fig.3.2. Proposed structures of a) Pt(9MeHyp)z, 0.5 IMA and - -
b) Pt(9MeHyp) (SMeHyp) Cl.

The preparation of the inner complex of 9-methylhypoxanthine was
also attempted via the N7 bound cis-Pt(9MeHyp)2Cle compound. Thié solid
was heated under reflux with 2,6-dimethylpyridine whereupon one molecule
of HC1 was removed to form the compound.Pt(9MeHyp)(§MeHyp)'Cl. The
structure is most likely to be in the cis form shown in Fig.3.2.b. This
has one 9-methylhypoxanthine molecule chelated, with the remaining
positions taken up by N7 of the other neutral ligand and a chlorine atom.

Due to the presence of different carbonyl groups in both of these
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complexes, i.e. from a neutral hypoxanthine molecule and IMA, coordination
to 06 of the deprotonated hypoxanfhine could not be detected using {i.r.
spectroscopy.

Recently, similar inner complexes with guanosine and inosine have
been obtained from aqueous soclution at pH > 9.224 Binding to_06 ( as
well as to nitrogen ) was confirmed using i.r. spectroscopy, and they
were considered to have the same frans structure as shown in Fig.3.2.a.
However, it is known that with Cu(II), inosine tends to bind to the N1

and 06 atoms as the pH increases.225’226

- Therefore, it was suggested
that these inner complexes may possibly have a polymeric structure with
the metal binding to 06, N1 and N7 ( Fig.3.3. ), or a trans chelated

structure interacting via N1 and 06. Nevertheless the most probable

structure is the one first proposed.

o 7 o | vl
NS
Pt Pt
N DN
——’///N1 — - \\\\‘_~

Fige3.3. Proposed polymeric structure of PtG’2 and PtI’z.

Finally in this investigation, it was also attempted to prepare a
crystalline sample of a metal - 9-methylhypoxanthine chelate ( using
copper perchlorate ) for an X-ray determination. Instead of forming,
as hoped, a complex with three chelated neutral ligands, the compound

Cu(9MeHyp)s (C104 )2 was isolated as blue triclinic crystals. The
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electronic reflectance spectrum showed a siﬁgle medium.intehsity band

at 16130 cxn'"1 indicative of a square - planar CuN42+ moiety but with axial
interaction to form a tetragonally distorted octahedral ligand field.22!
This interaction is most likely from the 06 atoms arranged in a similar

manner to Cu(Pym20H)4 (€104 )2 \EtOH ( Fige4e17+ )o

Although the inner complexes PtG’z, PtI’z, Pt(SMeHyp)z, 0.5 IMA
and Pt(9MeHyp) (SMeHyp)C1 have been formed, chelation by these guanine -
like ligands has ﬁot been fully shown. However, binding of platimum to
06 is definitely indicated and therefore it can be concluded that the
first stage of the anti-tumour mechanism proposed in section 2.2 is

certainly feasible.

2.2+ The Platinum Blues

Since the discovery of cis-Pt(NH3)2Clz as an anti-tumour agent
there has been much work carried out to find similar compounds with
greater activity but less toxicity. It was suggested68 that this could
be achieved through combination of the platinum complexes with DNA and |
its components to enhance selectivity. The method of uptake by cells
of large complex molecules requires pinocytosis after which lysozyme
digestion releases the active portion. Because tumour cells often have
pinocytic, lysozomal and mitotic activity higher than normal cells,
these combined drugs may be more effective. This type of mechanism is
thought to explain the activity of the newly discovered platinum-
pyrimidine blues.

These compounds have been shown to be more active than cis-Pt(NH3)z2Clz
against a wide variety of animal tumour systems and significantly less

228

toxic, especially to kidneys. They are advantageous in drug use due

to their high solubility in water. The formation of the blue colour
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has also been found to have useful applications in electron microscopy in
staining mucleic acids of tumourigenic ce118.229’230
One of the first platinum blue complexes to be discovered, was
that made by Hofmann and Bugge231 who prepared a compound they called
'Platinblau’ by the reaction of Ag2S04 on Pt(CH3CN)2Clz. Gillard and
Wilkinson®/> re-examined this compound, Pt(CH;CONH)z,H20, and postulated
that its structure consisted of polymeric chains with bridging acetamide
groups, and divalent platinum.
The compound has since been shown to be monomeric by ebulliometry;68
this was considered an important result, for some highly coloured platinum
compounds are known which owe their colour entirely to a Pt-Pt interaction
arising either in a polymer or in the solid state. It was congidered,

therefore, that the acetamide acts as a bidentate chelate as shown in

Fige3.4.a.
h Hoon
N 6] N ¢]
-/ \
cH3-—-c< \Pt/ >C—CH3 CH3—C< Pt/ C—CHy
o/ \N o/ N
' oH |
Qe b.

Fige3.4. Proposed structures of 'Platinblau', a) P+(II)(CH3CONH)z,Hz20
and b) Pt(IV)(CH;CONH)2 (OH)z .

However, a group of workers, using 1H n.m.r. spectroscopy, have
suggested that Pt(IV) is present as P+(IV)(CH;CONE)z (OH)z.227 An
octahedral structure was proposed with the OH groups residing in the

fifth and sixth positions ( Fig.3.4.b. ). Nevertheless, recent
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photoelectron spectroscopy (ESCA) measurements on 'Platinblau' have shown
that it contains 1>1;(11').228
A blue complex, not possessing these potential chelating molecules,

was also prepared.232

An X-ray crystal structure determination on a
compound formed from cis—Pt(NH3)2012 and conc. HzS0s showed that there
was a PtAPt distance of only 0.%06 rm implying strong interaction. It
was suggested that the‘complex contained layers of cis-Pt(NH3)2Clz held
together by Pt-Pt bonds, with the sulphate ion hydrogen - bonded to the
coordinated ammonia groups.

From these studies the blues have been thought to be both polymeric
and monomeric, have platinum in varying oxidation states and that Pt-Pt
interaction occurs. It appears then that there may be no common structure

for these blues and that the colour may arise differently depending on

the ligands and method of preparation eﬁployed.

Because the structure of acetamide is similar to those of the
naturally occurring pyrimidine bases ( Fig.3.5. ), it ﬁas suggested that
these compounds may also produce blues with cis-PtlegXzisomers. This was
indeed found to be the case, for cis-Pt(CH3CN)zClz formed blue solutions
with both 1~methyithymine and cytosine. However, no coloration was
observed with the purines, guanine and a.denine.68

Since this discovery, several classes of platinum —~ pyrimidine blues
have been isolated incorporating the ligands uracil, thymine, cytosine
and their substituted analogues.228 These compounds were classified
according to the method of preparation and the platinum complex from
which they were made. The Class I blues were studied in more detail
and synthesised from the reaction of cis-[Pt(NH3)z(H20)2](NO03)z and
the pyrimidine in aqueous solution at pH 7-8 and 37°C. The analyses

showed that the complexes were 1:1, containing two ammonia ligands, one
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Fige 3.5+ The structures of the pyrimidine bases and acetamide.

pyrimidine anion, and one hydroxide ion per platirmum but with two addit-
ional oxygen atoms at an unspecifiable location. Physical measurements

gave little information as to the possible structures.

During the study of the reaction of cis-[ Pt(NH;3)z (H20)> ](103):
with nucleotides ( Chapter 2 ), it was found that 5'-CMP and 5'-UMP, at
low pH, gave blue glasses. This was unlike the behaviour with 5'-GMP
and 5'-IMP which formed colourless crystalline solids under the same
conditions. It was seen that the colour deepened as the pH decreased
but that colourless solutions were produced at pH 7 and above. These
observations contrast with those reported previox.u;l).rzz8 in which the
pyrimidine bases gave blues at pH 7-8. Therefore a preliminary invest-

igation was carried out using the above method with various pyrimidine

nmucleotides, nucleosides and bases and related ligands.




73

Each ligand was added to a solution of cis-[ Pt(NH;)2(H20)2 ](NO;)2
in a 1:1 stoichiometric ratio at two different pH's i.e. pH 4.00 and
pH 8.50. The colours of the resulting solutions were noted, and if bdlue,
the solids were isolated, analysed for carbon and hydrogen and tested
for the presence of nitrate ( Table 5.1. ).

The naturally occurring pyrimidines, e.g. the uracil, cytosine and
thymine nucleotides, mucleosides and bases, all gave dark blue or green
solutions at pH 4.00, but at pH 8.50 they were yellow or brown { Table 3.1. ).
However, of the other ligands employed e.g. 2- pyrimidinethione, 2~ pyrim-
‘idinone and their methyl derivatives and acetamide ( Table 3.2. ), a blue’
was.formed only with the amide.

For comparison, trans-[ Pt(NH3)>(H,0)2> ](NO3)z and [ Pten(H20)2 J(NO3):
were also used as starting solutions, but these did not produce any
coloration with 5'-CMP or 5'-UMP. However, the platinum - ethylenediamine
solution did form a blue with acetamide.

From the analyses of the isolated blues ( Tables 3.3. and 5.1. ),
the nucleotides formed inner complexes of 1:1 and 2:3 stoichiometry
with 5';CMP and 5'-UMP respectively; the latter ligand behaving as a
trivalent anion. The complexes of the nucleosides and bases all had
121 stoichiometiy but were of variable nitrate content depending on
whether the pyrimidines were deprotonated. Althoﬁgh these blue compounds
could not be obtained in a pure state, certain important features were
noted,

Blue éolutions could only be formed using cis-[ Pt(NH3)z2(H20)z ](NO03)2
with acetamide and the 2,4-disubstituted pyrimidines. The isolated
blue solids were hygroscopic and had variable water content, and most
compounds had 1:1 stoichiometries with the retention of the NH3 groups
bound to platimmm.

The acetamide blues have been well studied and reported to have
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252 or chela.ting.233 The

structures with the ligand either bridging
similarity in its structure with the naturally occufring pyrimidines
suggest that these binding modes may also occur in the platinmum -
pyrimidine blues assuming that the coordination is to the base portion
only for nucleotides and nucleosides.

The possibility of chelation was examined using the compounds
2-pyrimidinethione and 2-pyrimidinone, for these are known to bind in
this manner with other metal ions ( Chapter 4 ). Howevef, with cisg-

[ Pt(NH; )2 (H20)2 ](NO3)2 at either pH 4.00 or 8.50, no blue coloration
was observed. It may therefore be supposed that the acetamide blues have
bridged structures and the pyrimidine blues involve the use of a donor
group or atom in the C4 position as well és 02 and N3,

It has been reported that like acetamide, acetic acid is also able
to form a dark blue solution at pH 4.00 with the cis-platinum isomer.234
These compounds are structurally very similar and so it may be significant
that bridging acetate ions have been found in the structures of two plat-
inum complexes. The black compound, Pts (AcO)e (NO)z,24cOH [A]235 has a
structure in which the platinum atoms are a distance of 0.2944 nm apart
and are close enough for some type of interaction. However, the complex
[ Pt(ac0)2 Ja [B],236 is brown and possesses distinct metal - metal bonds
of distances 0.2492 - 0.2498 nm.

It would appear that from these observations, the criterion for
producing a dark colour is to have two platinum atoms close together, but
not too close so that an actual Pt — Pt bond is formed i.e. not less than
cae 0.275 nm.

The second possibility of binding in the platinum -~ pyrimidine blues
is to have the natural pyrimidines bridging. When N1 is substituted, as

in the nucleotides and nucleosides, the donors available on the base portion

include 02, 04 or NHp, and when deprotonated, N3. To determine whether
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this mode is present in the structure of the blues the starting solution,
[ Pten(H20)z }(NO3)z was reacted at pH 4.00 with acetamide, 5'~CMP, 5'-UMP
234

and recently uracil and cytosine. It was observed that only acetamide
was able to form a blue solution. This means that if one assumes that the
‘ethylenediamine is still bound to the platinum, the structure of the
acetamide blue cannot be a simple bis~bidentate chelate as proposed

previously.68'233 However, this cis arrangement would allow the acetamide

ion to bridge two platinum atoms quite easily as shown in Fig. 3.6.

en

Pt

en
N —__—/////,//// Pt
@]

Fig. 3.6. The proposed bridge structure of an acetamide blue.

In this case the Pt - Pt distance would be at least 0.25 nm. However,
it can be seen from this structure that if bridging did occur in the
pyrimidine - blues, using any two of the three available sites, there
would be little steric hindrance. It is considered,'therefore,.that
because no blue is formed with these pyrimidines, bridging is not the mode
of binding in the blue products containing ammonia groups. It is also
important to notice that as ethylenediamine is a bidentate ligand, there
is a suggestion that the above blues do not have platinum ions in a cis

configuration.



76

As the results show'that the pyrimidine_blﬁes are not simply bridging
or chelating, it is not easy to see how the proposed criterion of bringing
two platinum atoms close together, can be fulfilled. However, it has been
reported that the i.r. spectrum of the purple complex formed from the
reaction of cis-[ Pt(CPA)2Clz ] with 1-methylthymine suggests that the
amines, pyrimidine and chlorine atoms are all coordinated to the platinum
atoms.257 This implies that the platinums in the blue compounds may nét
be restricted to being four -~ coordinate. Also, cytosine and uracil have

been shown to have chelation tendenciesmz'258

and the majority of
analyses of these blues indicate the presence of deprotonated ligands
with N3 available for binding. Two structures are now proposed which
satisfy many of the observations, and are given in Fig. 3.7. These show
that the platinum atoms are either in a pseudo-octahedral or pseudo-
trigonal « bipyramidal environment, the amine groups are trans, and the
Pt -~ Pt distance is ca. 0.3 nm.

The two structures are alike but differ in the involvement of N3. Ih
Fig. 3.7.a., the lone pair of electrons is used to bridge the platinum
atoms to form an octahedral - type structure. As octahedral Pt(II) comp-
ounds are not common, the other possibility is the trigonal - bipyramidal
structure shown in Fig. 3.7.b. However, from the work on the acetamide
and acetate complexes, it appears that it may be necessary for the plat-
inum atoms to interact via a delocalised system. It seems likely, then,

that a possible struocture of the pyrimidine blues should be one that lies

between the two proposed here.

As the structures have trans amine groups it is difficult to see why
the reaction is specific for cis-platinum compounds. A possible answer
may be due to the relative stabilities of the pyrimidine complexes and
the inclination of cis- and trans-platinum square - planar compounds to

go to other stereochemistries. Taking the reaction with cytosine as an
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Pig. 3.7. Proposed structures for the platinum - pyrimidine blues.
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example, the affinity of cis- and trans-platinum compounds to bind to
various donors can be seen. As demonstrated from a crystal structure
determinafion, the trans—Pt(II) isomer is able to form a stable complex
‘with the ligand exhibiting coordination to N3 only.239 However, from a

Y and 3¢ nun.r. study,’??

a cis-platinum compound was shown to bind to
N3, but that the involvement of N3 and NHz or N3 and 02 chelates was also
a possibility. As two bonds from platinum are therefore available for
coordination to the base, it is not obvious why two ligand molecules are
not bound to N3. 1In the case of cis-[ Pt(NH3)2(H20)z }(NO3)2 with cytosine,'
a stable PtN42+ chromophore would be expected. The reason for the lack
of formation is not due to steric factors as a square - planar palladium
complex of formula Pden(Cyt)z has been shown to be present in solution.240
Compounds of 2:1 stoichiometry with thymine and uracil were also indicated.
With these ligands, it is interesting to note that the palladium atom is
able to substitute N3 well below the normal pH for deprotonation.

- It would appear, therefore, that cis-platinum compounds do not coord-
inate to the pyrimidine molecules in a straight forward manner and that
the exocyclic groups may be involved. This may account for both the
difference in rates of reaction between cis- and trans-Pt(II) and the
behaviour of cis—Pt(NH3)g2+ with pyrimidines. The fact that platinum
blues are not formed with platinum - ethylenediamine solutions indicate,
however, that stability may possibly be achieved only through a slow

rearrangement of the monoamine ligands with the subsequent increase in

coordination number of the platinum ion.

Although the proposed structures explain some of the various obser-
vations, the fact that pH has such an effect on the colour cannot be
answered from this limited investigation. Further work obviously needs
to be done employing two approaches. Firstly, the purification of a

platinum - pyrimidine blue followed by the determination of various
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physical measurements. Secondly, it will be necessary to continue the
use of model compounds to find certain patterns in both ligand and amine

structure and to vary the conditions of all preparations.

