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ABSTRACT .

The molecular and crystal structures of platinum complexes
relevant to the cancer research field are investigated. The complexes
whose structures have been studiéd, encompass ﬁany aspects of the
chemistry of p]atinum(II):r the preparation of starting materials,
the solvolysis of the complexes ip Yifferent solvents and the chemistry
of the complexes w{th DNA bases. Tie important structural features
of the comp1exesrare outlined and, where possible, the molecular
structures are related to previous information on the complexes which

is available from animal studies, solution work or the interaction

of the complexes with the DNA macromolecule.
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CHAPTER ONE

BACKGROUND
1.1 TINTRODUCTION

Chemotherapy is now widely used for cancer treatmenéfgjlt
has the advantage over surgery and radiation therapy of being effective
against tumours which have metastatized. Originally, most chemo-
therapeutic drugs were organic agents. In 1269, Rosenberg and his
Co-workers discovered that cis-dichlorodiammineplatinum(II) {cis-DDP)
(Figure 1) was an effective anti-tumour agent against implanted
cancerous cells 1in mice.1 Since then, the number of inorganic complexes
tested for anti-tumour activity has increased tremendous]y;2 the
majority of the studies carried out has involved giggDDP and platinum-
cantzining analogues.
Three major areas of research involving platinum anti—cancer.
drugs have been.pursued:
(1) Animal tests and human clinical trials of cis-DDP, alone
or in combination with other chemotherapeutic agents to achieve
better "cure" rates.
(2) Animal tests of platinum—contaiqing analogues of cis-DDP
(second-generation drugs) to obtain less toxic and more potent
drugs. _ L
(3) The study of the interaction of the drugs with their biological

_target to elucidate their mechanism of action.

1
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Structure of cis-dichlorodiammine platinum(II) (cis-DDP)
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3
\ This chapter is a review covering these three areas of research.
The remaining chapters will deal with the structure determination

of complexes involved in the last two areas.

1.2 ANIMAL STUDIES AND CLINICAL ASPECTS OF cis-DDP

Extensive investigations have shown that cis-DDP is an
effective ant%-tumour agent against a broad spectrum of cancer types.3
The results of the animal tests prompted researchers to use Cis-DOP
in terminally i11 patients. Early studies indjcated that the tong-
term use of cis-DDP in man was prohibited by the high toxicity of the
drug, particularly in causing kidney damage.4

Research advances in the administration of cis-DDP reduced
the kidney toxicity.of the drug without altering its activity.5’6
Also, results of combination chemotherapy in mice showed that cis-DDP
could act additively or even synergistically with a number of other
chemotherapeutic agents.7 Combination chemotherapy involves the
administration of mixtures of anti-cancer agents which are active
agajAsy the same type of cancer but show different toxicities.w Thus
it wes“possible to Tower the dose of cis-DDP when administered with
other drugs and therefore lower the toxicity.

The new methods of administration af cis-DDP and the use
of combination chemotherapy permitted the continuation of clinjcal
trials. Today, cis-DDP is used in combination chemotherapy in
humans affected by ovarian and testicular cancer. The remission

rate for ovarian cancer varies between 38% and 83%8 while that for



testicular cancer is greater than 70%.9’10

1.3.1 Hydrolysis of PtA2X2 complexes

1.3 SECOND - GENERATION DRUGS

The search for cis-DOP analogues was originally undertaken
to find platinum-containing complexes which would be less toxic,
more potent and more versatile than the parent drug. Another impetus
for this type of work was the discovery that certain types of tumours
can become resistant to gjg;DDP.3 Because cis-DDP has two ammine
ligands and two anionic ligands, compiexes of the type PtA,X,, where
A is an amine and xvgg a leaving group, have been surveyed extensively.
Kinetic studies of Eig;(NH3)2PtC12 indicate that the platinum
to nitrogen bond is inert and that the chloride ion is the reactive

d 11’12;_thi§ fact seems to dominate the chemistry of complexes

ligan
of the tyﬁ PtAzxz. Substitution reactions of platinum(Il) comp]exes;
as show; in equation 1.1

PL X" + Wy Pty o+ X (1.1)
generally follow the rate law:

rate = (k, +k2[Y])([PtL3Xn]) (1.2)

where k1 reflects the solvolysis pathway

n 5T ow X X
PHL,X" + Hy0 ==2ptl (H,0)"" + X .
PtL3(H20)"+x + vy —f§§3)PtL3Y”' + H 0

and k2 is the second order rate constant appropriate for a bimolecular

process where Y¥ attacks the complex as x* departs.13 Because the




chloride ion concentration is high in the plasma (103 mM) the complexes
remain unchanged, are neutral, and therefore can pass through the

cell membrane. Once the drug enters the cell, because the chloride

ion concentration is much lower (4 mM), hydrolysis products can

form. This is suggested from substitution reactions of platinum
complexes in dilute agueous solutions; under these conditions,. reactions

4
of platinum(II) always proceed via a hydrolysis step (i.e. k1> k2

12,14
<ﬂ

An overall reaction scheme for platinum{II) anti-tumour agents

in equation (1.2)).

is shown in Figure 2. The drug (I) is administered as an unéharged
species which remains intact until it enters the cell and undergoes
hydrolysis. Compiex II then reacts with the biological target,

alone or in combination with other agents to form III.

1.3.2 Structure - activity relationships

The search for second-generation drugs has provided the
groundﬁork for re]ationships between the structure and the activity
of inorganic chemotherapeutic agents, Complexes with metal centres
other than platinum are active against certain cancer typgs; yet, the

most effective drugs are those containing p'Iatinum.16

Thus compiexes
of the type PtA2X2 have been studied most extensively.

Modifications in square planar diamine pia}inum(II) complexes
can be accompjished in three ways: variations in the amine ligands,
in the leaving group or of the geometry of the ligands around the

platinum atom, j.e. the cis or trans arrangement shown in Figure 3.
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8 .
| The most jmportant indication of a structure-activity dependence
came from ;tudies on the geometric isomers. For any PtA2X2 complex
where the cis isomer is acfive against a certain tumour typé, the

corresponding trans isomer has'no activity (Table 1).

‘Furthermore, charged species are never active, with the
exception of platinum 'blues which are obtained from the reaction of

aquated cis-DDP and pyrimidine;2,4-dione Tigands, such as uracil or

18,19

thymine. Neutrality seems required for the penetration of the

cell wall by the drug for subsequent reagtion with the biological

ta'rget.20

-

Var W

Varying the 1eaving'group of gig;PtAzxz affects the activity
of the complex (see Table 2) in a manner reflecting the leaving

—~ f"abi]ity of ligands in the reaction: . |
- j Pt(dien)x+ + py -——a"Pt(dien)(py)2+ + X7 (1.4)
where dien is diethylenetriamine and py is pyridine. The order of
Teaving ability is NOZ™> C1°>Br™> 1™y scN™> N0, ™. 1 The retation-
ship between the activity of éjg:RtAZXZ with different X groups and
the leaving‘ability of 1igand X should resylt if the rate-determining
step in the mechanism of actioﬁ of the anti=tumour p1atinum.drugs is
the hydro]ys{; of the complex. The order of activity expected from

the reaction with pyridine is followed for C1°, Br~ and I: (Table 2).