However, from this preliminary study, it can be concluded that the
pyrimidine bases, rnucleosides and nucleotides most likely react with
cis-[ Pt(NH3)2(H20)2 ](NO3)z in the same manner and that the colour in
the platinum - pyrimidine blues probably arisés from the interaction

between two platinum atoms via a delocalised system.
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Pyrimidine Acid (pH 4.00) Alkaline (pH 8.50)
2+

A. cis-[ Pt(NH;3)z (H20)z ]
5t-CMP blue -~ black dark brown
51=UMP blue -~ black deep yellow
Cytidine blue - purple dark brown
Thymidine blue - gre‘en deep yellow
Uridine blue ~ black yellow
Cytosine purple yellow - brown
Thymine dark green dark brown
Uracil dark green deep yellow a

2+

B. trans-[ Pt(NH;)z(H20)z ]
5'-CMP colourless -
5'-UMP colourless -

c. [ Pten(H20)2 ]2+
51-CMP colourless -
5'-UMP colourless -

a. pH 9.00

Table 3.1. Solution colours from the reaction of [ Pt(NH3)z(H20)2 J(NO3)2
and [ Pten(Hz0)2 ](NO3)2 with the pyrimidine nucleotides,
nucleosides and bases in acid and alkaline media.
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Compound ~ Acid (pH 4.00) Alkaline (pH 8.50)
. 24
A. cis-[ Pt(WH3)z2 (H20)2 ]
~ Pym20H colourless colourless
1MePym20 faint yellow yellow - brown
4, 6Me2Pym20H colourless \ yellow
1,4,6Me3Pym20 faint yellow orange
Pym2SH - red - brown
4, EMeaPym2SH _ orange - yellow a orange - yellow a
Acetamide dark - blue -
B. [ Pten(H:0), 1%
Acetamide dark - blue -

a. Yellow precipitate also formed

Table 3.2. Solution colours from the reaction of cis—[ Pt(NH3)2(H20)2 ](NO3)2
and [ Pten(H20)2 ](NO3)z with acetamide, 2-pyrimidinethione,
2-pyrimidinone and their methyl derivatives in acid and alkaline
media.



Pyrimidine " Acid (pH 4.00) Alkaline (pH 8.50)
51'-CMP ‘ blue fawn
5'-UMP : blue - fawn
Cytidine blue - grey fawn
Thymidine dark blue ‘ yellow - brown
Uridine o blue : white
Cytosine ‘ purple fawn
Thymine dark green fawn
Uracil blue - cream &

a. pH 9.00

Table 3.3. Colours of the isolated solids from the reaction of cis=-
[ Pt(NH3)2 (H20)2 ](NO3)z and the pyrimidine rucleotides,
nucleosides and bases.
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CHAPTER 4

COMPIEXES OF PYRIMIDINES

4+1. Introduction

4.1.1. Biological Aspects

Sulphur containing groups are of major importance in biological
processes and much research has been carried out, especially on the

241

progerties_of thiol compounds. 'Naturally occurring thiols are found
as enzymes, proteins and hormones, and include coenzyme A and glutathione.
However, relatively little work has been done on those compounds assoc-
iated with the nucleic acids, namely the pyrimidinethiols ( or thiones ).
The thio~-bases, 2- and 4-thiouracil and 2-thiocytosine have been
found as normal constituents of some tRNA species,242_244 but their
function in the molecule is as yet unknown. Although these bases appear
to be essential in small quantities, experiments have shown that the
compounds can, under certain conditions, inhibii RNA synthesis leading
245-248

to anti-tumour and anti-thyroid activity. A similar inhibiting

behaviour has also been shown by recent work with the minor base, 2-pyr-
imidinethione.249’250
Unless masked in some proteins, thiols are chemically the most active
groups found in cells and they often react quaniitatively with various
thiol-combining agents such as metal ions. Mercury, silver, arsenic and
copper tend to form simple stable complexes ( e.g. with glutathione 251 )
" whereas those of the naturally occurring metals, iron, molybdenum, cobalt
and zinc often only find stability through chelation i.e. by binding to
241

thiol and amino or carboxyl groups. Manganese and cadmium usually

bind only weakly to thiol groups, however metallothioneine, a protein
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isolated from the kidneys, contains cadmium bound quite strongly to SH.252

In pursuing the theme of the interactions of metal ions with nucleic
acids and their constituents, this chapter deals with the binding and
possible chelation of transition metals ( mainly'first row ) to the minor
bage 2-pyrimidinethione (Pym2SH) and its oxygen analogue, 2-pyrimidinone

(Pym20H) .

4.1.2. Metal Tons and Ambidentate Ligands

‘Interest has recently been shown in the complex formation of the

ambidentate sulphur containing ligands 2-pyridinethione 2531254 and the

255,256

anti-cancer agent 6-purinethione. The structures are shown in

Fig. 4.1. Study has found that, as an anion, 2-pyridinethione can chelate

Vi

I—z=
T

Fig. 4.1. The structures of a) 2-pyridinethione and b) 6-purinethione.

to metals via nitrogen and sulphur, as in the ruthenium complex

258

Ru(PyZS)z(PPh3)2.257 Similar compounds are formed with iridium and
rhodium.259 Likewise, complexes of some 9-substituted 6-purinethiones
show chelation by binding via the N7 atom and sulphur. 3Both platinum

and palladium form square -~ planar compounds by coordinating to two depr-

otonated ligands,222 but it has been shown that copper(II) is able to bind
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to the neutral substituted 6é-purinethione molecule in the same ma.nner.260

Other work on related ligands has included investigations of the

261-263 pich as a dianion, has the possibility

complexes of 2-thiouracil
of coordinating via N and S or N and O. At high pH's, both of these modes

of binding in fact occur.

To understand the way in which metal ions coordinate with ambidentate
ligands of this type, it is first necessary to look at certain aspects of
their structures. Oxo and thio derivatives of N-heteroaromatic compounds

are capable of lactim - lactam or thiol - thione tautomerism respect-

103,

ively. 264 There is evidence that in the solid state and in solution,

pyrimidines ( and pyridines ) substituted in the 2 (or'4) position by
potentially tautomeric groups =XH ( X bpeing oxygen or sulphur ) exist

predominantly in the lactam or thione forms ( Fig. 4.2.a and b ) rather

. 265~

than in the lactim or thiol forms ( Fig. 4.2.c. 267 The existence

L~ O QL

H

a. b. C.

Fig. 4.2. The major tautomeric structures of 2-pyrimidinethione and
2-pyrimidinone.

of the stable, aromatic, zwitterionic form ( Fig. 4.2.b. ) in these

268-270

molecules has been well established by infrared and electronic

271

spectroscopy.
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Another characteristic feature of these compounds is their ability to
form strong intermolecular hydrogen bonds of the type N'=- H .... X where
X =0 or S. In the case of 2-pyridinethione 272 the molecular structure

273 274

consists of dimers whereas for 2-pyridinone and 2-pyrimidinone a
helical arrangement occurs.

Strong hydrogen - bonding of this type can be defected using vibr-
ational spectroscopy by examination of the N - H and N - D stretching
fréquencies. The band assigned to the free N - H stretéh ig usually
sharp and found in the 3300 - 3500 cm™ ' region but hydrogen — bonding
can broaden this‘band and lower its frequency substantially i.e. V(N - H)
of 2-pyridinethione — 2885 cm™ ' and 2-pyridinone — 2825 em~1.2120270 ppig
therefore, shows that the N-H +¢¢0 O hydrogen - bonds, as expected, are

stronger than those of the sulphur a.nalogues.277

Of the ligands used in this study of metal ion interactions, only the
structures of 2-pyrimidinone 274 and the dihydrate of its 4,6~dimethyl
derivative 218 have been determined. However, because the latter compound
contains water of crystallisation, only the hydrogen - bonding effects in
2-pyrimidinone is of any significance. To understand the hydrogen -
bonding properties in the other pyrimidines, an infrared spectral study
was carried out in the region 4000 - 1800 em™ ) ( Table 4.4. ).

All the compounds showed a lowering and broadening of the N - H
stretching frequency band confirming the existence of the lactam or thione
forms and that hydrogen - bonding was present. Deuteration gave V(N - D)
bands higher than expected ( normal RH:ND ratio is 1.35 )279 and it was
proposed by Bellamy 215 that association is weaker in the deuterated
derivative giving correspondingly»greater N ..SorN ...O distances.

On comparing the results in Table 4.4. it can be seen that the
molecular structure of 4,6-dimethyl-2-pyrimidinone resembles its parent

compound whereas 4,6-dimethyl-2-pyrimidinethione appears similar to
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2-pyridinethione. 2-Pyrimidinethione, however, is rather unusual in that
the ¥(N - H) band is considerably lower than for the others ( even lower
than the sirongly hydrogen - bonded 2-pyrimidinone ). This behaviour is
consistent with the view that the tautomeric structure is almost entirely
in the aromatic stabilised zwitterionic form ( Fig. 4.2.b. ).21° If this
is so, then it would explain the appearance of the three ring overione
bands at about 2000 cm_1 similar to those found in the aromatic pyridine
molecule.280 It would appear that 2-pyrimidinethione, therefore, is most

likely to have a dimer structure resembling that of 2-pyridinethione but

with stronger hydrogen - bonds.

Apart from v(N - H) bands, infrared spectroscopy is also used to
observe C = 0 and C = S stretching frequencies. It is well known that
bands pertaining to these vibrations often show shifis in their frequ-
encies upon coordination to metal ions. ‘These shifts can give information

281

about the bond forces between the ligand and the metal ion or sometimes

about the donor site of the ligand.282
Nevertheless, as in the case of determining metal - sulphur coord-
ination 283 in heterocyclic compounds, caution must be taken in assigning
the proper bands as extensive coupling within the ring system gives rise
to mixed vibrations. This problem is shown in ligands containing the
- N~-C =8 fragment ( e.g. Py2SH and Pym2SH ) for vibrations known as
thioamide bands occur in the region 1500 ~ 850 cm-1 arising from the
6oupling of v(C =8), v(C = N), SNH and scH.283-285 Despite this, the
strong band at 1200 - 1100 cm-1 is considered to possess the greatest
amount of v¥(C = S) character and has been shown to be the most sensitive
to metal - sulphur binding.283 This band is thus termed 'N(C = S)' and
is found at 1137 em” ] (Py2sH) and 1186 em™ ! (Pym2SH) . '
The use of this and other techniques in the investigation of transition

metal complexes of Pym2SH, Pym20H and their methyl derivatives are now

discussed.
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4.2. Transition Metal Complexes

To study the modes of binding of the potentially ambidentate
72—substituted ligands, a variety of transition metal complexes were
prepared and investigated using i.r., far i.r., electronic reflectance
spectroscopy and magnetic susceptibility measurements together with X-ray
powder pattern data. For both 2-pyrimidinethione and 2-pyrimidinone,
structural determinations were carried out on some cobalt and copper
complexes.

In the case of the thione ligands, i.r. spectroscopy was employed
to determine its usefulness as a guide to metal - sulphur coordination,
but a similar study with the 2-pyrimidinone complexes was not possible as

the ¥(C = 0) bands were difficult to assign.

‘4.2.1. Complexes of 2-Pyrimidinethione

The majority of 2-pyrimidinethione cémplexes were of 2:1 stoichio-
metry despite variations in the ligand to metal ratio and had the formulae
M(Pym2SH)2Xz ( M = Mn, Fe, Co, Ni, X = Cl, Br; M = 2n, X = C1; M = Cd,

X =Cl, Br, I ), M(Pym25)2 ( M = Co, Ni, 2n ), and Nis (Pym2S)-I>0H,6€H20.
The formation of complexes containing non-coordinating anions were attem- -
pted but none were made with acceptable or reproducible analyses. Also
copper(II) compounds could not be prepared due to the reducing ability of
the ligand.

The data obtained from conventional physical measurements are coll-

ected in Tables 4.5. to 4.8,
Iron(II)

The dark brown crystalline complexes FelpXs (x = c1, Br) had room -
temperature magnetic moments of 5.25 B.M. (X = C1) and 5.42 B.M. (X = Br).

The electronic spectra of the complexes were similar, with the bromide
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showing a more pronounced splitting of the two bands in the 9000 - 5000 cm"1

region. The spectra of other‘iron(II) compounds with known geometries are
shown in Fige 4.3. i.e. Fe(isoquin)4Clz 286(D4h symmetry) and Fe(quin)2Clz 287
(Cov symmetry). These indiéate that FPelpCls has a greater similarity to a
tetrahedral geometry. This is confirmed to some extent by comparing with

the spectrum of the highly distorted tetrahedral complex Fe(dipyam)Clz 200

( Fig. 4.4, ).

Cobalt(II)

The magnetic moments of the green cobalt complexes CoLgXz (x =c1, Br)
are 4.62 B.M. (X = C1) and 4.75 B.M. (X = Br) which are in the range for
typical tetrahedral cobalt(II).2®? Indeed these values are close to those
reported 233 for the related tetrahedral Co(Py2SH)2Xz complexes in which
the ligand, 2-pyridinethione, is thought to bind via sulphur only.

The reflectance spectra of both complexes are similar with a larger
splitting of the two bands in the 11500 - 6000 cm_1 region for the bromide.
Comparison of the spectra of ColpCly with those in Fig. 4.5. i.e. the
compounds Co(isoquin)sClz 290(1)4h symmetry) and Co(quin)aCla 291(Cav'
symmetry), show that the 2-pyrimidinethione complex has a coordination
geometry closer to a tetrahedron than an octahedron. However, spectira
resembling ColzClz have been reported 292 for some cobalt nitrate
complexes ( e.g. Co[ (CeHs)3PO ]2 (NO3)2, Fig. 4.6. ). From the crystal
structure determination of Co[ (CH3)3PO ]2(No3)2;293 it was shown that
the metal atoms are surrounded by an irregular array of oxygen atoms with
each nitrate group serving as é bidentate ligand. It is interesting to
‘note that although this complex is highly distorted octahedral, the
magnetic moments, like the complexes reported here,are more indicative of
a tetrahedral geometry.

The spectrum of the inner complex Co(Pym2S)2 is not well resolved
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but shows bands in positions similar to those found in the spectrum of

294

the compound bisbenzimidazolatocobalt(II). It is reasonable to assume
then that Co(Pym2S)2 has a structure of an infinite polymer with the
2-pyrimidinethione anioﬁs fﬁnctioning as bidentate ligands forming bridges
‘between cobalt ions. The cobalt, therefore, may be present in a tetrahedral
environment bound by nitrogen and sulphur donor atoms, but a structure

295,296

involving sulphur bridges must also be considered.

Nickel(II)

The magnetic moments of the nickel halide complexes NiLzXe (X = C1l, Br)
are consistent with octahedral coordination. These were found to be 3.21
B.M. (C1) and 3%.20 B.M. (Br).

As shown in Fig. 4.7., the electronic spectrum of Nil2Clz ( Fig. 4.8. )
has little in common with those of typical octahedral ( e.g. Ni(isoquin)4012,
yh 297 ) or tetrahedral ( e.g. Ni(quin)zClz, Cav 291 ) nickel complexes.
There is, however, a close resemblance to the spectrum of Ni(ZMeImid)2Clz 298
( Fig. 4.8. ), and hence the structures of the NilzXs compounds are prob-
ably polymeric octahedral with bridging chloride atoms. It is also sig-
nificant that the magnetic moment of the 2-methylimidazole complex is
virtually the same as NiLpCle being 3.20 B.M.298

The spectrum of the iodide complex Nis (Pym25)7I20H,6H20 is complicated.
Nevertheless, the major bands indicate an essentially octahedral environ-
ment around the nickel ion. Vibrational bands due to water are found at
7040 o ( shoulder ) and 5130 cm~'. The spectrum of Ni(Pym2S)z is also
difficult to interpret but again an octahedral geometry is thought to be

the most likely structure.

On the whole, the data from the electronic spectra and magnetic

measurements of the iron, cobalt and nickel complexes have shown that the
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structures are highly distorted irrespective of the main coordination
geometry from which they are derived.
To help explain the reason for such distortions, an X-ray structural

determination was carried out on the complex Co(Pym2SH)2C1z .

Structure of Co(Pym2SH)2Cl2 299

X-ray photographs of the green crystals gave the space group as C2/c
with unit cell dimensions a = 1.2371(1), b = 0.8301(4), ;and ¢ = 1.4851(1) nm,
B = 117.18(6)°, U = 1.3567 > and Z = 4.

- Tﬁe molecular structure of‘the complex is shown in Fig. 4.9. viewed
down the diad axis. The coordination about the cobalt atom is distorted
octahedral with the 2—pyrimidinefhione ligands chelating strongly through
nitrogen and weakly via sulphur. The nitrogen atoms are trans, with the
pairs of chlorine and sulphur atoms cis. The important bopd angles and
bond lengths are given in Table 4.1.

The Co - S bond, however, is very long and the sulphur atom may be
considered to be non-bonded. The structures in Fig. 4.10. show that this
is not the case and a weak Co - S interaction does in fact exist. The
§ - C - N angle in 2-pyridinethione 2/ is 11%°. If it is assumed: that
2-pyrimidinethione is similar, then complexation decreases the angle to
116.2° and indicates some sort of involvement of sulphur with the metal.
The structure of Ru(Py?S)z(PPha)g 251 shows the angles which can be
obtained if a strong metal - sulphur bond is formed.

The molecular packing diagram ( Fig. 4.11. ) shows that the crowding
is considerable and a hydrogen - bond is formed between a chlorine atom of
one molecule and N3 of another. It is interesting to note that a proton
is found 0.15 nm away from the nitrogen atom and almost midway along the
bond. This, therefore, gives the reason why no 3(N - D) band is observed

in the i.r. spectrum of the deuterated complex ( Table 4.4._).



Fige 4.9.