The thiocyanate and nitrite complexes shqwed no-activity;_they contain

’1igands which are poor Teaving gﬁéups. Although the complexes enter
the cell, they cannot hydrolyze and show no activity since they cannot

react with the biological target. The nitrate complex showed different

1
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Table 1

Activity of gig:PtAzxz and trans—PtAZX2 versus Sarcoma 180

in swiss white mice 2
b
Complex T/C
gj§_(NH3)2PtC12 1
trans (NH3)2PtC12 83
§j§_(NH3)2PtBr2 30
thranS'(NH3)2PtBr2 110
cis (C HgNH,),PECT, 14
‘trans (CZHSNHZ)ZP’CC]2 106
7
%values in the table are from reference 17.
b T/C = weight of a treated tumour X 100%,
weight of tumour in control animal
T/C values less than 50 are considered significant.
'
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* Table 2

Activity of Eig;PtAZXZ complexes against Sarcoma 180 tumour a

X T/C
NO,™ i waté;/ 54
N03' in saline 8
c1” 1
Br 30
I” 110
SCN™ 70
NO,, 99

a
Yalues are from reference 21

4



11
levels of éctivity: when administered in saline, the activity was
similar to that of cis-DDP. This occurs because the nitrate anion,

a good leaving group, is replaced by a ch]oriqggion before the drug
penetrates the cell wall. When administered as an aqueous solution,
the nitrate complex was toxic. Later work by RoSenberg (personal
communication) showed that gigf(NH3)2Pt(N03)2 was more active than
cis-DDP. The toxicity previously seen is caused by. hydroxo-bridged
species formed in the hydrolysis step (see Chapter 4).

Because the amine ligand has very Tittle effect on the reaction
rate of substitution reactions of platinum(II) comp]exes,22 it was
originally believed that it would have a secondary role in determining
the activity of the drugs. As seen in Table 3, the amine group plays
an important part in the structure-activity relationship. There
are general trends in activity with variations in amine ligands. First-
1y, the most effective complexes are those containing a primary amine,
with the exception of the alicyclic amines. In some cases, complexes
with Tesser alkyl- substituted amines are active against several

tumour systems while those with more substituted amines are only active

against the most sensitive systems.24

Secondly, gpe therapeutic index
for the complexes containing alicyclic amines increases with ring
size, up to the six-membered ring. The incféase in the therapeutic
index is causedby a.decrease in the toxicity of the drugs and not by
‘their greater efficacy. Finally, when the platinum atom is bound to
a tertiary amine, all activity of the drug is Tost.

In summary, the following requirements must be met in order

%
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Table 3

12

Anti-tumour activity of EiETPtAZXZ complexes against ADJ/PC6 tumour

Complex LD50a
(NH3) P, 13.0
4 (CH3NH, ) ,PECT 18.5
(cHyeN) PtCT,C 27.0
(D> ti,) ptc1, 56.6
Oy) pict, 90
(D>MH,) Pict, 565.4
(Oni,) pict, >3200
(CONH,) ,PECT,® 1000
() pren 660

ID90

1.6
18.5
>27.0
2.3
2.9
2.4

12.0

7.7
230

CT.1.¢

8.1
1.0
<1.0
24.6
31.0
235.7
>267
130
2.9

aLD50 is the dose required to ki1l 50% of the test animals

b

90% of the test animals

“r.1. = D5 » therapeutic index

ID90
dVa]ues are from reference 20

®Values are from reference 23

ID90 is the dose required to cause tumour regression in
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to prepare active anti-cancer platinum drugs: the complex must be
neutral, and have twoe non-tertiary amine ligands and two labile groups
in the cis configuration. The most active compiexes have labile groups
of intermediate leaving ability. When bulky amines are present, the
toxicity of the complex is lowered.

Of all the second-generation drugs'tested, a few have been
deemed worthy of advancing to phase I clinical trials. One of these

is the drug containing 1,2-diaminocyciohexane as the amine Tigand.

1.3.3 1,2-diaminocyclohexane pilatinum complexes

Platinum complexes of 1,2-diaminocyclohexane (1,2-dac) (Figure 4)
fulfill the requirements needed for a good second-generation drug:
in animal tests platinum drugs containing the 1,2-dac ligand are
more potent than the parent drug against many tumou? types;25'35 they
have Tow nephrotoxicity and show no serious side effects35'37, and are
active against tumour typés which have become resistant to gigyDDP.35’38"4l
Combination chemotherapy using (1,2-dac) platinum({II) complexes shows
synergistic action with a variety of other agents.26’27’33’34’42'45
Thus, (1,2-dac) platinum compounds have been identified as potential |
second-generation drugs for clinical tria1s.25’29’37’46 EL«_/
The early work with 1,2-diaminocyclohexane platinum drugs was
carried out on compounds coﬁtaining a mixture of isomers of the 1i§and;
it was not realized that the amine could exist in three isomeric forms:
cis and the two trans configurations, RR and §§, In 1977, it was

shown that complexes of the separated isomers behaved differently
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physio'logicaﬂy.47 As a result, several studies have concentrated
on the activity of complexes of the stereoisomers of the 1igand.48“50
The first structural determination of a platinum complex containing a

separated isomer of 1,2-dac will be discussed in Chapter 3.

1.4 PLATINUM COMPLEXES - DNA INTERACTIONS

The first indication that the interaction of platinum complexes
with DNA is the Tesion responsible fbr their anti-tumour activity
was the discovery that Tow concentrations of cis-DDP inhibit the cell
division in E. coli without affecting the growth rate of the bacteria;

51

this results in filamentous growth. The same effect on bacterial

52,53 and is thought to
52,54,55

cultures has been observed with other agents

be caused by the inhibition of DNA s&nthesis.
Active platinum complexes have the ability to cause phage

DNA to be released and phage particles to be synthesized in lysogenic

56

strains of E. coli. The release of phage DNA is usually a rare

"Qggﬁff but agents which react with DNA can cause this effect to occur.’

Studies of the interaction of cis-DDP with DNA, RNA and proteins
indicate that low doses of the dFUg*se?é&tive]y inhibit DNA s_ynthesis;57

high doses of the drug inhibit the synthesis of all three components

58

but only DNA synthesis is prevented irreversibly. In its interaction

with the SV40 virus, cis-DDP attacks the viral DNA rather than the

protein coating.59

60 mutagenic

Active anti-cancer platinum complexes are car-

61-65

cinogenic, and affect fhe repair mechanism of DNA

in certain types of cells, suggesting that DNA is the biologicail
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target of the drugs.s6

1.5 PLATINUM - DNA BASES INTERACTIONS

DNA is a macromolecule made up of a backbone of phosphate
groups and ribose sugars joined toﬁkther by phosphodiester bridges
(Figure 5). Attached to this backbone are the four DNA bases, guanine,
adenine, thymine and cytosine, shown in Figure 6. The purine bases
are bonded to the sugar moiety through N9 and the pyrimidine bases
bind through Ni. It has been argued that.there are three general
areas which the platinum drug can attack.13 The phosphate groups
and ribose sugars forming the backbone have oxygen atoms whiéh do not
have a strong affinity for platinum. The DNA bases on the other hand,
offer the most likely sites of attack for the platinum complexes.

Some positions on the DNA bases are not easily accessible however
since they form hydrogen-bonded pairs on the inside of the molecule.
The most open position is the N7 of the purine bases which is not
involved in hydrogen bonding (Figure 7).