The molecular structure of Co(Pym2SH)2Clz.
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Bond Angles
€l - Co - C1!
Cl-Co-35
Cl-Co~-M
Cl - Co - N1!
Cl - Co - S!
S -~ Co - 8!
S - Co - N1
S - Co -1
N1 - Co - N1'
S-C2-M
Co - N1 - C2
C2-8 - Co

Bond Lengths

Co- Cl
-Co =S

Co - N1

N1 - C2

99

98.58(7)°
89.36(5)°
105.26(14)°
99.10(13)°
158.18(3)°
90.65(6)°
93.39(14)°
59.12(13)°
142.32(17)°

116.2(3)°
111.8(3)°

71.9(2)°

0.23%69(2) nm
0.2960(2) nm
0.2098(4) nm

0.1388(8) nm

Table 4.1« Selected bond angles and bond lengths of the Co(Pym2SH)2C1>
structure with estimated standard deviations in parentheses.
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119°
C2
N1
C6
C5
Qe be

Coe

Fige. 4.10. Comparison of some important bond angles and bond lengths in a) 2-pyridinethione, b) Co(Pym2SH)-C1»
and ¢) Ru(Py2s): (PPh3)2.
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Fig. 4.11. A molecular packing diagram of Co(Pym2SH)2Clz showing hydrogen -
bonding between N3 and Cl of different complex molecules.

It was previously shown that the electronic spectrum of Co(Pym2SH)»Cl:
vas remarkably similar to Co[ (CeHs)3PO Jz(N03)2 222 A comparison of the
structures of the thione complex and Co[ (CHs )3P0 ] (NO3)2 293 shows how
closely related the geometries are. In Co(Pym25H)2Clz the angles N - Co - S
(59.1°) and C1 - Co - C1' (98.6°) correspond quite well to those of the
bidentate nitrate and cobalt (57.2°) and the angle made by the phosphine
oxides (106.1°) in Co[ (CH3)3P0 J2(NO3)2. This may imply that this type
of distorted stereochemistry may not be so uncommon in cobalt complexes

containing halides ( or pseudochalides ) and chelating ligands.

The results of other physical techniques will now be discussed in the

light of the structural details found for Co(Pym2SH)2Clz.
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Infrared Spectra ( 4000 - €50 em™ ! )( Tavle 4.7. )

The determination of metal - éulphur coordination using i.r. spect-
roscopy has often been attempted by observing the shift in the frequency
of the band assigned to the 'N(C = S)' vibration. If the complex shows a
shift to lower frequency, sulphur bonding is indicated; if a shift to
higher frequency is observed, then coordination to some other part of the

molecule must be present,300-302

The danger in using this technique for
definitive information is now exemplified from the results of the
Co(Pym2SH)2Clz spectrum. v

Comparison with the spectrum of Pym20H shows that the ' v(C = S)!
band of Pym2SH occurs at 1186 em™ . On forming the complex ColzClz, this
vibration shifts to the higher frequency of 1199 c:m—1 even though the
molecule contains sulphur coordination. This behaviour is attributed to
the electronic structure of the ligand.

In theory, a shift to higher frequency indicates that the bond order
(B.O.) of C = S has apparently increased. Consequently, this implies that
in the ligand itself, the B.O. is less than 2. If the actual structure is
a zwitterion, as proposed ( Fig. 4.2.b. ), then complexing of cobalt via
the nitrogen and sulphur atoms would give a less aromatic ring which will
increase the bond order of C = S and the frequency of its stretching
vibration.

Similar shifts in the 'ﬂ(C = S)' band were observed for all of the
other complexes except CdLzIz and those of nickel. These compounds gave
very small shifts and suggest that either their structures or coordination
modes are very different from ColzClz. Also, NileXe (X = €1, Br ) and
CdloIz were the only compounds to exhibit the N - H stretching vibration
( Table 4.7. ). Deuteration studies confirmed its presence from the
observation of ¥ (N - D) in Ni(Pym25D)2Clz. This work also showed that an

N - H bond did not exist in the complex ColgCle ( Table 4.4. ).
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The conclusions from this infrared study are twofold. Firstly, it
emphasises that this is not a good technique for determining metal -
ligand coordination, with this type of ligand, as many of the vibrations
are not pure. Secondly, the nickel compounds and CdLzIz appear to be

different ffom the other halide complexes.

Far Infrared Spectra ( Table 4.8. )

It is well known that ﬁecause the coupling of vibrations occur in a
molecule, few, if any, bands in an infrared spectrum can be regarded as
‘pu:ce'.Bos_505 The title 'metal - halogen' (M - X) or 'metal - ligand'
(M -0, M- N.or M - S) stretch, as used here, should be taken to infer
that a particular absorption band arises primarily, but not necessarily
totally, from such a normal coordination.

As expected for a complex with Cgvsymmetry,304 two infrared active
9(M - C1) vibrations are found at 243 and 232 cm™ | for CoLzClz. The
corresponding bromide exhibits only one ¥(M - Br) band at ca. 188 em 1,
These values are consistent with the distorted octahedral structure shown

1 in the chloride

1

in Fig. 4.9. The medium intensity band found at 258 cm
vas fairly insensitive to a change in halogen and was present at 252 cm
in the bromide. This can be assigned to a metal -~ ligand band of which
the donor atom is either nitrogen or sulphur.

The structure of CoLzClzshows the Co - N distance to be normal but
Co ~ S long i.e. 0.2960 nm. Typical Co - S bond lengths are exhibited by
the distorted tetrahedral complex Co(1,3Me21mid28)2Br2 at 0.23%319 and

306

0.2349 nm. Although Czv cobalt complexes show a metal -~ sulphur

307

stretching vibration in the 258 cm_1 region, clearly the weakness of
the Co - S bond in ColLa2Clz must lower the frequency of v(Co - S) consid-
erably. An unambiguous assignment of v(Co - S) was, therefore, not

possible because of the complexity of the spectra below ca. 180 crn"1 with
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the likely presence of bending and lattice modes in this region.

The positions of the V(M - X)-and V(M -~ L) bands in the other complexes
infer that Mnlz2Xz2, FelaXo (X = Cl, Br) and Znlz2Clz have stereochemigstries
rather similar to those of ColgXz. However, the spectra of the compounds
NilzXs (X = C1, Br) are slightly different as the V(Ni - X) bands are
lower than expected. As indicated by electronic spectra, this implies
that the nickel complexes may have an octahedral structure with bridging
halogen atoms. The cadmium and inner complexes gave spectra that were
comflicated and difficult to interpret reliably.

- The ligand vibrations were also studied. Ligand band I did not alter
its intensity a great deal and tended to move to lower frequencies on
complexation. The ligand II band, however, behaved differently. 1In
uncomplexed 2—pyrimidinethione, the band was at 353 cm"1 and found to be
very weak in the i.r. but strong in the Raman. When the ligand is
complexed this vidbration is i.r. activated by all except CdLgIz and the
cobalt and inner complexes., As the intensity of the band decreases on
going from chloride to bromide, it appears that this vibration is related
to the mode of coordination. If so, then the cobalt halide complexes must

be different from the rest, despite previous infrared evidence.

X-Ray Powder Data

Comparison of the X-ray powder photographs suggested that none of the
complexes were isostructural although certain similarities were found. The
cobalt chloride complex appeared to have some resemblance to ZnlpClz but
no other metal, whereas the halide complexes of manganese, iron and nickel
were alike. The only other information obtained was that the chloride and

bromide cadmium compounds had the same type of structure.



Summary and Conclusions

The structure of Co(Pym2SH)2Cl, was determined and-foundvtOThave a
distorted octahedral geometry with the ligand chelating strongly via
nitrogen but weakly via sulphur. The physical measureménts of this complex
were recorded and then compared with those obtained for the othexr halogen
compounds. Although the normal infrared data were similar for all of the
chloride and bromide complexes except nickel, the far infrared spectra and
X-ray powder patterns indicate that the structure is only typical of the
cobalt halides and Znl2Clz .

However, the implications drawn from the physical data of the remaining
¢ompounds are also contradictory. Therefore, it would seem that no definite
conclusions can be made as to their structures. Nevertheless, it is likely
that the chloride and bromide complexes of manganese, iron, zinc and cadmium
have geometries more closely related to those of cobalt than nickel, which
is suggested to be octahedral with bridging halogen atoms. All of the
inner complexes are probably polymeric with nickel being octahedral and

cobalt and zinc tetrahedral.

4.2.2. Complexes of 2-Pyrimidinone

Metal complexes of 1:1, 2:1, 4:1 and 5:1 stoichiometry were obtained
with this ligand. These include M(Pym20H)Xz ( M = Fe, Ni, Cd, X = C1;

M Br ), M(Pym20H)2X2 ( M = Mn, X = C13 M = Co, Cu, Zn, X = C1, Br;

]

Cu, X

M=2¢d, X =Br, I ), M(Pym20H)2Brz,2H20 ( M = Mn, Ni ), M(Pym20)2 ( M = Co,

Ni ), M(Pym20H)¢X2 ( M = Co, X = Cl, Bry M = Ni, X = I; M = Zn, X = NO3 ),

Cu(Pym20H)4 (€104 )2,S ( S = EtOH, 1-PrOH ) and Co(Pym20H)sXe ( X = I, C10s ).
The discussion of these complexes are in the order of ascending atomic

number except for manganese(II) which is placed after copper(II). The

results of physical measurements are given in Tables 4.9. and 4.10.
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Iron(II)

The only complex formed with satisfactory analysis was the yellow
FelClz. Its near infrared spectrum shows two clearly resolved bands at
9520 and ca. 6560 cm-1 vhich resemble those obtained for the compounds
Fepy2Clz and Fe(},SClgpy)QClg.286 These 2:1 complexes are known to have
a polymeric octahedral structure with bridging chlorine atoms and pyridine
molecules in the trans positions. Because the presence of an OH group is
indicated in the normal i.r. region, a similar arrangement to the above is
possible for the 2-pyrimidinone complex. The only difference is that the
ligand molecules, now with two available nitrogen donors, can bridge as
well as the chlorine atoms. This behaviour is also found in the 131

compound Fe(SMePym)Cl;a}o8

Cobalt(II)

Using various ratios of ligand to metal halides, the complexes Col:zX:,
ColuXz ( X = C1, Br ) and Cols Iz were prepared. The 2:1 compounds had |
two forms i.e. blue [A] and purple [B], however, the compound ColzBrz [B]
could not be made eaéily as it readily converts to the blue form in the
reaction solution. Because of this, only the chloride was studied. The
compound Cols (C10; )z and the inner complex Co(Pym20)2 were also made.

The electronic spectra of the blue ColzX2 complexes were typical of

tetrahedral Cov stereochemistry291

except that the bromide exhibited
slight band splitting, indicating that the oxygen at C2 may be closer to
the metal than in the chloride. However, there is no interaction of 02
like the sulphur atom in the analagous Co(Pym2SH)2Xé complexes. In the
far i.r. spectra, both Co - X stretch vibrations expected for a tetra-
hedral molecule were observed’C4 i.e. 310 and 288 cm™ | (X = C1) and 254
and 238 om~' (X = Br). The band at 241 cm | for ColzCly [A] is regarded

as the metal - nitrogen stretch vibrationBO9 although this mode is obs~



107

cured in the bromide.

Because no definite interaction was indicated in these complexes, it
was hoped that a crystal structure determination could be carried out for
comparison with Co(Pym2SH)2012. However, only small crystals could be
obtained initially as slower reactions resulted in the formation of the
purple compound [B]. The blue bromide complex did not appear to be
crystalline at all.

The reflectance spectra of the other halides and Cols (C10; )2 showed
g remarkable similarity, despite the differences in s£oichiometry. All
of the compounds possess two major bands ét ca. 18500 and 9000 cm-1
except CoLzClz [B] which shows two extra 5ands attributed to CoCl42-

( Fig. 4.12. ). This compound can be formulated as [Cols ][CoCls]. These
two components are shown from the combination of the spectra of CoLs(ClO4)2
and (BuN)2CoCly ( Fige 4.13. ).

The far i.r. spectra of these compounds are also rather similar. No
metal ~ halogen stretch vibrations were found for any complex except
ColeCly [B]. This exhibited a single strong band at 310 cm™ ' due to

CoC1, 2,510

It can be considered that the halogen atoms in the other
complexes are either binding very weakly or not at all. The metal -
ligand vibrations of all the cobalt complexes were fairly consistent,
having similar bands in the 275 - 255 cm-1 region. These bands are ass-
igned to v(Co - N) and correspond to the complexes having low symmetry.
Because the electronic and far i.r. spectra are similar for the 4:1,
5:1 and ColLzClz [B] compounds, the arrangement of ligands around the
cobalt ion must also be similar. If it is assumed that all of the
2-pyrimidinone molecules coordinate to the metal, the general structure
must be five - coordinate with one long cobalt - ligand bond. This ligand

would be 2-pyrimidinone in the 5:1 complexes and halogen in the 4:1 comp-

ounds and ColLzClz [B]. On the other hand, if the halogen atoms are
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completely ionic, a four - coordinate structure results. There would
then be a non-coordinating ligand in the 5:1 compounds similar to that

31

found in some iron(II) - pyridine complexes. The relative merits of
these geometries are now examined. The five - coordinate structural

possibilities are discussed first.

The chemistry of pentacoordinate cobalt compléxes has been well
reviewed in recent years.312-314 Five equivalent donor atoms can be
symmetrically arranged around a metal ion to form either a square based
pyramidal (Csv) or a trigonal - bipyramidal (D3h) structure. It should
'be noted that these can be interconverted by means of simple angular
distortions. For coﬁpounds of the type [CoLsX]™, where X is a non-
equivalent ligand, the Co - X bond distance is significantly longer than
those of Co - L and the difference has been shown to be as much as 30%
longer . The donor atom in an elongated metal - ligand bond can be
considered as partially coordinated to the metal so that the effective
éoordination rmumber is somewhere between four and five. This structure
would certainly explain the far i.r. results of the 2-pyrimidinone
complexes as it can be expected that weak Co - X bonds would give no
obvious stretching vibrations in the 450 - 200 em | region.

Compounds which exhibit this type of behaviour include the square -
pyramidal [Co(tet)Br]Br315’316 ( Fig. 4.14.a. ) and trigonal - bipyramidal
[Co(Mes tren)BrBr> 172'® and [Co(trpn)Br]Br’'2?7%0 ( Fig. 4.14.b. ). Both
of these structures have long axial Co - Br bonds. The electronic spectra
of the complexes showing the two geometries were recorded and compared
with that of ColyBr:z ( Fige 4.15. ). No similarity could be found. As
the fifth cobalt -~ ligand bond gets longer, due to steric hindrance,
the structures progressively approach four - coordination. The square -
pyramidal structure becomes square - planar whereas trigonal - bipyramidal

changes to tetrahedral. Of these, the latter is the most common stereo-
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Fig. 4.14. The basic structures of [CoNhX]n+ complexes, a) square-
pyramidal and b) trigonal - bipyramidal.

chemistry for cobalt complexes.

An example of a complex containing a 'tripod' ligand with no comp-
eting fifth atom is given by [Co(Mestpt)](BPhu)2.317 This is related to
the trigonal - bipyramidal structure in that the original equatorial
nitrogen atoms move to the coordination positions of a tetrahedron.
Although the stereochemistry is not perfect, the electronic spectrum
( Fig. 4.16. ) does begin to show some resemblance to the cobalt -
2-pyrimidinone complexes. A more regular tetrahedron has been reported
for a complex incorporating 2-methylimidazole, which appears sterically
related to 2-substituted pyrimidines ( section 4.2. ). The compound
Co(2MeImid)q I 298 gives a spectrum remarkably similar to that of
Cols (€104 )2 ( Fig. 4.16. ). However, the same kind of spectrum is also
shown by the complex Co(2MeImid)s (NO3)z [B] 298 ( Fig. 4.16. ).

The structure of this nitrate is described as a very distorted
octahedron with a bidentate nitrate group and four donor nitrogen atoms

from the 2-methylimidazole liga.nds.321 It has been suggested by various
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worker9292’322_325 that in some cases a bidentate group may be considered
as occupying one coordination site about a metal ion. Such a concept

has its limitations, but the assumption of a pseudo-trigonal - bipyramidal
geometry for [Co(2MeImid)4(N03)]+ ( with NO3 in the equatorial position )

correlates well with the observed spectrum.

It can be concluded that the complexes under investigation may be
either four or five - coordinate. In the former case, little change in
the electronic spectra of the various compounds would be observed as thé
2:1 and 4:1 complexes would possess ionic halide atoms ( and CoCly 2~ )
vand 5:1 compounds, a non-coordinating ligand.

| If the complexes are five - coordinate one may expect the chromophore
[Coqu]n+ to exist with X = C1, Br, 000142- or a noﬁ-equivalent ligand
molecule. As the Co - X bond is usually significantly longer than the
others, again the ligand field would not be altered to any great extent.
Like the nitrate group in Co(2MeImid)s (NO3)2 [B], the Co -~ X bond would
probably be equatorial.

Because of the difficulty in interpreting the results of the
physical measurements absolutely, a crystal structure determination is

now being carried out on the complex Coly3Bro.

The electronic and far i.r. spectra of the inner complex Co(Pym20)z
showed certain similarities to the 5:1 iodide and perchlorate compounds.
Hovwever, this probably has a polymeric tetrahedral structure with N and O

coordination.

Nickelgllz

The complexes of the nickel halides NiLCl:, NiLsBrs ,2HoO and Nilg Iz
and the inner complex Ni(Pym20)z were prepared.