UV absorption spectroscopy has been uged to monitor the reaction
of platinum complexes with DNA. The reaction caused a shift in the
absorption band associated with the bases of DNA while the bands
attributed to the phosphate §nd ribose groups remained unchanged;
this points to the DNA bases as the site of attack of the drug.67’68
The platinum compiexes react preferentially with G - C rich regions
of DNA;69 this would not be expected to occur if the platinum atom .

were bonding to~the phosphate or ribose moieties.
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Figure 5 '

Covalent backbone structure of deoxyribonucleic acid (DNA)
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Figure 6

Labeliing and numbering of DNA bases
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Figure 7

Watson - Crick base pairs in DNA
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Theoretically, there are many nucleophilic sites on the DNA
bases which a positively-charged platinum complex could attack. These
are, at neutral pH (refer_to Figure 6): The N7 and 06 atoﬁs of
guanine, the N7 and N1 E;sitions of adenine, the 02 and N3 atoms of
cytosine and the 02 and 04 atoms of thymine in 4its keto form. If
the pH is raised, more nucleophilic sites become available: N1 and N2
of guanine, N6 of adenine, N4 of cytosine and N3 of thymine.
Experimentally, with model compiexes of ethylated or methylated
bases, with nucleosides, nucleotides and polynucleotides, the inter-
actions of platinum complexes with many of the ring positions have
been observed in solution and in the solid state. For N9-blocked
guanine and its derivatives, the bonding of platinum has been observed

to N7 0n]y.70'88 82,89-91

Adenine forms bonds at N7, and at N7 and Nigr
where the adenine molecule bridges two platinum atoms.92 Reactions

of platinum complexes with N1 blocked cytosine have yielded bonds to
platinum at the N3 position,82’84’g3"99 and at the N3 and the depro-
tonated N4 positions, where cytosine bridges two platinum atoms.100
Studies with l-methyluracil or l-methylthymine show attack of the

platinum at N3101

and bridging of platinum atoms by the ligand through
N3 and 04.102'105 When the thymine or uracil base is not blocked
at N1, this position is thé preferred site of attack of the platinum
atom,23-106 ,

Although tﬁere are'many good nucleophilic positions on the
bases, the reaction of a mixture of the nucleosides with platinum

complexes suggests that the guanine base reacts more readily than

Ja

\
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the others in a competitive environment.m7 For this reason, the
bonding of the platinum comp]e;és to the N7 p sition of guanine is

regarded as the primary lesion on DNA.

1.6 POSSIBLE MECHANISMS OF ACTION OF PLATINUM ANTI - TUMOUR DRUGS

Numerous mechanisms of action have been proposed to account
for the activity of platinum anti-cancer drugs. The suggested mechanisms
must consider the results of the structure-activity research previously

mentioned. The difference in activity between the cis and trans

isomers of (NH3)2PtC12 cannot be linked to their ability to penetrate
cell membranes or to react with biological acceptors; the trans isomer
reacts with DNA, RNA and protein to a greater extent than its cis

counterpart.m8

The major di%ference between the two isomers is the
distance between the two leaving groups and thus, the distance”between
any two incoming ligands(Figure 8). The cis platinum complexes could
therefore chelate to DNA in-a manner which is not possible fdr the
trans isomer. The variation in ché]ating behaviour of the two isomers,
baséd on internuciear distances, has inen rise to thfee possible
mechanisms of action; these differ in the way in which DNA chelates

to cis-platinum complexes (Figure 9). The interstrand crossiink
involves the chelation of DNA to p]atinum'through'atoms'on separate
strands of the macromolecule. The intrastrand crosslink occurs via -
chelation of the platinum atom by two 1igands on the same strand of
DNA. Finally, bifunctighal bonding could occur through two atoms .

on the same DNA base.

w
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Fiqure 9

Different types of bifunctional bonding of DNA to cis-platinum complexes
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a} Interstrand crosslink

c) N7 - 06 chelation
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Two other mechanisms of action have been postulated. The first
one deals with the stacking of cis-platinum complexes 3.4 R apart
in the so&id state; this distance is the same as that sepérating the
bases in helical DNA. The second mechanism of action involves the
facile deprotonation of guanine at N1 after platination at the N7
position; the loss of _the proéon at N1 would interfere with the hydrogen-
bonding pattern in DNA(refer to Figure 7).

The remainder of this section will review the evidence abtained
for eaégjpostulated mechanism of action of the platinum drugs.

1.6.1 Interstrand crosslink

A qualitative correlation between the cytotoxicity of ﬁ1atinum
complexes and their ability to form interstrand crosslinks has been
estab]ishéd. In vivo, cis-DDP formshapproximately ten times more
interstrand crosslinks than EEQQE;DDP;IOBTIOQ similar results were

110 Their conclusions are )

obtgined by Zwelling and his co-workers.
reported here briefly: both cis and trans-DDP form interstrand

crosslinks ‘and there is a correlation, in both cases, between the

survival of cell colonies and the amount of interstrand crosslinking;

the dose';eqqired to get the same amount of crosslinking with trans-

DDP is te&ﬁlimes higher than that required for cis-DDP. Reactions

of thiourea with cell co]onies which have been 1ncﬁbated with platinum(II)
complexes confirm the correlation between crosslink formation and
cytotoxicity: thioﬁrel/is an avid ligand for platinum(II) and is

thought to prevent crosslink formation by reacting with platinum

&
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complexes which are' monofunctionally bound to DNA; crosslink
~¥inhibition and survival enhancement of cell colonies depend in a
similar manner on the thiourea concentration and on the time interval
between platinum drug and thiourea treatment. '
A number of studies have shown that interstrand crosslinks
account for only a small fraction of the total drudLDNA pmducts.ul'115

116 studied the denaturation and renaturation of DNA after

Harder
reaction with cis-DDP and suggested that there are at least two types
of interactions present. The first type aids the renaturation of

»  DNA; this could involve an interstrand crosslink, helping to keep the
complementary strands in close proximity. The second type, which
destabilizes the DNA helix, could be one of the other two cross]inﬁlgg

models.

1.6.2 Intrastrand crossiink

The intrastrand crosslink is one of the most attractive hypotheses
for the mechanism of action of the platinum anti-tumour drugs; it
involves the binding of the platinum atom to two adjacent guanine
bases“on the same strand of DNA. Indirect evidence for this model
inciudgs the result that shows preferred binding to GpG sequences
by cis-platinum complexes, as evidenced by the unexpectedly'1arge-
buoyant density exhibited by poly(dG).poly(dC) nucleotides when reacted

117

with cis-DDP. Platinum drugs alter the enzymatic digestion of

DNA at GpG sequericeslla'120

121,122

and inhibit the interaction of intercalating

agents with DNA.
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N7-N7 chelates to the platinum atom by GpG, ~ d{GpG) have
been observed in solution using proton Nmr spectroscopy. The same
type of interaction has also been observed in longer polynucleotides,
for example d(CpCpGpG) 8 and [d(ApGpGpCpCpT)]2.75
This mechanism of action will be investigated in more detail

-

in Chapter 5.