The electronic spectrum of the chloride was found to resemble that
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of NipyClz which has a distorted octahedral structure with the metal ions
surrounded bj five chlorines ( all bridging ) and ohe nitrogen.326 This
is the most likely structure for NiLCls. The sPéctrum of NilgBrz,2H20
again shows an octahedral - type structure indicative of four strong and
two weak borids.297 It is probable that the bromide atoms are situated in
the trans position with elongated bonds. The band associated with the
presence of water is found at 4940 cm-1. The far i.r. spectrum of this
compound { 450 - 200 em ) ) does not show the v(Ni - Br) band but con-
firms the fact that water is coordinated to the metal with a band at
360 cm™ | assigned to “(Ni - Ho0). The metal - nitrogen stretch vibration
is found at 263 cm-1.

The reflectance spectra of Nilg Iz and Ni(Pym20)2 also show octahedral
geometry. The iodide exhibits a ligand field stronger than Ni(H20)62+
but weaker than Ni(NH3)62+ and may be indicative of a pseudo-octahedral
structure similar to that found in Culy (C104 )2 ,EtOH ( vide infra ). The
iodine atoms are therefore non-coordinated. The inner complex, however,

has a weak field and probably has an octahedral polymer structure with

both nitrogen and oxygen atoms coordinating.

CoBEer(IIZ

The reaction of 2-pyrimidinone with CuClz ,6H20 gave two complexes of

2:1 stoichiometry. The electronic spectra showed intense bands at 16390 cm_1

with a shoulder at 10100 cm | for the blue compound [A] and 16670 and

10000 cm™! for the turquoise isomer [B]. These spectra suggest a tetra-..

308

gonally distorted octahedral structure. In the far i.r. region, bands

T and 282 - 254 em™ ! were assigned to v(Cu - €1) and v (Cu - N)

at ca. 300 cm
respectively. These values are consistent with the proposed geometry
containing four short and two long bonds,304’327 but with non-bridging

halogens.
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The compound Cu(Cyt)2Cl: has been shown to have similar physical pro-—
143

perties to the 2-pyrimidinone complexes. This confirms that the struc-

tures of the 2:1 complexes are distorted octahedral with weak Cu - 02

142

-bonds. The reason for the formation of two isomers is not clear but
is probably due to the variation in the amount of metal - oxygen inter-
action. This type of coordination is discussed later.

With copper bromide, both 1:1 and 2:1 complexes were formed. The
electronic spectra showed intense bands at ca. 16950 c:m_1 for CulzBrz and
14810 c:m_1 for CulBrz but no positive information as to their structures -
could be obtained. The far i.r. spectrum 6f CulBro gave no metal -
bromine streteh vibration >200 cm_1, only a band at 282 c:m_1 corresponding
to v(Cu -~ N). The 2:1 complex exhibited a band at 233 i ! due to ~v(Cu - Br)
which is in the same region as a distorted octahedral structure.327 The
metal - nitrogen stretch vibrations are found at 280 and 254 cm_1.

The normal i.r. spectra indicate the presence of OH'in both complexes
implying the likelihood of the compounds being polymeric with dbridging
ligands. . For the 1:1 complex, the structure is probably similar to that
of Pe(Pym20H)Clz with both the 2-pyrimidinone molecule and halogen atoms
acting as bridges. The compound Cul;Brp, however, is not quite so simple.

a4

The e.p.r. spectrum was recorde and showed that the structure is not
a polymer in the accepted sense, but the metal atoms do appear to be in
different coordination sites.

The formation of a perchlorate complex from ethanol and 1-propanol
gave compounds of the formula Culs(C104)2,S where S = EtOH or 1-PrOH.
The reflectance spectra of these two lilac compounds were virtually
identical, with a single medium intensity band at 18690 cm_1. This is
indicative of the compounds having four nitrogen atoms in a square -

coplanar arrangement similar to Cu(NH3)42+.227 The far i.r. spectra

exhibited strong bands at ca. 280 cm-1, typical of the metal — nitrogen
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stretching vibrations found in other Culy (C10; )2 complexes.j28
Although a square — planar arrangement is suggested, recent work on
copper complexes of the related cytosine ligand has shown that weak metal -

142,168 To find out if

oxygen (02) binding is present in the structures.
this type of interaction occurs in these 2-pyrimidinone complexes, a

crystal structure determination was carried out on Cu(Pym20H) (€104 )2 ,EtOH.

Structure of Cu(Pym20H); (€104 )2 ,EtOH 529

Preliminary oscillation and Weissenberg photographs showed the
crystals to be orthorhombic and gave the space group as Aba2 and approx-
imatély 42m symmetry. Unit cell dimensions were found to be a = 2.0022(2),
b = 1.2263(1) and ¢ = 1.1073(1) nm, U = 2.7188 nm> and Z = 4.

The structure ( Fig. 4.17. ) is best described as being square -
planar with the copper ion bound to the tertiary nitrogen atoms of four
pyrimidine rings. The planes of these rings are arranged normal to the
cdpper - nitrogen plane causing the keto oxygen atoms, which are very
nearly in the plane of the rings, to reside above and below the CulN; plane
effectively blocking the axial positions of the copper. The ethanol
molecule, however, is not coordinated to the metal atom but is kept in the
lattice through hydrogen - bonding. The important bond angles and bond

lengths are given in Table 4.2.

It has been stated that copper compounds of this type rarely attain
pure square - coplanar geometry due to weak interactions with groups in
the axial positions. These binding effects have given rise to the intro-
duction of the term ‘semi-coordination' which suggests that in tetragonal
octahedral copper(II) complexes, the axial fifth and sixth ligands are
weakly bonded at definite distances. It is therefore of interest to
examine the possibility of Cu - 02 interaction in the complex culy (€104 )2,

EtOH. This will now be discussed.



Pig. 4.17. The structure of Cu(Pym20H)s (€104 )2 ,Et0H

Cd

8STT
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d™\
N3 .
\
b .
\
\
\
. B a \\
Cs4 N1 adihN Cu
Cs C6
PYM1 and 1'
a = 0.2004(6) rm a= 53.6(2)°
b = 0.1374(10) mm B = 109.7(5)°
¢ = 0.1247(9) mm v = 119.3(7)°
d = 0.2776(6) mm $= T77.4(4)°
PYM2 and 2!
a = 0.1992(6) nm a= 50.6(2)°
b = 0.1368(10) mm B = 112.7(5)°
¢ = 0.1190(9) mm y = 122.7(7)°
d = 0.2901(7) nm $= 74.1(5)°

N1(PTM1) - Cu - N1(PTM1') = 90.0°
N1'(PYM2) - Cu - N1'(PYM2') = 90.6°
N1(PM1) - Cu - N1'(P¥M2') = 89.8°
N1(PYM1') - Cu - N1'(PYM2) = 89.8°

02 - 02' = 0.367(1) mm

Tabie 4¢2. Selected bond angles and bond lengths of the structure of
Cu(Pym20H )4 (€104 )2 ,EtOH with estimated standard deviations
in parentheses.
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The possibility of some oxygen interaction is shown from a comparison
of the structures of 2-pyrimidinone,’’* uracil,’’' and the Cu - PYM1
fragment of Culy4 (C104)2,EtOH ( Fig. 4.18. ). It can be seen that the
relevant angles O - C = Nand C - N - X (X = H or Cu) both decrease on
complexation. This indicates that a very weak Cu - 02 bond may exist for
the PYM1 ring. However, the analagous Cu - PYM2 fragment shows the above
angles to be 122,7° and 112.7° respectively and implies that for this ring
a very small amount of interaction, if any, is present.

An example of the effect of weak binding is noted in the electronic
spectra of a series of copper complexes viz. Cu(Imid)4X2 ( X =Cl, Br and I).
The crystal structure of the iodide has beéndetermined332 and shown to
have an essentially square - planar arrangement like that found in
CuL4(Clo4)2,EtOH. The iodine atoms, however, were found to be 0.3423 and
0.3866 nm from the metal and were assumed to be non-bonded or only very
weakly at the best. The electronic reflectance spectrum'gave the normal
single medium intensity band at 18200 cmm1 indicative of a CuN42+ chrom-
ophore.227 As the iodines are replaced by bromine and then by chlorine
atoms, the energy of this electronic bandvdecreases i.e. 17400 cm_1 (Br)
and 16900 em™ (Cl).533 This demonstrates the greater tendency of smaller
halogen atoms to coordinate and hence the formation of a more octahedral
structure. |

This type of behaviour can also be applied to other systems i.e.
Cu(1,MezImid)s (€104 )2+ This structure is closely related to both
CuL4(0104)2,EtOH and Cu(Imid)4Ig except that no coordinating atoms occupy
the positions above or below the CuNy plane due to the 'blocking' effect
of the 2-methyl groups. The electronic spectrum exhibited a band at
18800 cm~ | which is some 110 cm™ | higher in energy than Culg (C104 )2 ,EtOH.
The implication of this value, considering the differences in the 1igands,

is that the Pym20H complex is less square - planar and therefore some weak
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Fig. 4.18. Comparison of some important bond angles and bond lengths in a) 2-pyrimidinone,
b) uracil and ¢) the Cu - PYM1 fragment of Cu(Pym20H)s (C10; )z ,EtOH.
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axial interaction must be occurring, as suggested, between copper and the
oxygen atom of the pyrimidine ring. The e.p.r. spectra of these compounds
confirm this prOposal.234

Because this weak interaction is undoubtedly all from the oxygen atoms,
a comparison can now be carried out with the structures of the copper -
cytosine and cytidine complexes which are also thought to possess metal -
oxygen binding. The relative bond lengths and angles are given in Table 4.3.
These values are similar to those found in the Cu - PYM1 fragment and
therefore confirm that a weak Cu — 02 (PYM1) bond occurs. However, although
fhe Cu - 02 (PYMQ) distance is long, it is not impossible for this oxygen
to still be involved in the overall interaction above and below the Culy
plane. This means that two structures are possible either with fwo or
four oxygens interacting. These proposals are considered with respect to

the structures of some copper acetate complexes.

If all the oxygen atoms in Cu14(0104)2,Et0H interact with the metal,
a pseudo-dodecahedral structure would result. This type of stereochemistry

( Pig. 4.19. ) has been found in the complexes CaCu(AcO)4,6Hz0 534 (cu-0

= 0.2790 nm ) and Cu(HA)4 (C104 )2 535 (Cu-0"=0.288 nm ). In both cases

Q 0
——-C/ \‘\‘ ,"l \C"""'
\
0 A /O
/SN
C 2 \ C
- \ "// \\\ / T~
o 1o}

Fig. 4.19. The molecular stereochemistry of caCu(Ac0)4 ,6H20 and
Cu(HA)4 (€104 )2
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b.

N1
C6

C5 Cs4

A 3
a = 0.2004  0.197
c = 0.1247 0.122
« = 53,6 53.8
g = 109.7 109.2°
y = 119.3 121
S = T4 76

N3

0.195
0.140
0.123
0.288

52.0
113°
120

75
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The Cu - PYM1 fragment of Cu(Pym20H)4 (€104 )2 ,Et0H

cu(Cyt)2Clz 142

[(glyeylglycinato) (Cyt)cu(II) ], 2H20
[(N-salicylidene~N'-methylethylenediamine) (Cyt)Cu(I1) ]NO5,Hz0

[ (glycylelycinato)(C)cu(II) ], 2H20

Averaged values

Calculated values assumning planarity of Cu-N3-C2-02 ring

d ™\
N\
N\
N
N
N\
N\
\\
< =\ Cu
c ] E°
0.1979  0.2008 0.201
0.1377 0.1%68 0.134
0.1234  0.1237 0.126
0.2819  0.2772 0.274
52.9°  53.8°
110.3°  108.4
121.3 12141
755 767 T7
166

Table 4.3. A comparison of some bond lengths (nm) and bond angles ( ©) of
various copper - cytosine and cytidine complex structures with
the Cu - PYM1 fragment of Cu(Pym20H)4 (C104 )z ,RtOH.
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it has been reported336 that the four off-axis oxygen atoms of the CuOgOZ
chromophore are considered to be weakly bonded. However, in the compound
Cu(HA)s (C104 )2 the amount of interaction is quite small, therefore as the
Cu - 02 (PYM2) bond is éven longer in the 2-pyrimidinone complex, i.e.
0.2901 nm, it would be expected that all of_the interaction must come from
Cu -~ 02 (PYM1).

Examples of just two off-axis oxygen atoms are given by the complexes
Cu(HA)z2 , 220 2292337 (cu - 0'= 0.2768 nm, & = 51.8° ) and Cu(AcO)z (NH; )z
(Cu-0"=0.277 nm, a = 50.0° ).338’339 These have semi-elongated rhombic

structures ( Fig. 4.20. ).

Fig. 4.20. The molecular stereochemistry of cu(HA)z2,2H20 and
Cu(Ac0)z (NH3 )2 .

On comparing both the Cu - O distances and the angles made by the
acetate group with the corresponding values in Cu(Pym20H)4 (C104 )2 ,EtOH, it
can be seen that the structures are extremely similar. It is concluded,

therefore, that although the crystal structure of Cu(Pym20H)4 (C104 )2 ,EtOH
shows an essentially square - coplanar arrangement, a comparison study
with related complexes has indicated that weak interaction probably occurs

from the PYM1 and 1’ oxygen atoms 36.4° away from the z-axis.
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Manganese(II)

Two halide complexes were prepared of formulae MnLzClz and MnLgBrz,2H20.
The far i.r. spectrum of the chloride gave little information, as only a
broad band at 231 em™ | was observed and may be due to ¥(Mn - Cl1) and
V(Mn - N). If the chlorine atoms are assumed to be coordinated thgn the
structure is most likely octahedral with bridging halogen atoms. The
presence of OH in the normal i.r. does, however, suggest the possibility
of bridging ligand molecules.

The bromide complex also appears to be octahedral in nature. The far

i.r. spectrum shows a metal - water stretch vibration at 370 cm_1 and

1 234

3(Mn - N) at 249 cm '. The e.p.r. spectra of both of these complexes

are consistent with their having polymeric structures.

Zinc(II) and Cadmium(II)

The zinc halide complexes of 2-pyrimidinone were of the type ZnL:2X:
( X =Cl, Br ). The far i.r. spectrum of the chloride showed two Zn - C1
stretching vibrations at 296 and 280 cm™ | and the ¥(Zn - N) band at 241 cm™ .
These are in the region for tetrahedral species.304 The bromide also
exhibited a Z2n - N stretch at 241 cm-1, but a Zn - Br stretch vibration at
215 cm-1 is much lower than expected for tetrahedral coordination. However,
this type of behaviour has been noted for other tetrahedral complexes
including Zn(Me3N0)2Xe 2%° and Zn(NH; )2Xz >+' ( X = €1, Br ).

The only other zinc complex to be prepared was the compound Znls (NO3)z.
The normal infrared spectrum showed the presence of an ionic nitrate group'
and therefore the existence of a tetrahedral Zn142+ éation.342 Also the

far i.r. spectra exhibited a broad band at ca. 240 cm—1, indicative of

several metal - nitrogen bonds.

The cadmium complexes that were prepared were all halides and of the
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formulae CALCle and CdleX2 ( X = Br, I ). The 1:1 chloride showed the
~presence of OH in the normal i.r. but no Cd - Cl stretching vibrations
above 200 cm_1 in the far i.r. spectra. This implies that the structure
“is octahedral and possibly polymeric like the other 1:1 2-pyrimidinone
complexes, incorporating both bridging ligands and chlorides. The far i.r.
spectra of the 2:1 compounds also showed that the v{(Cd - X) and v(Cd - N)

1

bands must be below 200 cm . This means that the structures are prob-

ably similar to CdpyzXe ( X = Br, I ).o%2

4.2.%3., Complexes of the Methyl Derivatives

For comparison with Co(Pym2SH)2Xe and Co(Pym20H)2Xe ( X = €1, Br ),
the cobalt complexes of the methyl derivatives of these ligands were
prepared. The formulae of these compounds are CoLa2Xz (L = 4,6MesPym2SH,
4,6MeoPym20H, 1MePym20; X = Cl, Br ) and Co(4,6Me2Pym2SH)2X2,2H20 ( X =

Cl, Br ). The physical measurements are given in Tables 4.11 and 4.12.

4,6-Dimethyl-2-Pyrimidinethione

With CoXp,6H20 ( X = Cl1, Br ) as the starting materials, two anhyd-
rous compounds of stoichiometry ColgXz2 could be prepared in each case,
one blue and the other green. In addition, each halide gave a pink’
dihydrate of composition ColzXz,2H20. The initial solid product was the
blue complex ColeXz [A] ( X = C1, Br ) but, as shown in Fig. 4.21., this
changes after ca. ten minutes to the dihydrate when left in contact with
the reaction solution. After isolation, the pink complexes could be
converted to the green compounds [B] by heating to 80°¢ or by using 2,2-
dimethoxypropane. However, no interconversion of the blue and green forms
could be achieved.

The chloride and bromide complexes of the blue form [A] were found

to have electronic spectra very similar to each other. This showed that
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CoL2Xz [A]
(BLUE)

Reaction soln.

(ea. 10 min)

80°C or 2,2-DMP.
ColzXz ,2H20 ’ S CoLeXz [B]

(P1NK) ~ Moist air. , (GREEN)

Fige. 4.21. A scheme showing the methods employed for the preparation of
the pink and green 2:1 complexes from the initially formed
blue compound.

the bands were due to a common structure with non- or weakly coordinating

halogen atoms. The far i.r. spectra confirmed this proposal as no metal -

halogen stretching bands were observed. A conductivity measurement was

344

taken of the chloride according to recommended procedures and the molar

conductance was found to be 2.8 mS mZ mo1” "

5 10”°M in nitroethane. Although
this figure is much smaller than expected for a 2:1 electrolyte i.e. 16 — 20
mS m2 mol_1, later conductivity measurements showed this value was decrea-.
sing. This implies that the blue compound is in fact ionic but is unstable
in solution giving a fully coordinated complex. The structure of form [A]
is therefore likely to be tetrahedral with both N and S donor atoms chel-
ating. |

The electronic spectra of the pink dihydrates are typical of octahed-
ral complexes. The far i.r. spectra gave no halogen dependent bands but
showed ¥ (M - Hz0) at 395 cm™ ' (C1) and 384 cm™' (Br). The metal - ligand

stretch vibrations ( either Co — N or Co - S ) were found at 229 and 228 cm“1
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for chloride and bromide respectively. From both of these techniques, the
structures of both hydrates appear to be octahedral with no coordinated
halogens. The coordination positions are then made up of two nitrogen and
two sulphur afoms with two water molecules arranged in trans positions.
The green complexes ( form B ) have reflectance spectra closely
resembling those of the parent compounds Co(Pym2SH)2Xe ( X = C1, Br ).
Hence their structures can be assumed to be very similar to the distorted
octahedron shown in Fig. 4.9. Howevér, as the far i.r. spectrum of
Co(4,6Me2Pym2SH)2Clz gave a low v(M - Cl) vibration at 222 cm_1, the

binding of the halogen atoms are probably weaker due to steric hindrance

caused by the methyl groups.

4,6-Dimethyl-2-Pyrimidinone

Two complexes of this ligand were formed with the formula CoL:Xz
(X =¢Cl, Br ). The electronic spectra ( the chloride is shown in Fig.
4.22. ) rather unexpectedly exhibited a certain similarity with the comp-—
ounds Co(PymZSH)gxz. The splitting of the three bands in the 10000 -
6000"c>m"1 region is rather less than in the 2-pyrimidinethione complexes,
but nevertheless, a distorted structure is indicated probably being caused
by a small amount of Co - 02 interaction.

The far i.r. spectra showed metal - halogen stretch bands at 281 and
259 em”! (chloride) and 234 em™ ! (vbromide). These values are considered
to be lower than those found for normal ColzXe tetrahedral complexes,304
but higher than for octahedral. This, therefore, implies that there is
some involvement of the pyrimidine oxygens with the metal.

Because of the evidence of possible 'semi-chelation', it was attem-~
pted to prepare a crystalline sample of the complex Co(4,6MezPym20H)2C1z
for a structural determination. However, although the solid appeared to
be in the form of nice cubic crystals, no diffraction pattern could be

obtained.
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Co(4,6Me,Pym 20H),Cl,

--=== Co(Pym2SH),Cl,

Fige 4.22.

a2

(x103cm_1)

- 00




130

1-Methyl-2-Pyrimidinone

As with the previous ligand, only two cobalt halide complexes were
prepared for comparative purposes. The blue Co(1MePym20)zXz ( X = C1, Br )
compounds gave reflectance spectra typical for teitrahedral stereochem-
istry. No splitting of the ¥z band was observed for either compound
indicating that there is no interaction of the 02 oxygén atoms with cobalt.
The M - X stretching vibrations in the far i.f. spectra confirmed that the

structures are tetrahedral.
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Compound ~(§ - B)[1] v{N - D)[11] I1/11
Py2SH ca. 2885 2210 1.31
Pym2SH ca. 2550 ca. 19802 1.29
Pym20H ca. 2770 2180 1.27
4,6Me2Pym2SH ca. 2920 2240 1430
4,6MezPym20H ca. 2800 2165 1.29
Co(Py25H)2C12 ca. 3020 2295 1.32
Co(Pym2SH)2C12 b b -

Ni (Pym2SH)2Cl2 ca. 2700 2115 1.28

ae. Obscured by ring overtone bands

b. Not observed

Table 4.4+ Selected i.r. data of deuterated ligands and their complexes.
Nujol and hexachlqrobutadiene mulls were used with NaCl plates
Values are in cm . '
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Complex X, Xy & U e T
I3k~ %1078 mo1 " 'x107 1Y)  (B.M.) (x)
FelzClz 41.17 14683 5.25 294.5
PeLzBre 34.95 15636 5.42 295.0
ColzClz 31.33 11325 4.62 296.0
CoLzBre 26.64 12062 4.75 294.5
NilgBre 11.79 5221 3,20 295 .0

a. Pascal's constants from ref. 358

Table 4.5. Magnetic susceptibility data of selected 2-pyrimidinethione
complexes.
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Compound _ Bands
FeloClz 5480, 8200
FeloBrs : . ' 5120, 8770
ColzClz 5530, 6640, 10530,
15630, 17240
CoLzBra 5240, 6150, 11490,
14810, 17180
Co(Pym2s)2 5200 br,w, 10100 br,
18350
NilzClz 8260, 13610, 23530 br >
NilzBre 8260, 13510, 24630 br
Nis (Pym2S)7 I20H, 6Hz 0 9660, 14490, 25000 br 2
Ni(Pym2s)2 8970, 15270 sh, 19840 sh,
22520 sh

a. Tentative assignment only due to interference of ligand band

Table 4.6. Electronic reflectance spectra showing 4 = 4 transizqons of
the 2-pyrimidinethione complexes. Values are in cm .
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Compound 9(Cc = S)! . (N - H) b
Pym2SH 1186 ca. 2550
MnlzClz ' 1199 a
MnLzBrs 1194 a
FelzClz 1198

FelzBreo 1193 a
Col2Cly 1199 a
CoLz Bry 1194

Co(Pym2S)2 1198

NiLzClp 1188 ca. 2700
NilzBrs . 1188 , ca. 2710
Nis (Pym28)+ Iz 0H, 6H20 a

Ni(Pym2s)2 1182

ZnlzClp 1199 a
Zn(Pym?2S)z 1200

CdL,Clz 1197

CdlzBry 1193

Cdlz Iz 1161 ca. 2575

a. Not observed

b. Refer to Table 4.4.

Table 4.7. Selected i.r. data for 2-pyrimidinethione complexes:1
mulls were used with NaCl plates. Values are incm .

Nujol
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Compound Ligand Bands SM - 1) [ (M- X) Unass .
I 11
 Pym2SH 405 | 3535 vw
MnLzClz 398 | 353 mw b 230, 209 160
MnIzBra 397 | 352 w 231 181 sh 166
PelzClz 398 | 354 m 250 sh | 236 sn, 217 166
FelaBrz 398 | 356 w 246 177 sh © 168
ColzClz 403 d 258 243 sh, 232 168
CoLeBrz 401 d 252 188 sh 170
Co(Pym2S)2 392 a 259 230, 202
NilzCle 401 | 365 w 263 215, 204 sh
NiLpBra 400 | 365 w 264 179
Nigs (Pym2S)7 Iz 393 d 287, 271,
OR, 6Hz 0 237 sh, 230
Ni (Pym2S)2 402 | 360 w 256 213
ZnlpClz 403 | 361 w 260 sh | 252,° 238 © | 202, 163
Zn(Pym2S)2 391 d 216
CdlzClz © 397 | 355 m 211
CdLeBre ° 395 | 354 mw
CaLeIz © 405 d 311 240 ©

Raman active

Band obscured

Tentative assigmment

Not observed

Only 450 - 200 em™ !

range

Far i.r. data for 2-pyrimidinethione complexes.
were used with polythene plates.

Véﬁeline mulls
Values are in cm




Compound

Bands

FelClo
ColzClz [A]
Col2Clz [B]
CoLs Clp
ColzBrz [4]

CoLyBrs

Cols Iz
Cols (C10; )2
Co(Pym20)2

NilCl,

NileBre ,2Hz0
Niiqla

Ni (Pym20)2

CulzClz [A]
CulzClz [B]

CulBrs

CulzBr:

Culy (€104 )2 ,EtO0H
Culy (€104 )2, 1-PrOH

cu(1,2MezImid), (C104 )2

ca. 6560, 9520

. 4080, 6900, 16450

5520, 9900, 14930, 18690
5260, 9520, 18690
6250, 7250, 9090, 16130

ca. 4380, 7350, 8930,
10700, 18350

5710, 9660, 18520

ca. 4820, 8770, 18250

ca. 4670, 9302, 18520

soob, 12990, 20410 sh, 22990
7630, 14810, ca. 24300 sh
9050, 15380, ca. 22830 sh
8550, 14930, 25250

ca. 10100 sh, 16390

ca. 10000 sh, 16670

ca. 16950 br
14810
18690
18690

18800
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Table 4.9. Electronic reflectance spectra showing 4 - d trgqsitions of
the 2~-pyrimidinone complexes. Values are in cm



Compound Ligand v(M - L) yM - X) Unass.

Pym20H 403

MnIzClz 404 231 br

MnLzBrs , 2H20 406 w 370,2 249

FelClz 419 250, 204

Colz2Clz [A] 417 241 310, 288

CoLzClz [B] '410 309

Cols C1z 423 w 274 sh, 260 220

ColpBrz [A] 416 254, 238

ColLq Brz 414 273, 260 ‘ 237

Cols Iz 469 274 sh, 258 309, 220

Cols (€104 )2 409 260 220

Co(Pym20)2 b 274 sh, 261 219

NilClz 426 258, 234
211

Nil2Brs , 2H20 423 w 360,% 263 210

Nilg Iz 411 w . 300, 240 sh

Ni(Pym20)2 b ca. 274 dbr

CulzCly [A] 424 W 273, 261 306

Cul2Clz [B] 425 254 299 413, 313,
213

CuLBrs 416 282

CulzBrz 417 280, 254 233

Culyg (C104 )2 ,S 419 281 236

Culy (€104 )2 ,S* 419 279 236

ZnlzClz 412 241 296, 280 sh | 318, 306 sh
218

Znly (NO3 )2 414 240 br

(Continued overleaf )
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Compound Ligand v (M - 1) y(M - X) Unass .
Cd1iCilz 402 w 210 sh
CdlzBrz 407 - 211 sh
CdLlg Iz 406

a. v(M - H20)

b. Not observed

S = EtOH, S' = 1PrOH

Table 4.10. Far i.r. data for 2-pyrimidinone complexes. Vaseliqe mulls

were used with polythene plates.

Values are in cm
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Compound Bands
Co(4,6MezPym2SH)2C12 [A] 5000, 9760, 15380 sh, 16670
co(4,6MezPym2SH)2Clz [B] 5040, 9300, 15380, 16390
Co(4,6MezPym2SH)2C1z 4 2H20 5970, 7870, 20620
co(4,6MezPym2SH)2Brz [A] 5050, 9710, 16130
Co(4,6MezPym25H)2Bre [B) 6250, 9520, 16670 br
Co(4,6MezPym2SH)2Brz 4 2H20 5880, 7970, 20620
Co(4,6MezPym20H)2C12 6230 sh, 6900, 9620, 17180
Co(4,6MezPym20H )2 Brz 4930 sh, 6250 sh, 6920,
9090 sh, 16670
Co(1MePym20)2Clz 4850 sh, 6450, 16670
Co(1MePym20 )2Brz 4870 sh, 6990, 16130

Table 4.11. Electronic reflectance spectra showing d - d transitions of
the methyl derivative complexes o£12—pyrimidinethione and
2-pyrimidinone. Values are in cm . '
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b.

Table 4.12.
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Compound Ligand ~S(M - L) Y(M - X) | Unass.
I I
4,6Mez Pym2SH 285 | 268
CoLzClz [A] 294 | 270 314, 246 211
ColzClz [B] 290 | 271 304 sh 222
CoLzClz ,2Hz 0 296 | 276 | 3295,2 229
CoLzBrz [A] 291 | 271 316, 251 212
ColezBrz [B] 287 | 271 303, 225
CoLzBrs ,2Hz 0 294 | 277 | 384,2 228
4,6Me2 Pym20H 364 | 283
ColzClz 353 | 300 281, 259
CoLzBrs 352 | 300 267 234
1MePym20 356 | 262
Col2C1: 352 | 264 247 330, 300
CoLgBrs 351 b b 264, 243
V(M - HQO)
Obscured

Far i.r. data for complexes of the methyl derivatives of

2-pyrimidinethione and 2-pyrimidinone. Vaseliqe mulls were
Values are in cm .

used with polythene plates.
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CHAPTER 5

EXPERTMENTAL

51« General

Analyses were carried out by the Microanalytical Laboratory,
Imperial College, except where platimum or confirmatory determinations
were needed. The Pregl method was used for carbon and hydrogen analyses
for compounds discussed in Chapters 2 andFB because of the better
combustion as compared with other methods. Normal titrimetric and
gravimetric techniques were employed for other elements;

I.r. spectra were recorded on the following spectrophotometers, a
Perkin-Elmer 257 (4000-625 cm™'), a Perkin-Elmer 457 (4000-250 cm™ '), a
Perkin-Elmer 325 (4000-200 cm-1) and a Beckman FS 720 Fourier spectro=-
photometer (400-40 cm-1).

Diffuse reflectance spectra were measured in the region 26000-4000 cm“1
von a Beckman DK2 spectrometer and a Cary 14 spectrometer using a Cary
Model 1411 diffuse reflectance accessory.

Magnetic moments were measured on solid samples at room temperature
using the Evans modification ?45’346 of the Gouy~-Rankine balance. The
balance was calibrated with cobalt mercury thiocyanate.

Measurements of pH were taken using a Pye Unicam Model 292 pH meter
with a Russell CT 72 electrode, and X-ray powder photographs were

obtained on a Guinier Nonius Mark II camera.

5 «2e Ligands

The nucleotides 5'-AMP (BDH), 5'-CMP and 5'-UMP (Koch-Light),
51-GMP (Aldrich) and 5'-IMP (Sigma) were purchased as their sodium salt;

and with cytidine (Sigma), guanosine (BDH), thymidine (Cambrian), uridine
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(sigma), cytosine (Sigma), thymine (BDH) and uracil (BDH), were used
without further purification. 2~Pyridinethione and 2-pyrimidinethione
{Aldrich) were also purchased, and the latter was purified by recrystall-
isation from a 1:1 ethanol-water mixture (12 55 cm-3).

Most of the other ligands were prepared according to known methods,
i.e. 9—methyladenine,347 9—methy1hypoxanthine;548 2—pyrimidinone,349’350
1-methyl=-2-pyrimi d,inc»ne351 and 1,4,6-trimethyl-2-pyrimidinone ,5 52 but
4,6-dimethyl-2-pyrimidinethione and its oxygen analogue were synthesised

as follows:-

4,6-Dimethyl-2-Pyrimidinethione

Concentrated hydrochloric acid (25 cm3) was added to a warm
suspension of finely powdered thiourea (7.60g, 0.1 mol) in 2,4-pentanedione
(12.0g, 0.12 mol) and ethanol (250 cm3), and the mixture boiled under
reflux for 2 hours. After cooling, the yellow needles (14.0g, 80%) of
4,6~dimethyl-2-pyrimidinethione hydrochloride were collected. To the
mother = liquor were added more powdered thioure; (7.60g), 2,4~pentanedione
(11.00g), ethanol (10 cm5), and concentrated hydrochlori§ acid (15 cm3),
and the mixture was boiled as before. Cooling and filtration then gave
the hydrochloride (16.00g, 90%). After two such preparations, making use
of the original mother - liquer, the final solution was discarded.

The combined yield of hydrochloride (46.10g, total - 87%) was
dissolved in water (200 cma), neutralised with NaOH solution and
evaporated to dryness on a water bath. The residue was then powdered
and the 4,6~dimethyl-2-pyrimidinethione extracted with ethanol, from
vhich it was later recrystallised, to give the pure compound

(26.10g, 62%; M.P. = 208-210°C, LitM.P. = 209-210°¢777),
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4,6-Dimethyl-2-Pyrimidinone

The hydrochloride of this compound was prepared in a similar
manner to 4,6-dimethyl-2-pyrimidinethione using urea and 2,4-pentanedione.

The cdmbined yield of hydrochloride (39.47g, 82%) was dissolved in
the minimum of cold water, neutralised with NaOH solution and evaporated
to one third of its volume on a water bath. The solution was cooled
overnight to give colourless crystals of the 4,6-dimethyl-2-pyrimidinone
dihydrate. This was recrystallised from water and the anhydrous ligand
then prepared by heating in vacuo at 80°C. (17.80g, 48%; M.P.201-202°C.,

354
Lit.M.P.201-202°C. )

5¢3. Complexes of Chapier 2

For the syntheses of these compounds, the pH values refer to those
preparations that gave either crystals for X-ray examination or
precipitates for comparison analyses. The pH ranges in which experiments
were conducted are also given. The compounds with.platinum, involving
the pyrimidine rnucleotides 5'-CMP and 5'-UMP (the platinum blues), are
reported in the experimental section of Chapter 3.