1.6.3 N7 - 06 chelation

This mechanism of action has received much attention because
chelation of a guanine molecule through the N7 and 06 positions involves
one of the normal hydrogen-bonding positions of the base in DNA {refer
to Figure 7). It has b;én argued 1%3 that chelation of the platinum
atom would disrupt the hydrogen bonding pattern seen in native DNA
and could eventurally lead to a guanine - thymine base pair. The
scheme shown in Figure 10 shows how a G-C base pair in native DNA
would become an A-T pair after reaction with a platinum drug and
rep]icafion of the pTatinatea DNA. This mechanism of action, leading
to base mispairing and eventual cell death, would be similar fo tﬁat
involved when methylating agents interact with DNA;'123’124 these
agents, which are known carcinogens, methylate the 06 position of
guanine and interfere with the hydrogen bonding of quanine to cytosine
(F{gure 11a). The same type of G-T base pair can be obtained when a
éuanine moiety is deprotonated‘at N1 (Figure 11b). It has been shown
however that deprotonation‘at Nl of guanine is facilitated by a simple

coordination of the N7 position of the DNA base to piatinum (see below

)
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Reactions leading to base substitutions
in DNA®
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Figure 11

G - T base mispairing
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~and platinum complexes.
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and Section 1.6.4). This could lead to G-T base mispai%ieg without
chelate formation at N7 aﬁd 06. -

No direct evidence for the formation of an N7-08 chelate is
available and—-for this reason, this mechanism of action has been
widely criticized. As has been mentioned previously, interaction of
platinum with N9-blocked guanine and its derivatives has been observed
at N7 on1y.70"88 Evidence suggesting a Pt-06 interaction consists of
a shift in the 1s binding energy of the oxygen atoms in DNA.125 The
shift indicates a change in the cﬁemica1 environment of some of the
oxygen atoms, but not necessarily a change at the guanine 06 position.

' A shift in the carbonyl frequency in the infrared and Raman
spectra is observed when guanine derivatives react with palladium 126
83,127,128 Bond formation between 06 of guanine
and the platinum atom would cause a decrease in the stretching fre-
quency of the carbonyl group. VYet, it has been shown that shifts

in vw(C=0) of 20 to 30 cm™

129

can be caused by changing hydrogen bonding

patterns. Even larger shifts can be obtained when N1 is depro-

tonated; the solution of the crystal structure shows no interaction

70

between 06 and the platinum atom. Similar shifts in the carbonyl

stretching frequencies have been observed for deprotonated inosine

compiexes of p]atinum.130

These shifts occur because of the formation
of the polynuclear species shown in Figure 12. The same type of results
have been obtaine? for the reaction of cis-DDP with guaﬁine mono-
phosphate.131 —

Chelation of platinum through the N7 and 06 positions of



Polynuclear specie

Figure 12

formed between deprotonated inosine and

30

cis-DDP
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guanine has also been proposed to account for the inhibition of the
intercalation of ethidium bromide in DNA. The N7-06 chelate would
disrupt the hydrogen bonding of guanine to cytosine, causing Jocal
distortions in the DNA helix"and preventing the intercalator from -

fitting between stacked bdses.121’132’134’135

The same results cans
be explained by the formation of an intrastrand crogslink;

Lastly, 1:1 reactions of cis-DDP and analogues with guanine
nucleotides or nucleosides (G) show no N7-06 chelation but yield

[cis-(NHy) P(g)c17c1. 136

1.6.4 N1 pKa shift model

The formation of a bond between platinum and the N7 position

of guanine results in a lTowering of the pKa of the N1 proton by approx-

70-74,77,80,85

imately 1.6 pK units. This is of interest because of

the cbange in the hydrogen bonding behaviour of guanine when N1 is
deprotonated. For examplie, it is possible to get mispairing of a
deprotonated, platinated 9-ethyl ine {9-Et-G-H} with a normal-

70-72,80

9-ethylguanine moiety {9-Et-G). The normal G-C hydrogen

bonding pattern (refer to Figure 7) can be replaced by the
9-Et-G-H --- 9-Et-G interaction shown in Figure 13. This is seen
in a solution of[(NH3)2Pt(9-Et-G-H)(I—Mec)] with excess 9-eth guam‘ne80

72

and in the crystal structure '¢ of [Pt(NH3)2(9-Et—G)(1-MeC): Pt(NH

A 3)2
(9-Et-G—I4T(1-MeC)}+ where 1-MeC is l-methylcytosine. The structure
of the cation and its hydrogen bonding behaviour is important because

the species was crystallized from a solution of pH=7.0, indicating
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that at physiological pH, a certain amount of deprotonated guanine
bases ¢0u1d be present, after bonding to platinum at the N7 position.
Thus this mechanism of action is a viable alternative to the N7-06

che]ate mentioned in the previous” section; it is'possib1e to get

base mispairing by attaching a platinum atom to a/ngféion on.
removed from the hydrogen-bonded region in native/DNA. Anothbr typ
of%é?ﬁrogen bonding pattern, between two 9-ethy1guanine anions, has

been observed in the solid state70‘(Figure 14).

o

The 9-Et-G-H ---9-Et-G and 9-Et-G ~--9-Et-G-H pairs cannot

fit into'the'DNA double heljx: e the deoxyribose groups are on

the opposﬁte side of-t éﬁbase pair compared to the G-C pair in DNA ;)
krefer to Figures 13, 14 and 7). Lippert80 has proposed that it is

possible to get at 9-Et-G-H ---1-MeT. pair in solution (1-MeT = 1-

- methylthymine). A similar hydrogen bonded pair has been proposed for
N7-alkylated guahine and thymine.137, As can be seen from Figure 15,
mispairing of 9-Et-G-H with 1-methy1thyminé éives the proper orienta-

tion of the ribose sugars.

1.6.5 Eichhorn co-stacking

This mechanism of action is based on the obsefvatiggﬂjbﬁi
Ccis-DDP and gjgfdich{proethy1enediamine platinum{II) pack in the solid

state with the square planes around the platinum atom at a distance

of 3.4 A.138’139 This stacking'distance, as observed by Eichhorn

140

and his co-workers, corresponds to the distance between bases in

DNA. Other workers postulated that the cis-complexes may co-stack’
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with each platinum atom bindiog to a DNA base.129 The trans complexes
cannot co=stack in this manner (Figure 16). | The packing of the molecules
3.4 A apart is stabilized by hydrogen bonding between a chloride
11gand on one mo1ecu1e and the amine group on the next molecuie. In
the trans complex, the chloride ligands 1ie above one another and
the square planes must be skewed with respect to one another.

The stacking of square planes at 3.4 R in Ejé_comp]exes has Y
been observed in a number of structures.l38’139’141 Yet, other cis-

p =

complexes do not stack in this way, although they. have been shown to

142,143

be active anti-cancer agents. That is the main drawback for

this mechanism of action. Another is that the. ene of a single

hydrogen bond may not be enough to stabilize the system.129
) B R ‘\\

1.7 CONCLUSIONS AND OBJECTIVES

Although cis-DDP is presently used as an anti-cancer agent
in humans, its mechdnism of action is not known In order to gain.
~a clearer understanding of the reasons why some cis-platinum comp]exes
‘ore active anti-tumour drugs, the structure dete/,}nat1on of re]evant
platinum compounds was undertaken and will be presented in the remainder

_of this work. T A\

The first sect1on deals with the structure de%erm1nat1on of &3 ;,
p]at1num comp1exes of 1,2- d1am1nocyclohexane The p]a;1num complexes o
of the separated isomers of the Tigand show different activities againsc\

. animal tumourss.it was of interest to 1nvest1gate whether there is a

corre]at1on between the structure of these complexes and the1r activity.
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The second section is’concerned with the hydrolysis products
of platinum anti-cancer drugs. Aqueous solutions of platinum compiexes
yield a large number of species, some of which have never been isolated.
The objective was to determine the structure of some of these complexes.
The structural studies of the solvolysis products in other solvent |
systemgrwas also of interest in the cases where hydrolysis products
cannot be isolated. ..