In all cases the solids were filtered under vacuum, washed with

a little ice-cold water and air-dried.

5¢3¢1+ Cytidine 5'-lMonophosphate

A. Cadmium

pH Range 3.91 - 6.65

[ ca(s'-cMp) (H20) 1,H20

A solution of 5'-CMPNagz (0.183g, 0.5 mmol) in water (12.5 cm3) was

added, with stirring, to one of Cd(NO3)gAH20 (0.154g, 0.5 mmol) in water
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(7.5 cma). The white gelatinous precipitate that immediately formed
was redissolved with a few drops of nitric acid (2M) and the resultant
clear solution (pH 4.71) heated at 60°C for 15 minutes. When cool, this

gsolution was filtered (pH 4.64), and gave colourless crystals after one

week at room temperature.

[ ca(s5'-cMp) (H20) ],H20 requires C, 23.01% H, 3.43%
found Cy, 23.32% H, 3.52%

This is the normal procedure used to obtain crystals and so for

future preparations is referred to as Method I.

cd(5'-cMP),5H20

This compound was prepared as for [ Cd(5'-CMP)(H20) ],H20 except that
the white precipitate (formed by mixingvthe solutions - resultant

solution pH 6.65) was filtered, washed with cold water and air dried.

ca(s'-CMP),5H20 requires C, 20.64% H, 4.24%
found C, 20.54% H, 4.25%

The synthesis involving the formation of solids in this way is

termed Method II.

B. Zinc

pH Range 3%.50 = 5.70

Zn(5'-CMP) , 4H20

As for Method II using §'-CMPNaz {0.183g, 0.5 mmol) and Zn(N03):,

4520 (0.13%0g, 0.5 mmol). The white precipitate that formed at pH 5.70

was isolated as before.
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7n(5'-CMP) ,4H20 requires C, 23.57% H, 4.40%
found C, 23.46% H, 4.44%

5¢3+2+ Guanosine 5'-Monophosphate

A. Cadmium

pH Range 3.41 - 5.62

[ ca(s'-cMe)(H20)s ],3H20

As for Method I using 5'-GMPNag ,0.5H20 (0.208g, 0.5 mmol) and
€a(N0; )2 ,4H20 (0.154g, 0.5 mmol) giving a final solution of pH 3.41.

After 2 days, small feathery crystal clusters had formed.

[ ca(s'-oMP) (H20)s ],3H20 requires C, 19.44% H, 4.57%
' found  C, 19.45% H, 4.60%

ca(5'-GMP) , 6H20

This was prepared according to Method II using 5'-GMPNaz ,0.5H20
(0.208g, 0.5 mmol) and Cd(NO3)z,4Hz0 (0.154g, 0.5 mmol). The white

precipitate that formed at pH 5.62 was isolated as before.

ca(5'-GMP),6H20 requires C, 20.65% H, 4.16%
found c, 20.7% H, 3.99%

B. Platinum(IT)

PH Range 2.48 - 6.95

To synthesise complexes involving platimm(II) it was first

necessary to prepare a stock solution of the compound cis—[ Pt(NH3 )2~

(820)2 J(¥O03)2 355,

A solution of K PtCl, (4.151g, 10 mmol) in water (30 cm3) was added
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to a solution of KI (6.40g, 40 mmol) in water (20 cms) and stirred at
room temperature for 3 minutes. A slight excess of ammonia solution (5M)
was added dropwise, with stirring, to produce an immediate deep yellow
precipitate. After 10 minutes the cis-Pt(NH;)2Iz was filtered, washed
copiously with water and dried in vacuo over P20s5. (Yield 4.590g, 95%).

A mixture of cis-Pt(NH;)2I» (2.415g, 5 mmol) and AgNO; (1.699g, 10 mmol)
in water (40 cms) were stirred overnight and the silver iodide precipitate
was filtered off and the filtrate collected. A very small amount of this
liquid was tested for silver ions with dilute hydrochloric acid (0.1 M).
If the test was negative, the volume of the filtrate was made up to
100 cm’ producing a solution of cis-[ Pt(NH3)a(HzO)z J(N03 )2 (0.05 M).

3

For each experiment, 5 cm” aliquots of this were used (ca. 0.097g, 0.25 mmol).

cis-[ Pt(NH;)2(5'-GMP)2E> ],5H20

A solution of cis-[ Pt(NH3)2(H20)2 J(NO3)2 (5 em - 0.097g, 0.25 mmol)
was added, with stirring, to one of 5'-GMPNaz.0.5H20 (0.208g, 0.5 mmol)
in water (10 cm3). To the resulting colourless solution (pH 6.50) was
added dropwise dilute HNO; (2M) to produce a solution of pH 2.48. After

one hour small colourless clusters of crystals had formed.

cis-[ Pt(NH; )2 (5'-GMP)2He ],5H20 requires C, 23.02% H, 4.06%
found C, 23.07% H, 4.07%

C. Zinc

pH Range 3.04 - 5.08

Zn (5 '-GMP )nH2 0

As for Method II using 5'~-GMPNagp,0.5H20 (O.208g, 0.5 mmol) and

Zn(N03 )2 ,4H20 (0.131g, 0.5 mmol). A white gelatinous precipitate was

formed at pH 5.08.
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Zn(5'-CMP) ,nHz20 n

n

5 requires C, 23.25% H, 4.29%
4.5 requires C, 23.66% H, 4.17%
found Cy 23.57% H, 4.58%

S5+3+3. Inosine 5'-Monophosphate

Ao Cadmium

pH Range 220 ~ 6080

[ ca(5-1P) (H20)s ],2.5H20

A solution of 5'~IMPNaz (0.205g, 0.5 mmol) in water (12.5 cm3) was
added, with stirring, to one of Cd(N03)z2,4H20 (0.154g, 0.5 mmol) in water
(7.5 cm3) to produce a white gelatinous precipitate at pH 5.90. The
mixture was then stirred and heated at 60°C for 15 mimutes and cooled
(pH 5.85). On standing at room temperature overnight, large white

crystal clusters had formed from the precipitate.

[ ca(5'-1P) (H20)s ],2.5H20 requires C, 20.23% H, 4.41%
found C, 20.28% H, 4.41%

[ ca(s5t-1MP)(H20)s ],H20

This was prepared in the same manner as the previous compound except
that the initial white precipitate was redissolved with a few drops of
HNO3 (2M) before heating, to produce a solution at pH 4.52. The cooled
gsolution (pH 4.51) then gave on leaving for some hours, small colourless

prisms.

[ ca(5'-mP) (B20)s ],H,0 requires €, 21.20% H,4.09%
found Cy, 21.17% H, 4.10%
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[ cdz(5'-1MP)3Hz (H20)s ],6H20

Further addition of HENO; (2M) to the final solution of the above
preparations gave a solution of pH 3.88. On leaving for 3 weeks at

room temperature this solution yielded colourless crystal clusters.

[ cdz(5'-TMP)3He (B20)s ],6H20 requires C, 24.30% H, 4.01%
found C, 24.34% H, 3.97%

B. Platinum(IT)

pH Range 5.10 = 6.90

cis-[ Pt(NH3)2 (5'-IMP)# 1=

A solution of cis-[ Pt(NHz )z (H20)2 J(N03)z (5 em’ - 0.097g, 0.25 mmol)
was added, with stirring, to one of 5'=IMPNaz (0.205g 0.5 mmol) in water
(10 cm3) to form a colourless solution at pH 6.85. After ten days,

colourlegs prisms were formed.

Microanalytical results are consistent with the compound being
non-stoichiometric and of formula Nag-zx[ {Pt(NH3)z2) (5'-IMP)2 ],nHz0

vwhere x = 0.56 and n = 16.

required C, 20.48% H, 4.93% N, 10.89% Na, 5.45% Pt, 9.31%
found Cy, 20.20% H, 4.57% N, 11.24% Na, 5.75% Pt, 9.25%

5+3+4. Uridine 5'-Monophosphate

Ae Cadmium

pH Range 3.90 - 6.80

ca (s '~UMP)nHz0

This compound was prepared as for Method I using 5'-UMPNaz



{0.184g, 0.5 mmol) and CA(NO3 )z ,4H20 (0.154g, 0.5 mmol) except that no
precipitate came down on mixing the solutions. The final solution
(pH 6.80) was left for 2 weeks at room temperature whereupon large

fibrous crystals had formed.

6 reduires C, 19.92% H, 4.27%
6.5 requires C, 19.60% H, 4.39%
found C, 19.68% H, 4.29%

Ccd(5'-UMP)nH20 n

n

B. Zinc

 pH Range 2.28 — 6.60

Zn(5'-UMP ) 2H> 0

A solution of 5'-UMPNap (0.184g, 0.5 mmol) in water (12.5 cm3) was
added, with stirring, to one of Zn(NO3);+4H,0 (0.131g, 0.5 mmol) in
water (7.5 cma). To the resulting colourless solution (pH 6.40) was
added a few drops of HNOj (2M) to produce a solution of pH 5.69. This

solution was heated at 60°C for 20 minutes and when cool, the white
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flocculent precipitate that had come down was filtered off. The filtrate

(pH 5.60) was allowed to evaporate at room temperature and after 1 week

small white needles had formedo

Zn(5'-UMP)2Hz0 requires C, 25.52% H, 3.57%
found  C, 25.55% H, 3.5%

Preparations using $'-AMP and platinum(II) were also carried out

but no crystals could be made. At pH's 2.20 - 6.80, glasses were formed

on evaporation of the reaction mixture.



150

Se4+ Complexes of Chapter 3

5e4e1s 9=Methylhypoxanthine

Pt(MeHyp)2 ,0.5DMA

K2PtCly (0.133g, 0.33 mmol) and 9;methy1hypoxanthine (0.100g, 0.66 mmol)
were heated under reflux for 30 min. in N,N-dimethylacetamide (4 cm3).
The yellow solution was filtered into a 10 cm3 beaker which was placed
in a desiccator containing 1-propanole. After 4 days a cream-yellow solid
wag filtered off, washed with 1-propanol and ether and dried in vacuo over

Pz 05 °

Pt(9MeHyp)z ,0.5IMA requires C, 31.32% . H, 2.72% N, 22.17%
found Cy, 31.61% H, 2.88% N, 22.31%

cis-P+(9MeHyp)2Clz

A solution of K2PtCl; (0.083g, 0.2 mmol) and 9-methylhypoxanthine
(0.060g, 0.4 mmol) in water (10 cm3) was left for 24 hours after which time
a yellow so0lid had come down. The precipitate was filtered, washed with

a small amount of water and dried in vacuo over P20s.

Pt(MeByP)2Cle 1o vives C, 25.45% H, 2.14% N, 19.79%
found C, 25.2%3% H, 2.37% N, 19.6%%
P+ (9MeHyp) (9MeHyp)C1

This compound was prepared by heating under reflux Pt(9MeHyp)aClz
(0.050g) in 2,6-dimethylpyridine for 1 hour. The resulting yellow solid

was then filtered, washed with ether and dried as above.

Pt(9MeHyp) (MeHyp)C1 requires €, 27.20% H, 2.09% N, 21.15%
found C, 26.9% H, 2.32% N, 20.91%
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Cu(9MeHyp)q (€104 )2

A solution of 9-methylhypoxanthine (0.150g, 1 mmol) in water (3 cm3)
was added to a warm soiutioh of Cu(C10, )z,6H20 (0.124g, 0.33 mmol)
in water (4 cmB). The resulting blue solution was allowed to evaporate at
room temperature and after 5 days dark dlue cubic crystals were formed.

These were filtered, washed with a small amount of ethanol and air driede.

Cu(9MeHyp)a (C104 )2 Tequires C, 34.0% H, 2.866% N, 26.46%
found C, 33.90% H, 3.10% N, 26.3%%

5e4e2+s The Platimum Blues

For cis—platinum(II) compounds, the preparation of the initial
solutions, containing the various pyrimidines, was essentially the same.
Where possible, two experiments were carried out on each compound: i.e.

one in acid (pH 4.00) and the other in alkaline media (pH 8.50) -

General Procedure

To a solution of pyrimidine (0.5 mmol) in water (5 émB) was
added, with stirring, a solution of cis-[ Pt(NH3 )z (Hz0)2 ](NO3)2
(10 cm3, 0.5 mmol) (see Section 5.3.2.) and the pH of the resulting
solution was adjusted as required, filtered, and the filtrate left to
evaporate at room temperature. When the volume ﬁad become ca. 3 cm3 the
colour was noted ( Table 3.1 and 3.2 ) and those complexes of the
naturally occurring bases were precipitated by the addition of ethanol
(10 cm3), methanol in the case of the nucleotides, with stirring. These
very hygroscopic compounds were then separated by centrifuging. They
wvere washed twice with ethanol (or methanol), transferred in a slurry
to a petri dish, and finally dried in vacuo over Pz05. The colours of

the solids are given in Table 3.3,



The Pregl method was used for the analysis of C and H and the brown-
ring and diphenylamine tests were employed for the detection of the

nitrate -ion.

As a cémparison, experiments using trans-[ Pt(NH;)2 (H20)2 ](NO3)2
with 5'-CMPNaz and 5'-UMPNaz and [ Pten(H,0)z ](NO3), with acetamide,
5'-CMPNaz and 5'-UMPNaz were carried oute. These platimum(II) starting
solutions were prepared in the same manner as the cis compound from the

complexes trans-Pt(NH;)2Clz and Ptenlz.

Analytical Results

The analyses, ( Table 5.1 ) were variable. This may be due to the
products being mixtures. However, from the C and H analyses and nitrate
ion tests, it was possible to deduce some sort of stoichiometric formulae

for each compound.
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Pyrimidine Nitrate Complex (ex. pH4.00)
51-CMP - [ Pt(mH3)2(5'-CMP) J,4H20
C, 17.37%(17.34%) H, 4.21%(3.94%)
5 '-UMP - [ Pt3 (MH3)s (5'-UMP!):2 ]
C, 16.62%4(16.66%) H, 2.95%(3.03%)
Cytidine. + [ Ptv(NH_g )2(C') ]NO3,H20
| C, 19.97%6(20.32%) H, 3.72%(3.75%)
Thymidine + [ Pt(m;3 )2 (T) J(NO3)2
€, 20.21%(20.16%) H, 3.22%(3.46%)
- Uridine + [ pt(nH3)2(U') INO3
C, 20.2%6(20.29%) H, 3.21%(3.29%)
Cytosine + [ Pt(¥H;)2(Cyt') ]NOs,H20
C, 11.46%(11.368%) H, 2.89%(2.75%)
Thymine + a
Uracil + [ Pt(NH;)2 (Ura') NO;
C, 11.94%(12.00%) H, 2.26%(2.41%)

a« Too hygroscopic for analysis

( ') Deprotonated ligand (e.g. (5'-UMP') = 5'-UMP3' )

Analysis figures in brackets represent those found

Table S.1. Analytical data for the isolated platinum - pyrimidine blue

complexes from solutions at pH 4.00.
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5¢5« Complexes of Chapter 4

In all preparations, dried and de-oxygenated solvents were used
and the complexes were filtered under nitrogen. Because of the slight
solubility of the ligand, only solution/éuspensions could be used in the

syntheses of the 2-pyrimidinethione complexes.

5¢5+1¢ 2=-Pyrimidinethione

Mn(Pym2SH)2X2 X = Cl, Br.

. A warm solution of MnXz,4H20 (2 mmol) in ethanol (10 cm3) was
added, with stirring, to a hot solution/buspension of ligand (0.393g,
3.2 mmol) in ethanol (10 cmB). After heating and stirring for 1% mins.,
the deep-yellow crystalline solids precipitated. These were filtered
from the hot solution, washed with ethanol and diethyl ether and dried in

vacuo over P205 e

Mn(Pym2SH)2C1lz requires C, 27.44% H, 2.304 N, 16.00%
found C, 27.63%6 H, 2.37% N, 16.14%

Mn(Pym2SH)2Brz requires C, 21.868% H, 1.84% N, 12.76%
found C, 21.9% H, 1.966 N, 12.86%

Fe (Pym2SH): Cl2

FeCly ,4H20 (0.598g, 2 mmol) was dissolved under nitrogen in a
mixture of ethanol (25 cm5) and 2,2-dimethoxypropane (8 cm3) which had
been degassed with nitrogen. Iron wire (ca. 1.5g) was added, with
conc. HC1 (0.2 cm3), to provide a reducing system. The flask was sealed
and shaken periodically until the solution was colourless. This was
then filtered under nitrogen directly into a warm solution/suspension of
o-pyrimidinethione (0.393g, 3.5 mmol) in ethanol (15 cma). The mixture

was heated and stirred for 10 mins. whereupon a dark brown, érystalline



precipitate formed. This was filtered off,

and dried in vacuo over Pz0s5.

Fe(Pym2SH)2C12 requires C, 27.35% H,
‘ found C, 27.39% H,

Fe (Pym2SH)2Bre

This dark brown, crystalline solid was

aqueous hydrobromic acid.