The last section deals with the interaction of platinum complexes
with the DNA bases. We wanted to see whether the structural information
in these model systems is consistent with the results obtained on the
interaction of platinum com§1exes with the DNA macromolecule using |

other techniques.



CHAPTER THO

EXPERIMENTS
2.1 PREPARATIONS

Most of the complexes studied in this work wefe prepared
by Dr. B. Lippeft, Institut fur Anorganische Chemie, Technische
Universitat, Munchtn, 8046 Garching, FRG. Cyclo-tri-u-hydroxotris
Itrans-1,2-diaminocyclohexane platinum(II)]nitrate. hydrate (trans-1,2-dac
tr1mer) was prepared by D. S. Gill, Michigan State University, East IL
Lansing, Michigan, 48824. Tris[cis-dichloro{cis-1,2-diaminocyclohexane)
platinum(II)]Jhydrate (Ejg;l,é—dac PtC]Z) and cis~dibromo{cis-1,2-
diaminocyclohexane)platinum(II) (cis-1,2-dac PtBrE) were prepared in this
laboratory. The preparation of the latter two comp?exgs will be
given in detail in chapter 3.

A powdered sample of the trans-1,2-dac trimer was recrystal-
. lized in this laboratory by evaporating an aqueous solution (pH = 6.4)
of the sample slowly at 5°C. oo

The density measurements on all the compliexes were carried
out sn this Iaboratéry by flotation in a chlorofonm/bromoform migture
with the exggption of cis-1,2-dac PtBr2 aﬁd potassium thyminate
trihydrate where chlorofdrm/diiodomethine and dichloromethane/carbon
tetrachloride mixtures were used respective]y.

The elemental analyses for the complexes prepared in this
~ laboratory were carried out by A. B. Gygli, Microanalyses Laboratory,

Toronto, Ontario.
39



2.2 X - RAY CRYSTALLOGRAPHY

2.2.1 Preliminary experiments and data collection

The crystals were examined under a polarizing microscope
and the best possible crystal was chosen for data collection. When
necessary, the crystals were cut or ground to the shape of a cylinder.
The cfystals were glued to the end of a glass fiber or wedged inside
a capillary tube. The latter method was used when the crystals
.decomposed because of the loss of solvent from the lattice.

The cnysfé1 system, the lattice dimensions and the possible
space groups of the crystals were determined by alignment and-fa111
Tayer photographs on a Buefger precession camera. In the case of the
triclinic system, a Delaunay reduction was carried but to look
for ahy hidden symmetry.

The crystals were then transferred to a Nicolet P3 or a
Syntex P2.I diffractometer for data collection. for crystals which
were unstable at room temﬁerature (see X-ray data‘tables in the
appropriate chapt%{s) » the Syntex P2] diffractometer, adapted for
low temperature, was yséd. The: crystals were cooled by directing
a2 stream of cold Qitrogen gas over the sample, along the ¢ axis.

To avoid frost build-up on the capillary tube, two heaters were used,
one located at the stream outiet to warm the perimeter of the cold |
streaﬁ and the other to disperse the cdld stream once it has passed
beyond the crystal. The temperature was controlled by adjusfing

rthe flow of nitrogen gas.

The data collection procedure was the same regardiess of

40
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temperature with the exception that, at Tow temperature, the software
was programmed to transform reflections with 75°¢ x £ 90° to their
Friedel equivalent reflections. -

The crystals were centered optically and an orientation
matrix was obtained using a Polaroid film. The unit cell parameters
were obtained by a least-squares refinement of 15 well-centered,

medium angle reflections (16° ¢ 26 € 34°).
Intensities were measured using graphite-monochromated

MoKe radiation (x = 0.71069 A) for the appropriate hemisphere or
quadrant to a maximum 26 value of 45° or 55°. The upper 2o Timit
was set according to the number of reflections with I < o{I) for
35°& 26 $45°, Intensities were measured with the use of a coupled
8 (crystal) - 2o {counter) scan for all crystals. The scan rate
for each reflection was chosen by the program supplied with the’
instrument and the choice of Timits for the scaln rate has been

described in detail elsewhere 144,145

. The @bih‘ty of the crystals
was monitored by measuring two standard reflections after every -
48 reflections. The intensity of a reflection (-I) and its error

(o(I)) were caiculated as follows:

I = [t_ota] scan count - sum of background counti x scan rate 7

L
o(1) = Eota] scan count + sum of background counts] ? x scan rate
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2.2.2 Data processing

2.2.2.1 Absorption correction

The attenuation of an X-ray beam by absorption effects can
B be expressed by
[ = AI.0
where I is the measured intensity and I, 1s the incident beam intensity.

A is the absorption factor which can be determined by

where u is the linear absorption coefficient and x is the pathlength
of radiation through the crystal. For crystals of spherical or
cylindrical shape, the absorption factbf has been determined analyt-
jeally. Tables of A* values (A* = transmission factors =uA'1) as

a function gf R (R = radius of the prysta]) and & can be found in

the International Tables, Volume II p. 291 (1967). This correction

is applied because the'average path length of the radiation is reduced
as 5 increases. This type of absorption correction was applied in

the structure determination of the crystal of hydroxo-cis-diammine
‘(l-methchytosine—Na) platinum(II) nitrate dihydrate where the crystal

was ground to_é cylinder. -

The potassium thyminate trihydrate crystal contained no
heavy elements and u waslca1cu1ated as 5.5 cm-1 which does
not warrant an absorption correction. The crystals of cis-1,2-dac PtC]2
and cis-1,2-dac PiBr, were thin plates with faces which were very
hard to identify. No absorptibn corrections were made; this introduced

a-maximum error of-2% (C1) and 3% (Br) in IFOI.
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For all the other complexes, the tota] absorption factor
AT, was separated into two parts:
AT = AS - A
where AS is detennined‘empir{ca1]y and is dependent on the crystal
shape and A28 is the absorption factor for cylindrical or spherical -
crystals.

The empirical method made use of the fact that the variatioﬁ
in absorption of the X~ray beam coﬁ1d be asséssed by measuring the
variation in the intensity of a Bragg reflection as the crystal
rotated 360°, in increments of 10°, about the normal to the correspond-
ing reflecting plane. Since 26 is fixed for diffraction to occur

_izgm a particular plane, the variation in intensity is a function of
$s %> and w. The normal to the'feflecting p]ane was calculated in

terms of these three angles by the equation

¢ - wCOS('x).

corr - ¢
One then obtained a curve of infgisity Versus o ... for a particular
28 value. The curve was nonnalizga so that the maximum value of the
curve was 1.0. Ekperimenta]1y, a number of reflections of increasing
26 values spanning the 26 range of the data collected were measured

and a normalized curve of-intensity vs. ¢ was obtaineq for each

corr
of these reflections. To carry out the absorption correction for
a given reflection, ¢co;r was calculated for that reflection, the
absorption curve with the closest 2¢ value was chosen and the corre-
sponding interpolated value for the correction was used to determine

A



Since each curve described above was normalized at different
26 values, the absorption factor did not correct for thé progressive
reduction in the average path length in the crystal as © increases.
This was taken into account by considering the correction needed for
.a cylindrical or spherical crystal of diameter equal to the mean
. thickness of the crystal.

2.2.2.2 lLorentz, polarizatjon and secondary extinction corrections

Unscaled structure factors, Fo’ and their standard deviations,

3
F0 = Icorr A
Lp

olF) = Cr(I)corr‘ A*

2LpF0

o(FO), were calculated from

r =
where Icorr

I -Ag, U(I)COTT = o(1) ‘Ac and Lp is the Lorentz-

polarizationfactor which may be calculated by

tp= 1+ C05228

2 sin 28
This expression was used in the structure determination of potassium

thyminate trihydrate, cis-1,2-dac PtCl,, cis-1,2-dac PtBr, and
hydroxo-cis-diammine (l-methylcytosine-NB) platinum{(II) nitrate
dihydrate.

It was then realized that the Lorentz-po]aﬁjzation correction, as
calculated qbove, did not include a polarization term for the diffraction

occurring from the graphite-monochromator. For a crystal monochromator with

the monochromator-2¢ angle denoted by ¥, the Lp factor reads as follows:



Lp = | 1 fﬁ + cosz\i’ c05226>+ (1 -f) C:os‘# c05226
sin 2e 1+ COSZW 1 + cosy

where f is‘a number between 0 and 1; thig takes into account the
fact that the graphite crystal may_be.&gg;idered partly ideally
mosaic and partly perfect. The f value used was 0.5, as recommended
by the manufacturer. This Lorentz-polarization term was used in the
structure determination of the remainder of the complexes.

The final correction appijed was that for secondary extinction.
In the structure determination of potassium thyminate trihydrate,
cis-1,2-dac PtCl, and cis-1,2-dac PtBr, the method of Larson 146
was followed: values were calculated for each reflection aécording_

'

to the following equation:

1 + coszw c05426

sin 28 (1 + cos 2y c05229)

B:

where ¥ is the monochromator 2p angle. Least squares calculations

in the program CUDLS_(see below) were carried out by minimizing the
) )

)

quantity Ew(FO-FC* » with

Fo* =_kFC(1 + gBFCZ)"%
where k is a scale factor and g is the secbndary extinction parametér,
For the remainder of the structure determinations, the value of
x was refined in the Teast squares refinement program SHELX 151,
where x is an empirical isotropic extinction parameter, changing FC to

i r2
Fo* = F. (1 - 0.0001-x-F,

sin @8

45
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2.2.2.3 Calculation of structure factors

Unscaled calculated structure factors were obtained from:

N
Fc(hk1) =j£1fj exp| 2w1(hxj + kyj + Izj)] exp[—Tj]

where fj is the atomic scattering factor of the jth atom of the unijt

cell situated at x., Y5 2 along the a, b, c axes. Scattering

J J
147

factors were from Cromer and Waber ; corrections for anomalous

dispersion 148 were applied for all the atoms except carbon, nitrogen

-~ . \
and oxygen atoms in the structure determination of potassium thyminate

trihydrate, cis-1,2-dac PtCl, and cis-1,2-dac PtBr,. The temperature

factor Tj describes the thermal motion of the jth atom and is written
. a2 . 2
as: Tj iso © VA U(? i?ﬂ i)

where U is related to the root mean square amplitude of the atomic
vibration. As written above, the equation implies that the atomic
motion is equal in all directions in space. 1In.general however,

the thermal motion of atoms is not spherically symmetrical and an

improved description of the motion can be obtained with the introduction

¢
of anisotropic temperature factors:

= 9.2 2,42 2, 2 2.2
Tj aniso = 2 (Ullh arr + Uzgk b*™ + U331 c*" + 2U; ohka*b*

+ 2U13h1a*c* + 2U23k1b*C*).

2.2.3 Structure solution

" For the potassium thyminate trihydrate structure, the phase

problem was solved by direct methods133 using the strategy available
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151

in the SHELX program and using 54 reflections with IEI >1.35

and 14 sets of starting phases. A subsequent E-map with the most
reliable set of phases y1ef§§ﬂ all the non-hydrdagen atoms. A series
of full-matrix least squares refinements, minimizing ow( FOPFC|)2
where w is a weight (see below), folTowed by three—dimsnsiona] difference
syntheses revealed all the non-hydrogen atoms. The positions of the
hydrogen atoms were refined but the temperature factors were fixed
at a value 20% larger fhan the temperature factor of the atom to which .
they were attached.

Cis-1,2-dac PtCT2 has 3 1ndependen£ platinum atoms per asymmetric
unit. The phase problem was solved by direct methods (see above)
us1ng 50 reflections with |E| >1.68 and 14 sets of starting phases.
A subsequent E-map with the most reliable phases yielded one platinum

atom. A series of full-matrix least squares refinements followed by .

three-dimensional difference synthesis revealed all the non- hydrogen

//ﬁ\\\\For all the other structures, the positions of the platinum
atoms we;;\}ound from three-dimensional Patterson syntheses. Fuil-
matrix least squares refinements followed by three-dimensional
difference syntheses revealed all the non-hydrogen atoms.

- For complexes containing platinum atoms, where hydrogen atoms
were found, the positional parameters of the hydrogen atoms did not
refine well; the positional parameters were fixed at the values obtained
from difference maps from which all other atoms had been removed

and for which increased weight was given to the Tow-angle reflections.
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&
\ ;-
Anisotropic temperature factors were used for platinum, sulfur,

chlorine and bromine atoms. Other atoms in the structures were also
assigned &nisotropic temperature factors when warranted by significance

149

tests. The anisotropic temperature factors are 1isted in the

appendices attached to the end of the thesis. ;
Refinements using full-matrix least §§Lares weré terminated
when the maximum shift/error was less than 0.3. For the structure
determination of potassium thyminate trihydrate, cis-1,2-dac PtC]2
and cis-1,2-dac PtBrz, the 1éast-squares-refinement program CUDLS
(see below) was used. In this pﬁb@%éﬁf;?eflections for wﬁich 1€ q(1)
' were removed; ref]ections‘were considered to be observed when

I>3.00(1). Reflections with o(I1)€1£3.00{1) were considered unobserved
and'yere given no weight {n the structure determinatioq unless FC> Fo'

» For the least-squares calculations in the SHELX program 151, refiections
for which 1€ 0 were rejected; all other reflections were used in the
refinement procedure. - | - .