Fe(Pym2SH)2Brz requires C, 21.84% H,
found Cy, 21.97% H,

Co(Pym2SH)2X2 X = C1, Br
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washed with ethanol and ether

2.30% N, 15.96%
2.55% N, 15.82%

prepared as above using 40%

1.8% N, 12.73%
1.81% N, 12.78%

These dark green crystalline solids were prepared in a similar

manner to the manganese complexes.

Co(Pym2SH)2Clz requires C, 27.11% H,
found €, 27.11% H,

Co(Pym2SH)2Br:z requires G, 21.69%% H,
found Cy, 21.96% H,

Co(Pym2S)2

The inner complex was made by adding a

(0.249g, 1 mmol) or Co(NO3)z6Hz0 (0.291g, 1

2.28% N, 15.83%
2.31% N, 15.81%

1.82%6 N, 12.65%
1.72% N, 12,768%

solution of Co(CH,C00)z,4Ha0

mmol) in ethanol (10 cm3) to

a hot solution/éuspension of 2-pyrimidinethione (0.168g, 1.5 mmol) in ethanol

(10 cm3) and heating, with stirring, for 30
precipitated was filtered, washed copiously

dried in vacuo over Pz0g .

mins. The red powder which

with ethanol and ether and



Co(Pym2S)z requires C, 34.17% H, 2.15% N, 19.92%
found C, 34.01% H, 2.27% N, 19.65%

Ni(Pym2SH)2X2 X = Cl, Br

The yellow-green chloride and the deep yellow bromide complexes
were prepared as for the manganese compounds. These solids were not

crystalline.

Ni(Pym2SH)2Clz requires C, 27.15% H, 2.28% N, 15.8%%
found Cy, 27.46% H, 2.65%6 N, 15.75%

Ni(Pym2SH)2Bre requires C, 21.70% H, 1.82%6 N, 12.65%
found Cy, 22.12% H, 2.24% N, 12.89%

Ni(Pym2S)2

This yellow-green compound was formed from Ni(CH3CO00):,4H20 as

for the cobalt inner complex.

Ni(Pym2S)z requires C, 34.20% H, 2.15% N, 19.94%
found C, 34.35% H, 2.10% N, 20.17%

'Nis (Pym2s )~ T2 (OH), 6H20"

A nickel iodide solution, made metathetically from NiClz,6Hz20
(0.47g, 2 mmol) in ethanol (1Ocm3) and NaI (0.600g, 4 mmol) in ethanol
(10 cm3), was added to a solution/éuspension of 2-pyrimidinethione
(0.449g, 4 mmol) in ethanol (15 cm3). The mixture was heated under
reflux, with stirring, for 2 hours during which a rust-coloured precipitate
formed; The solid was filtered firom the hot solution, washed with
ethanol and ether, and dried in vacuo over P20s .
This preparation was carried out 3 times and reproducible analytical

results were obtained, e.g.:=~
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Nis (Pym2S )y Iz (OH),6Hz0 requires C, 23.19% H, 2.36% N, 13.52%
Ni, 20.24% I, 17.50%

found C, 23.12% H, 1.82: N, 13.31%
Ni, 20.34% I, 17.48%

Zn(Pym2SH)2C12

This was made by the same method as Mn(Pym2SH)a Clz, except that
1 drop of conc. HCl was added to prevent partial hydrolysis. A lemon-

yellow crystalline precipitate was formed.

Zn(Pym2SH)2C1lz requires C, 26.45% H, 2.24% N, 15.54%
found C, 26.6756 H, 2.18% N, 15.87%

Zn(Pym2s)2

This lemon-yellow powder was made in a similar way to that of

Co(Pym2S)2 .

Zn(Pym2S)z requires C, 33.40% H, 2.10% N, 19.48%
found Cy, 33.68% H, 2.01% N, 19.71%

Ca(Pym2SH)2X2 X = C1, Br, I

These compounds were prepared in the same manner as for Zn(Pym2SH)2Clz
producing lemon-yellow micro-crystalline solids for the chloride and

bromide, and a cream crystalline solid for the iodide.

ca(Pym2SH)2C1lz requires C, 23.57% H, 1.98% N, 13.75%
found C, 23.6%% H, 2.03% N, 13.8%%

Cca(Pym2SH)2Bre requires C, 19.35% H, 1.62% N, 11.28%
found Cy 19.425 H, 1.61% N, 11.26%
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Cd(Pym2SH)2Iz requires C, 16.27% H, 1.3 N, 9.4%
found Cy 16.22% H, 1.36%6 N, 9.55%

5 . 5 «2e 2—Pyrimidinone

Mn(Pym20H)2C1p

A warﬁ solution of MnClp,4H20 (0.396g, 2 mmol) in ethanol (10 cmB)
was added dropwise, with stirring, to a warm solution of Z2-pyrimidinone
(0.384g, 4 mmol) in ethanol (10 cma). After heating and stirring for 10
mins. the white solid that had deposited was filtered from the hot solution,

washed with ethanol and ether, and dried in vacuo over P20s.

Mn(Pym20H)2Clz requires C, 30.21% H, 2.54% N, 17.62%
found c, 30.1% H, 3.10% N, 18.21%

Mn(Pym20H)2Brz , 2H20

This was prepared from 1-propanol in the same way as Mn(Pym20H)2C1z2
except that the solid came down as pink crystals after 3 days at 0°c. The
complex was washed only with 1-propanol and dried for a short time in vacuo

over silica gel.

Mn(Pym20H)2Brz ,2H20 requires C, 21.69% H, 2.7% N, 12.65%
found Cy 21.5%% H, 2.39% N, 12.8%

Fe(Pym20H)Clz

A solution of ferrous chloride in 1-propanol (see Fe(Pym2SH)2Clz) was
filtered under nitrogen directly into a warm solution of 2-pyrimidinone
(0.192g, 2 mmol) in 1-propanol (10 cmB). On heating and stirring for 5
minutes a deep orange solid was produced which was filtered and.washed as

before.
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Fe(Pym20H)Clz requires C, 21.56% H, 1.81% N, 12.57%
found C, 21.66%6 H, 2.08% N, 12.62%

Co(Pym20H)2X2 X = Cl, Br [A]

A solution of 2-pyrimidinone (0.384g, 4 mmol) in 1-propanol (10 cmB)
was added quickly, with stirring, to a solution of anhydrous cobalt halide
(2 mmol) in 1-propanol (10 cm>). The royal-blue solid that formed almost

immediately, was filtered and washed as before.

Co(Pym20H)2Clz requires C, 29.84% H, 2.50% N, 17.40%
found C, 30.04% H, 2.736 W, 17.52%

Co(Pym20H)2Br2 requires C, 23.268% H, 1.96% N, 13.63%
found Cy, 23.5%6 H, 2.24% N, 13.71%

Co(Pym20H)2C12 [B]

A solution of 2-pyrimidinone (0.384g, 4 mmol) in ethanol (10 cm3)
was slowly added dropwise, with stirring, to a warm solution of CoCls ,6H20
(0.476g, 2 mmol) in ethanol (15 cmB). After heating and stirring for 15
mins. the solution was allowed to stand for 2 hours at room temperature.
The purple solid that precipitated, was filtered, washed with ethanol and

dried in vacuo over Pz0s5.

Co(Pym20H)2Cl2 requires C, 29.84% H, 2.50% N, 17.40%
found C, 30.0%3% H, 2.55% N, 17.64%

Co(Pym20H)4 C12

A solution of CoClz,6Hz0 (0.238g, 1 mmol) in ethanol (10 cm>) was
added dropwise, with stirring, to a warm solution of 2-pyrimidinone (0.384g,
4 mmol) in ethanol (15 cm3). The solution mixture was heated under reflux
for 30 mins. during which a red solid formed. This was filtered from the

hot solution and washed as bvefore.
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Co(Pym20H)4Clz requires C, 37.37% H, 3.14% N, 21.7%
found C, 37.26% H, 3.28% N, 21.6%b

| Co(Pym20H)4 Bre

A hot éolution of CoBrs,6H20 (0.327g, 1 mmol) in ethanol was added,
with stirring, to a hot solution of 2-pyrimidinone (0.384g, 4 mmol) in
ethanol (35 cm3). After 10 mins. the solution was cooled quickiy to room
temperature and the purple solid which precipitated ( probably the B-form
of Co(Pym20H)2Brz ) was filtered off. After leaving the filtrate to evap-
orate slowly overnight,inice deep red crystals were formed. These were

washéd with ethanol and ether and dried in vacuo over Pz20g .

Co(Pym20H)4Brz requires C, 31.86% H, 2.67% N, 18.58%
found C, 32.00% H, 2.666 N, 18.78%

Co(Pym20H)s Iz

A cobalt iodide solution, made metathetically from CoClz,6H20 (0.238g,
1 mmol) in ethanol (5 cm3) and NaI (0.300g, 2 mmol) in ethanol (5 cms), was
added, with stirring, to a hot solution of 2—pyrimidinone-(0.480g, 5 mmol)
in ethanol (10 cm3).' The dark red complex that immediately precipitated

was iscolated as before.

Co(Pym20H)s Iz requires C, 30.29% H, 2.54% N, 17.66% I, 32.00%
found C, 29.71% H, 2.26%6 N, 17.47% I, 31.82%

Co(Pym20H)s (€104 )2

A solution of Co(C10s)z,6H20 (0.366g, 1 mmol) in ethanol (15 cm’) was
added to a warm solution of 2-pyrimidinone (0.480g, 5 mmol) in ethanol

(10 cm3) to form an immediate pink precipitate.

Co(Pym20H)5 (€101 )2 requires C, 32.54% H, 2.73% N, 18.97%
found C, 32.60% H, 3.12% N, 19.08%
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Co(Pym20)2

This pink inner complex was prepared from Co(CH3C00)2,4H20 and

2-pyrimidinone in the same way as Co(Pym2S)z.

Co(Pym20)z requires C, 38.568% H, 2.43 N, 22.4%
found C, 38.6%% H, 2.65% N, 22.67%

Ni (Pym20H)C1;

This light yellow complex was made in an analagous manner to that of

Mn(PymZOH)gclz except that a 1:1 metal to ligand ratio was used.

Ni(Pym20H)Clz requires C, 21.29% H, 1.79% N, 12.41%
found C, 21.34% H, 1.86% N, 12.53%

Ni(Pym20H)2Brz ,2Ho0

This emerald green compound was prepared from nickel bromide (O.436g,
2 mmol) and 2-pyrimidinone (0.384g, 4 mmol) in the same way as for

Mn(Pym20H )2Br2 ,2H20, but in 1-butanol.

Ni(Pym20H)2Brz ,2H20 requires C, 21.51% H, 2.71% N, 12.54%
found C, 21.726 H, 2.826 N, 12.6%%

Ni(Pym20H), Iz

A nickel iodide solution, made metathetically from NiClz,6Hz0 (0.238g,
1 mmol) in 1-propanol (5 cm5) and NaI (0.300g, 2 mmol) in J1-propanol (5 cm3),
vas added to 2-pyrimidinone (0.384g, 4 mmol) in 1-propanol (10 cm3). The
solution was heated and stirred for 5 mins. and then evaporated to half

volume on a water bath. After leaving for 24 hours at 0°C, a yellow-green

solid was formed.
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Ni(Pym20H)4I2 requires C, 27.58% H, 2.31% N, 16.08%
found  C, 27.35% H, 2.54% N, 15.7%

Ni(Pym20)2

The preparation of this pale green inner complex was similar to that
of Co(Pym20)z using Ni(CH3C00)2,4H20 (0.498g, 2 mmol) and 2-pyrimidinone

(0.384g, 4 mmol).

Ni(Pym20)2 requires C, 38.61% H, 2.43% N, 22.51%
found C, 38.726 H, 2.68% N, 22.64%

Cu(Pym20H)2C1l> [4]

A solution of 2-pyrimidinone (0.192g, 2 mmol) in ethanol (10 cm§) was
added, with stirring, to a hot solution of CuCl:,2Hz20 (0.241g, 2 mmol) in
ethanol (10 cm3) to form an immediate green solid. After heating and
stirring for 10 mins., the green solid redissolved and in its place a blue
precipitate formed. On further heating no change occurred and therefore

this solid was isolated in the usual way.

Cu(Pym20H)2C1lz requires C, 29.42% H, 2.47% N, 17.15%
found C, 29.60% H, 2.56% N, 17.2%

Cu(Pym20H)2C1lz  [B]

A solution of CuClz,2H:0 (0.341g, 2 mmol) in ethanol (10 oms) was
added in the usual manner to a warm solution of 2-pyrimidinone (0.384g,
4 mmol) in ethanol (10 cm3) to produce an immediate light green precip-
itate. This precipitate redissolved on further heating and stirring to

form a deep turquoise solid.

Cu(Pym20H)2Clz requires C, 29.42% H, 2.47% N, 17.15%
found C, 29.65% H, 2.3% N, 17.30%
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Cu(Pym20H)Br:

This dark grey complex was prepared as for the blue form [A] of

Cu(Pym20H)2C1lz using a 1:1.5 ligand to CuBrz mole ratio.

Cu(Pym20H)Brz requires C, 15.04% H, 1.26%6 N, 8.77% '
found C, 14.87% H, 1.43t N, 8.65%

Cu(Pym20H )2 Bre

Preparation of this dark green complex was carried out in an anal-

agous manner to that of the turquoise form [B] of Cu(Pym20H)z2Cl:.

Cu(Pym20H)2Brz requires C, 23.12%6 H, 1.94% N, 13.48%
found C, 23.01% H, 1.94% N, 13.36%

Cu(Pym20H ), (€104 )2,S S = EtOH, 1-PrOH

These purple complexes were prepared by the slow addition of a
solution of Cu(ClO4)z,6H20 (0.371g, 1 mmol) in ethanol or 1-propanol (10 cmB)
to a solution of 2-pyrimidinone (0.384g, 4 mmol) in ethanol or 1-propanol

(10 cm3) and heating with stirring for 10 mins.

Cu(Pym20H)4 (C104 )2 ,Et0H requires C, 31.20% H, 3.20% N, 16.17%
found Cy 31.2606 H, 3.35% N, 16.20%

Cu(Pym20H)s (C10 )z, 1-PrOH requires C, 32.28% H, 3.42% N, 15.85%
found C, 32.02% H, 3.20% N, 15.82%

Zn(Pym20H)2Xs X = Cl, Br

To the solution of 2-pyrimidinone (0.384g, 4 mmol) in ethanol (10 cmB)
was added, with stirring, a solution of zinc halide (2 mmol) in ethanol
(10 cm3) plus 1 drop of the corresponding concentrated acid to prevent

partial hydrolysis. After heating and stirring for 10 mins., the white

microcrystalline s0lids were filtered off and washed as before.
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Zn(Pym20H)2C1lz requires C, 29.25% H, 2.46% N, 17.06%
found C, 29.55% H, 2.62% N, 17.27%

Zn(Pym20H)2Bre requires C, 23.02% H, 1.9%% N, 13.42%
found Cy 22.79% H, 1.54% N, 13.56%

Zn(Pym20H )4 (NO3 )2

This white compound was formed immediately on the addition of
Zn(N03 )2 ,4H20 (0.262g, 1 mmol) in ethanol (5 cm3) to a warm solution of

2-pyrimidinone (0.384g, 4 mmol) in ethanol (10 em?), with stirring.

Zn(Pym20H)4 (NO3 )2 requires C, 33.50% H, 2.81% N, 24.41%
found C, 33.82% H, 2.9%3% N, 24.60%

cda(Pym20H)C1z

A solution of 2-pyrimidinone (0.192g, 2 mmol) in ethanol (10 cm3) was
added slowly, with stirring, to a hot solution of CdClgz,2.5H20 (0.456g,
2 mmol) in ethanol (5 cm’) with conc. HC1 (ca. 0.2 cm’). The white prece
ipitate that immediately formed, was filtered off after heating and

gtirring for 5 mins.

Cd(Pym20H)Clz requires C, 17.20% H, 1.44% N, 10.03%
found Cy, 17.26%6 H, 1.48% N, 10.12%

Ca(Pym20H)2Xz X = Br, I

The preparation of these white complexes was analagous to that of

Zn(Pym20H)2Xz »

ca(Pym20H)2Bry requires C, 20.6% H, 1.74% N, 12.06%
found C, 20.54% H, 1.68% N, 12.17%

ca(Pym20H)2I2  requires C, 17.21% H, 1.44% N, 10.0%%
found C, 17.12%6 H, 1.46% N, "9.97%
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5+5+3%3« The Methyl Derivatives

Co(4,6MezPym2SH)2X2,2H20 X = Cl, Br

A solution of CoXz,6H20 (2 mmol) in acetone (10 cms) was added to a
warm solution of 4,6-dimethyl-2-pyrimidinethione (0.560g, 4 mmol) in
%)

acetone (15 cm”). After heating and stirring for 15 mins., the pink

solids were filtered, washed with acetone and dried in vacuo over silica
'gel.
Co(4,6MesPym2SH) 201z ,2H20 requires C, 32.30% H, 4.526 N, 12.55%

found  C, 32.43% H, 4.3%6 N, 12.49%

Co(4,6MepPym2SH)2Brz ,2H20 requires C, 26.93% H, 3.77% N, 10.47%
found ¢, 27.09% H, 3.63% N, 10.38%

Co(4,6MezPym2SH)zX2 X = €1, Br [A]

These microcrystalline blue complexes were prepared in the same way

as the above, except that the anhydrous halides were used.