: The figures of merit used were the following commonly used

cnysta11ographic residuals: |

o" F

z|F

le
R1 =

ol

__ 2 2.
Ry or R "= prw(|F [~ |F.]) RUAS
The weighting parameter used was the following:

- 2 2y-1
W (Gcounting + (gFy) }

where o . i : : -y . s
here counting 1S the error associated with the counting statistics

—~
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for a particular reflection and g takes into account the instrument -
instability. The value of g was determined from the estimated standard
deviafion of the standard reflections collected throughout data
collection for potassium thyminate trihydrate, €is-1,2-dac PtC12

and cis-1,2-dac PtBr,. For all the qther structures, the value of

g Qés chosen froﬁ the analysis of variance available in the SHELX

151

program. The observed structure factors are sépazgted into ten

. : . - . L L.
intervals of increasing (?blFmax)’, each containing roughly the same

number of reflections, N, where F; is the mean observed structure

factor jn—tﬁe interval and Fmax is the highest observed structure’
factor. %;;\;;E;Ession

T
MEw(Fo-FC)

V= 100 — B
where M is the total number of structuré factors, is calculated for
3 _
. each interval. The best g value is that which yields the smallest
’ e s . .
variation in V as a function of (F;/Fmax) .

The error in an observation of unit weight was calculated by
fitting (FO-FCI)Z to (a(F)% '+ lgIFz)'.
- The moduli of F0 and FC for the structures reported in this

work aré listed in reference 265. . {)

2.2.4 Computer programs
‘ THeUPRELIM procedure file was used to transfer the data coliected .
from diffractometer oufput tapes to computer files“in a suitable

format for further work.

//'?
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o .
The empirical absorption correction was carried out using th%\
d

PST program, provided by the diffractometer manufacturer and modifie

106311y-for.thé CDC computer by Z. Tun and J. F. Brittéﬁ. ™

\ .
Lorentz-polarization and cylindrical or spherical abscrption

corrections'wer%)ca fied out using the DATCOS, DATDRN packages from

/ 50 151 was used for direct

The program SHELX

method calculations in all cases and structure refinement in all

. structures with the exception of potassium thyminate trihydrate where

- the full-matrix least squares program CUDLS (written locally by J. S.

Stephens) and the Fourier program SYMFOU (written 1oca11y by J. S.
Rutherford) were used throughout the structure solution. ~CUDLS and
SYMFOU were also used in the final three-djmgnsiona] difference synthesis
for cis-1,2-dac PtC1, and cis-1,2%dac PtBr,.

" , jKeast squares p1qnés, dihedral planes and torsional angles .

were céﬁcu1ated by the prbgrams PALS (written Tocally by P. G. Ashmore)

or NRc-22382

Diagrams\ were prepared using.the ORTEP(II) program.

153

alcyTations. were Earriéd'out'on a CDC 6400 or a CYBER

SN

*170/730 computer.

2.3 INFRARED SPECTROSCOPY AND NMR SPECTROSCOPY

The infrared spectra of cis-1,2-dac PtCl, were obtained on
a Perkin-Elmer Model 283 spectfometer. The samples were prepared

as muTts-in nujol and hexach]ofo-l,3-butadiene. The Nmr spectra

“were obtained on an 80 MHz Bruker WP-80 Fourier Transform spectrometer.
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) / CHAPTER THREE

- ——“—-.\-_-/
STRUCTURAL DE#;;HINATION OF_BROMO AND CHLORO PLATINUM COMPLEXES OF-
cis-1,2-DIAMINOCYCLOHEXANE

3.1 INTRODUCTION:

Early studies using 1,2-diaminocyclohexane (l,é-dac) platinum
. .
complexes indicated that these second-generation drugs were only as
active as cis-DDP against certain tumours 17,20,21,154 and very toxic

155

in male F344 rats. Most of the research done with 1,2-dac platinum

a1

“complexes however, has shown. that ‘they are potential secondfgeneration
- drugs deemed worthy to enter clinical trials (see section 1.3.3).

The cyclohexane ring is a puckered six~hembered ring which

- can exist in a number of different conformations, the most stable
being the chair conformation shown in Figure.17. Nearly every derivf
ative of cyclohexane also exista 1ﬁ the chair conformation.156 This

has been found in the structural studies of complexes containing the

-1,2-diaminocyclohexane Tigand. 157-160

The 1,2- dac Tigand in ‘the chatr conformation chn exist in three

isomer1c forms: cis

and the twy/trans conf1gurat1ons, RR and SS. "'The

cis isomer has one amino group in an equatorial position and the other 4“\

in an axial position; this can™ead to chelation on the. platinum atom
(Figure 18). One 'of the carbon atoms attached to an amino group

has the R configuration while the other has the §_configuratioﬁ;

thus gig;l,z;dac is not optically active.

51 !
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Trans-1,2-dac can exist as two enantiomers, RR and'§§. These
are non-superimposable mirror images and the optical isomers can
be separated. For each gnantiomer.twp formatidns are possible:
the anti conformation with both amino ;f:gés inlaxiql poéitions and
the gauche conformation with botﬁ'amino gropps_in éﬁuatdria1 posit;an.
To form a chelate to platinum, both aminO'gkdﬁbﬁ musfgﬁe_jn'equatoriaT
positions (gauche conformation) (Fjgure 19)i-: |

The absojute configuration of thé'dﬁtfcal isomers has

been detérmined:ls7

the levorotatory Tigand, gfgg§;(-)-1,2-dac, has
the BR configuration; trans-(+)-1,2-dac has the S5 configuration.
Chelation of the 1,2-dac 1igand to a platinum atom introduces
an asymmetry such that the NCCN ;ystem can exist in the § or A form
(@;gure 20). The orientatiﬁn of th% amino groups of the RR isomer
is such that chelation to platinum always yie}ds‘the % form while
chelation of the SS isomer gives the & form (refer to Figure 19).
_For cis-1,2-dac, one conformation yields the & form while the
other yié]d§ the-1 form (refer.to Figure 18); because both conformers
should. exist in equal amounts, one should obtain a mixture gf the
8 and A forms updn chelation of_Eﬁe cis-ligand to the platinuf
atom. - - }(
Most animé1 studies done with platinum complexes Eontaining‘

the separated isomers of 1,2-dac Have shown that ghe\cgmplg;es\g}th

the trans-(-)-l,Z—déc ligand Qere the most active, regardiess of the
-— . - > '
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Figure 19

Conformaticns and optical isomers of trans-1,2-dac

optical
jsomerism

anti, di-axiai
R, R configuration

Ir

gauche, di-equatorial N
R, R configuration .

A-form .
cis[trans-(R,er,Z-dac)PtCIZ}

NH2

anti, di-axial
S, S configuration

gauche, di-equatorial
S, S configuration

§-form
cis[trans-(S,S-1,2-dac)PtCl

. 1 ' ' NH, 1
N/ . N4
Pt Pt
NHZ/ Nt Hz/ c1
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leaving group or the tumour system being tested.47"4g’161'164 These
results have prompted researchers to replace platinum complexes of
isomeric mixtures of-1,2-dac by trans-(-}-1,2-dac platinum (11) for
clinical triqlg.qa |

The structures described in this chapter involve platinum
complexes of the cis-isomer of the 1,2-dac Tigand with chloride
and bromide leaving group§¥ggi§gl,2-dac PtBr2 and [$i§;1,2—dac PtC12]3'H20.
At the time of their structure solution, these complexes were the first
examp]éiﬁziLﬁtructures of the 1,2-dac ligand with platinum. Since then, a

structure involying the trans-(-)-1,2-dac 1igand on platinum has

been studied and will be discussed later in the chapter. _

3.2 EXPERIMENTS

3.2.1 Separation of 1,2-dac into its cis and trans isomers

\5— Commercial 1,2—diaminocyc1ohexane'(25 g) from ICN Pharmaceuticals
was used as the starting coﬁpound. The procedure of Saito and
Kidani 165

was followed exactly to give [Ni($i§;1,2-dac)2C12]

(yield = .13.49 g) and [Ni(m-l,z-dac)zmzj‘ZHzO {yield = 13.3 g).
The products were identified by infrared spectroscopy. Treatment

of the nickel complexes with sulfuric acid gave Ej§;1,2-dac-H2504
(yield = 10.32 g, 67%) and g«g_n_s'-l,z-dac.st% (yield= 8.05 g, 73%).