Co(4,6Me2Pym2SH)2C1lz requires C, 35.13% H, 3.93%6 N, 13.66%
found  C, 35.34% H, 4.04% N, 13.52%

Co(4,6MeaPym2SH)2Bre requires C, 28.87% H, 3.2%6 N, 11.22%
found C, 28.98% H, 3.2606 N, 11.14%

Co(4,6MezPym2SH)2X2 X = Cl1, Br [B]

The pink Co(4,EMezPym2SH)2X2,2H20 complexes were heated in vacuo at
80°C for 4 hours to produce green anhydrous compounds. The chloride was

darker than the bromide.

Co(4,6MezPym2SH)2Clz requires C, 35.1%6 H, 3.93% N, 13.66%
found C, 34.97% H, 4.0606 N, 13.4%%
Co(4,6MezPym2SH)2Br: requires C, 28.87% H, 3.2%6 N, 11.22%
found C, 28.81% H, 3.37% N, 11.18%
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Co(4,6MexPym20H)2C12

A solution of CoClz ,6H20 (0.476g, 2 mmol) in 1-propanol (10 cm5) was
added dropwise to a hot solution of 446-dimethyl-2-pyrimidinone (0.496g,
4 mmol) in the minimum voluﬁe of 1-propanol, to produce a dark blue micro-
erystalline precipitate. This was filtered, washed with 1-propanol and -

ether and dried in vacuo over P20s5 .

Co(4,6MezPym20H)2Clz requires C, 38.12% H, 4.27% N, 14.82%
found C, 37.86% H, 4.34% N, 15.01%

Co(4,6MezPym20H)2Brs

The preparation of this compléx was similar to the one above using
CoBrz ,6H20 (0.654g, 2 mmol), except that 2,2-dimethoxypropane (10 cm3) was

added to the stirred solution to precipitate a royal blue solid.

Co(4,6MezPym20H)2Bre requires C, 3%0.86% H, 3.45% N, 12.00%
found C, 31.02% H, 3.54% N, 12.13%

Co(1MePym20)2X2 X = C1, Br

These royal blue complexes were made by the addition of CoXz,6H20
(2 mmol) in ethanol (10 cm3) $o a hot solution of 1-methyl-2-pyrimidinone
(0.440g, 4 mmol) in ethanol (15 cm3). The solids were isolated by the

usual procedure.

Co(1MePym20)2Clz requires C, 34.31% H, 3.46%6 N, 16.00%
found C, 34.%3606 H, 3.636 N, 16.12%

Co(1MePym20)2Bres requires C, 27.36% H, 2.76%6 N, 12.76%
found C, 27.51% H, 3.02% N, 12.7%
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5.5.4s Miscellaneous Syntheses and Deuteration Studies

Ligands

Py2SD, 4,6MezPym2SD, Pym20D and 4,6Me2Pym20D were prepared by diss-
olving the protonated ligand (O.Zg) in D20 (0.5 cm3), heating for 5 mins.
and thén removing the excess liquid under vacuum over P20s5. This process
was repeated twice. Further heating under vacuum at 80°C was needed for
4,EMe2Pym20D.

Due to the poor solubility of Pym2SH in D20, a slightly different
method of deuteration was employed. A hot solution/suspension of Pym2SH
(0.1g) in dry acetone (20 cm3) was filtered into D20 (0.75 cm3) and the
resulting liquid removed as before.

Complexes of these ligands were prepared but analyses were not
performed. However, all were very similar in appearance to the analagous

compounds with protonated ligands.

Co(Py25D)2C1z

A solution of anhydrous CoClz (0+020g) in the minimum of dry acetone
vas added, with stirring, to a warm solution of Py2SD (0.034g) in dry
acetone. The green precipitate that immediately came down was filtered,

washed with acetone and dried in vacuo over P205.

Co(Pym2SD)2Cl2

A hot solution of anhydrous CoClg (0.00Sg) in dry acetone (5 cm3)
vas added to a solution/suspension of Pym2SD (0.009g) in dry acetone (10 cm3).
The resulting mixture was stirred and heated until the volume decreased to

3

about 5 cm” at which point a dark green solid was produced. This was isol-

ated as before.
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Ni(Pym2sD)zClz

This yellow complex was prepared in an analagous way to the above
except that the anhydrous nickel chloride was first dissolved in a very

small amount of Dz0.

cu(1,2MezImid), (C104 )2

A warm solution of Cu(C10s)z,6Hz0 (0.185g, 0.5 mmol) in ethanol (5 cm3)
was added, with stirring, to a warm solution of 1,2-dimethylimidazole (0.192g,
2 mmol) in ethanol (5 cmB). A purple solid was immediately precipitated
and this was filtered, washed with ethanol, and dried in a desiccator over

gilica gel.

cu(1,2MezImid)y (C104)2 requires C, 37.1%6 H, 4.99% N, 17.3%%
found  C, 37.00% H, 4.94% N, 17.55%
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CHAPTER 6

CONCLUSION

The interaction of metals with the nucleic acids ( especially DNA )
has been of considerable interest‘in relation to the biological activity
displayed by some of these ions. It has been thought that the variations
in behaviour of metals is caused by differences in the modes of binding
and thus it is important to understand the exact nature of these sites.

The preparation and subsequent structural determination of several
metal - mucleotide complexes has provided some evidence for the signifi-
cance of various binding modes on both toxic and anti-tumour properties
of heavy metals. cis-[ Pt(NH3)2(H20)2 ](NO3)2 was found to bind only to
the heterocyclic nitrogen atoms of two inosine bases (i.e. N7), to give a
structure with the ligands in a base - stacked conformation, and it was
shown that this may have some bearing on the.anti-cancer activity of cis-
platinum complexes. The result suggested that intrastrand linking of two
purine bases may occur in DNA ( of tumour and normal cells ), during
replication, thus preventing the reformation of the duplex structure;
Tumour cells, however, are affected to a greater degree than normal cells:
because the DNA molecules replicate at a faster rate. This is coupled
with the fact that there is also less time for repair mechanisms to work
before the process is completely stopped.

Cadmium, on the other hand, has been shown to bind to phosphate
oxygens as well as the heterocyclic nitrogen atoms in the complex
[ ca(s5'-cMp)(H20) ],H20. This is considered to be important, for the
binding modes resemble those in the only zinc - nucleotide structure to
be determined i.e. [ Zn(5'-IMP) ]n,nH20.158 It is proposed, therefore,
that because of the similarity in coordination tendencies, it endorses

the fact that cadmium is able to easily substitute zinc in many biological
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processes. Furthermore, the toxicity of cadmium may also be related to
its non-gpecific coordination bvehaviour at various pH's. It was observed
that two types of complexes were isolated with 5'=IMP, one with just
nitrogen binding (i.e. [ €d(5'-1MP)(H20)5 ],H20 ) and the other, prepared
at low pH, possessing coordination to nitrogen of the bvase, phosphate
oxygens and the ribose sugar (i.e. [ Cdz(5'-IMP)3Hz (H20)s ],6H20 ).

The exocyclic groups of the bases i.e. 0, NH: ( and S in the minor
bases ) have also been considered important in the effect metals may have

360 heir

on the steric and electrostatic prOperties_of nucleic acids.
involvement in the anti-~-cancer mechanism of cis-Pt(II) complexes and the
platinum blues has been suggested as well as the influence of these groups
on the structures of 2-substituted pyrimidine - metal coﬁplexes.

The reaction of cis-platinum complexes with purine nucleosides, and
the nucleotides, nucleosides and bases of pyrimidine‘have indicated that
06 of guanine ( and inosine ) and 02, 04 and NHzof the pyrimidines may
be involved in binding. The significance of the purine interaction comes
from the fact that chelate formation between N7 and 06 was proposed as the
initial step in the anti-cancer mechanism of cis-Pt(II) complexes. The
groups of the pyrimidines, however, are thought to be important in the
structures of the platinum -~ pyrimidine blues.

The effect of exocyclic atoms on complex structures was also
investigated using 2-pyrimidinethione, 2-pyrimidinone and their methyl
derivatives with mainly first row trangition metals. In all cases, the
metal bound to the heterocyclic nitrogen atom but only in the 2-pyrimidine-
thione complexes was coordination to the exocyclic group (i.e. S) taking
place for certain. However, some involvement of oxygen in the complexes
of 2-pyrimidinone and related ligands was indicated from physical meas-
urements of two compounds i.e. Co(4,6MezPym20H)2Clz and Cu(Pym20H)s (€104 )2,

EtOH, and possibly other copper complexes.
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It can be concluded, therefore, that transition metal ions are able
to coordinate to all the available donors in nucleic acid components
under certain conditions, and that the nature of these binding sites do

have some biological significance.
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APPENDIX I

THE STRUCTURE OF TETRAKIS(2-PYRIMIDINONE)COBALT(II) DIBROMIDE 153

Preliminary oscillation and Weissenberg photographs showed the crystals
to be orthorhombic with space group Pben. Unit cell dimensions were found
tobe a = 1.7350, b = 1.1399, and ¢ = 1.1203 nm, U = 2.2156 nm3 and Z = 4.
R is now 0.067. |

The structure shows that the complex has the formula [Co(Pym20H); |Brz;
the geometry of the cation ( Fig. A«1. ) is a slightly distorted tetra-
hedron with the cobalt atom bound to four ring nitrogens and lying on a
two-fold axise. The bromine atoms are not coordinated but are situated
0.3219 and 0.3269 nm from the N3 atoms to which they hydrogen - bond. The
important bond angles and bond lengths are given in Table A.1.

The 02 atoms are virtually in the plane of the pyrimidine rings and.
0.2819 and 0.2844 nm away from the cobalt. The O - C - Nand Co - N~ C
angles of Co — PYM1 are 120.84° and 108.97° respectively. Although these

are similar to the corresponding Cu - PYM1 values in the gomplex Cu(Pym?OH)4

(c104)2,Et0H ( Table 4.2. ), the Co - 02 distance is longer and therefore
these oxygen atoms.are unlikely to be interacting with the metal. This is
confirmed to some extent by the electronic spectrum. Similar bands, incl-
uding the shoulders at about 8900 cm-1, have been observed in the spectrum
of the tetrahedral complex Co(BenzImid)4(0104)z294 which has no other
available ligand donor atoms near to the metal.

Consequently, it is probable that the complexes [Co(Pym20H). ][CoCls4 ],
Co(Pym20H)4Clz, Co(Pym20H)s5I2 and Co(Pym20H)s (C104 )z, which have similar
electronic reflectance and i.r. spectra, also have four - coordinate
structures with a CoNy chromophore. This means, therefore, that the 5:1

compounds possess a non-coordinating ligand molecule. However, the
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d = 0.2819 mm $= 77.6° 2
PYM2 and 2'
a = 0.2017 mm a= 52,002
b = 0.1373 mm B = 110.2°
¢ = 0.1210 nm y = 121.9°
d = 0.2844 rm §= 75.9° &
N1(PYM1) - Co - N1'(PYM2) = 101.9%°
N1(PYM1) - Co - N1(PYM1') = 149.20°
N1(PYM1) - Co - N1'(PYM2') = 108.45°
N1'(PYM2) - Co - N1'(PYM2') = 117.74°

a, Calculated values assuming planarity of Co-N1-C2-02 ring

Table A1
Co(Pym20H)4Bra .

Selected bond angles and bond lengths of the structure of
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re-examination of both normal and far i.r. spectra of the iodide and
perchlorate complexes gave no indication as to the presence of this unbound
ligand. Perhaps this is not unexpected as the nature of 2-pyrimidinone is
such that it would probably be strongly hydrogen - bound in the complex,
hence altering the band frequencies and therefore precluding positive

jdentification.
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APPENDIX TII

A NEW CONSTRUCTION METHOD FOR 'BALL AND SPOXKE' MODELS

In the course of the investigations on metal complexes of mucleo-
tides, nucleosides and pyrimidines, it was found useful to construct
models to show both the structural and biological aspects of the work.
Commercially available kits were initially employed, but were found to be
rather expensive and, more importantly, not very versatile. Because of
this, it was decided to develop a model system, which would fulfill the
necessary requirements, incorporating easily obtainable parts with the
use of normal workshop facilities. By using the 'ball and spoke' approach,356
several models were constructed very cheaply ( approx. 10% of the cost of
normal models ) yet these were accurate, robust and not restricted in their
stereochemistries. These features are exhibited in two large models.

Part of a DNA molecule in the B-form ( 1.1 turns ) was built ( Plate I ),
to help to understand the manner in which platinum compounds act as anti- |
cancer agents for the determination of potential binding sites. A model
of the complex [ Cd(5'~CMP)(H20) ],H20 was also made to show the dist-
ortion around the cadmium atom { Plate II ). The general method of

construction is now discussed.

The atoms of.the structures were represented by various coloured
polythene spheres of different sizes and stainless-steel rod was used
for the bondgs. The scale of the models was 0.025 m =-0.1 nm.

The spheres were of three sizes, 1) 0.006 m diameter for hydrogen,
2) 0.013 m diameter for elements of the second period and 3) 0.016 m
diameter for the heavier atoms. Also, the colours corresponded to the
widely accepted code of black for carbon, blue for nitrogen and red for

oxygen etc. Connection of the spheres was achieved by using bonds made
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from 0.0016 m diameter rod. A guillotine !

was employed to cut this rod
to prescribed lengths accurately ( and cleanly ), ahd the resulting bonds
were inserted into holes made to a specific depth using a No. 52 drill..
By this method, a tight fit was accomplished which accounted for the
robust nature of the models. The exact depths of the holes depended on
the size of the spheres and were 0.0035 m, 0.0055 m and 0.007 m for the
0.006 m, 0.013 m and 0.016 m diameter spheres respectively.

To obtain the correct stereochemisiry around each atom ( sphere ),
drilling was carried out using two jigs. These were made especially for
use with normal workshop bench drilling machines. A hole is first made

1 357

in a sphere ( i.e. termed ‘'initial hole' ) using Jig which is
essentially a cup with a locating hole ( Pig. A.2. ). After positioning
Part B of the jig correctly on the drill table by means of the wooden base,
a sphere is placed into the cup. For safety reasons ( and to prevent
movement of the sphere during the operation ), a cover ( Part A ) is placed
over the lower portion of the jig and held with the fingers. The hole is
then drilled to the required depth ( which is often achieved after several
attempts ) and the tra&el distance of the drill carriage locked. This is
now set for the production of 'initial holes' in other spheres of the same
diameter.

The sphere is then transferred to Jig II, which is shown in Plates IV
and V, and fixed onto the spindle axis A using the 'initial hole'. This
axis, which controls the angle ‘around' the initial hole (90), is connected
to a perspex disc marked 0°, 90°, 120°,180°, 240° and 270°. Axis T how-
ever, controls the angle 'to' the initial hole (¢°) and the corresponding
disc is marked 900, 109.5°and 120°. The sphere can ﬁow be moved into the
positions for all the common stereochemistries ( Table A.2. ).

The drilling procedure can now be explained by taking as an example

a tetrahedron. After setting up the jig, a sphere with an initial hole is
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Cover ‘ '

Nitrile

rubber ring

=" PART B
Wooden base Locating hole for No. 52 drill

Fig. A.2. Cross-sectional diagram of Jig I.

pressed onto the spindle axis A up to the shoulder which exactly centralises
the sphere. The disc T is first adjusted to 109.5o and the position locked.
Disc A is then moved to 0° ( which is held in place by a locatihg spring B )
and the support raised to 'cup' the sphere and take the downward pressure
when the second hole is drilled. The éupport is lowered, so that disc A
can be turned to 120°, returned to its raised position and the operation
repeated. The fourth and last hole is drilled at © = 240° .

Distorted stereochemistries can also be produced if ¢ and © are
calculated for each angle relative to the initial hole. The discs A and T

are then adjusted and the holes drilled in the same manner as before.

Although the resulting models Jjustify the use of this method in

building all types of structures, the system has one major disadvantage.
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Plate IV

View of Jig II from 'closed' side

t

Axis 'around' initial hole (&°)
Axis 'to' initial hole (£°)

Locating spring



Plate V

View of Jig II from 'open' side

)]
]

Drill guide

S = Sphere support
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Jig II
Stereochemistry Jig I
¢ ()
Te Linear Initial hole + - -
180° hole

2. Trigonal planar Initial hole 120° o°
180°
3.| Tetrahedral Initial hole 109.5° o°
120°
240°
4.| Trigonal bipyramidal Initial hole + 90° o°
180° hole 120°
240°
5« | Square planar Initial hole + 90° o°
180° hole 180°
6.| Octahedral Initial hole + 90° o°
180° hole 90°
' 180°
270°

Table A.2. The method of producing drilled spheres with regular
stereochemigtries.
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This concerns the production of only permanent models, for any rearrange-
ment of the structures ( e.gs boat - chair conformainns ) would tend to
make the bonds fit less tightly in the polyethylene spheres. The problem
is o6vercome to some extent by the low cost of the components and hence
several models can be produced to show the difference in geometries.
Nevertheless, because of the easy use of the system, its future application
undoubtedly lies in 1) schools and colleges which have limited resources
but with the necessary equipment, and 2) the construction of models of

compounds with unusual stereochemistries.
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