3.2.2 Preparation of [Pt(gj§;1,2—dac)C12]3‘H20

. This was prepared by a modification of the proéedure of

166

Ito, Fujita, and Sajto in which Ejg:l,Z-dac-H2504 (0.56 g) was

oy

P . OO
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used instead of cis-1,2-dac and the reaction time was 36 h. An
é]ternative method was ﬁsed for subsecuent preparaticns where cis-
1,2—dac-HZSO4 and KthC14 were mixed and the pH of the solution was
raised with K2C03 until the yellow [cis-1,2-dac PtC]ZJ3 HZO pre-
cipitated. The mixture was stirred for a few hours, the sol-

id was removed by filtration and the procedure repeated until
completion of the reacéion. ‘In é]] cases, the solid was recrystalliz-
ed by dissolution in dimethylformamide followed by the addition of
0.1M HC1, dropwise, until the solution just turned cloudy. The
mixture was cooled in a refrigerator (273 K) for 3 d. Yellow crystals
formed as thin p]ites.' They were separated by filtration and air
dried (calc. for C18H44C16N60Pt3 1 C, 189, H, 3.8, N, 7.3%; found:
C, 19.4, H, 3.9, N, 7.2%) .

3.2.3 Preparation of [Pt(gii-llz-dac)Brzj N

.fPt(gigfl,2-dac)C12]3‘H20 (0.107 g) was reacfed, as a
suspension in water, with two molar equivalents (0.090 g) of silver
nitrate. The bulk of the silver chloride precipitate was removed
by centrifugation; residual traces were removed by filtration. Tﬁe

fi]tréte was reacted with potassium bromide (0.04 g) . A yellow -

precipitate of [Pt(gi§71,2—dac)8r2} was separated by fittration

and recrystalliZed by precipitation from an acetone solution by
vapour diffusion of water. Yellow crystals were obtained after

two weeks (Egls. for C6H14Br2N2Pt: C, 15.4, H, 3.0, N, 6.0%;

/ [Y
found: C, 15.1, H, 2.8, N, 5.7%) . \\_,///) .
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3.3 RESULTS AND DISCUSSION

The crystal data and details of the refinement for both
[cis-1,2-dac PtC12]3°H20 and [cis-1,2-dac PtBrZ] are shown in Table 4.
The final positional parameters and the isotropic or equivalent

temperature factors (Uis' ) are given 1in Table 5 and Table 6

0 g .
for the bromo and chloro complexes respectively. The molecular

or Ue

‘structures of the chloro and bromo complexes are very similar. In

both, the 1,2-dac 1igand adopts the chair conformation.

Figure 21 shows the structure of the bromo complex and the
atom numbering, which are the same in the chloro comp]ex.\ The chloro
complex haS‘th}ee moiecules in the asymmetric unit compared to one
for the bromide; the diffefence 15 attributed to the extra water
molecule in the chloro complex. Interatomic distances and‘angles
for the‘bromide and three chloride mo1ecufes are given in Table 7
and dihedral angles between various planes in the molecules are
given in Table 8. The two Pt-Br distances are significantly different,
but there are no obvious reasons for the difference:' The Pt-C1
distances (2.284(7) - 2.310(6)3) are not significantly different
in each molecule of the chloride and the average distance (2.2933)

is shorter than the average Pt-Br value (2.434A) by about the differerice

" between tha ¢1 and Br,covaTenﬂﬂ;xiionic radii of 0.16 A. The Pt-N

distances (2.01{2) - 2.06(2)A) are not significantly different in
the four molecules. Equivalent C-N-'and C-C distances within the riggs do

not differ significantly within the sets and are in agreement - with ofher

“



Compound
F. W,

Crystal shape,
size(cm)

Space group

Unit cell parameters

a(d)
)
B(°)
Vo]ume(ﬂB)
Z.
Peatc (9 o)

-3
Pobs (9 €m °)

Linear absorptigf
coefficient (em )

Absorption correction
factor, A*, Timits

Maximum 2a(°)
Standard reflections
and-

e. s. d. (%)
Temperature{°C)

No. of independent
reflections

Table 4

Crystal data

[Pt(CgHy 4N5)C1,]5-H 0
1158.3

Thin plate; .
0.006 X 0.003 X 0.04

C2/¢
{

N -

24.31(2)
12.439{5
20.981(9
110.59(6

5938(6) ™

8

2.59
2.56(2)
153.9

1

4,17, 4.50

55
0,6,2;2,0,8
1.34; 1.68

22

6048

60

54”'

[PE(CeHy 4N,)Br ]
469.0

Rectangular block
0.005 X 0.005 X 0.04

c2/c

*55
-2, -2, 5 2, -2, 1

1.24; 1.20
22

2515 .
....... cont
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Table 4 (cont.)

No. with:
I330(1) 3022 1677
36(I)2Dx(1); FOF, 863" 368 y
3o(I)120(1); FLKF,  1289" 278 |
Io(1), rejected g74* | 192
R, observed™(all) 0.059(0.077) 0.041(0.055)
R,% observed (all) 0.072(0.076) " 0.056(0.058)
Final shift/error 0.01(0.0007) 0.03(0.004)
Max. (Ave.) .y
g (secondary extinction) 1.11 X 1078 2.93 % 1078
Final diTference map,
Highest peak (e-% °) 1.52 1.02
LLowest'va]]ey(e-A'3) -1.68 -0.57
- 2 o 12, - -
Meighting, w - (o + (0.03°F ) (82 4 (0.03 FO)Z) 1
Error in observation 1.200 o 1.249

of unit weight

aDefinitions of R1 and R2 are given in Chapter 2, p.48 .
* Most of the unobserved and weak reflections were above 2g = 35°
*Observed reflections are those for which I 3¢(I) Other

reflections used in the refinement procedure were those for which
o(1)2£ 1£3.00(1) and Fo> F ,



Table 5

24

&2

Positional parameters and isotropic temperature factors (X104) for.
cis-dibromo(cis-1,2-diaminocyclohexane)platinum(:l)

."Atom

Pt
Br(2)
Br(1)
N{1)
N(2)
c(1)
c(2)
: C{B
C(4
., C(5

|
)
C{6)

X y
1820.8(3) 1307.4(4)
3351(1) 175(1)
1707(1) 795(1)
555(7) 2364(9)
1815(7) 1821(9)
490(9) : 3078(10)
817(9) - 2378(10)
30(10) 1492(10)
-1028(10) 2054(11)
-1395(10) 2677(11)
-597(10) _ 3596(11)

Mgq = 1/3(Upy + Upp + Ugy + 20 5c0s

AR

4

62.7(4)
1311(1)
-1784(1)

-791(9)

1540(8)
100(1p)
1210(10)
1044(10)
631(11)

--543(11)

-404(11)

*
Ueq or Uiso

212(2)*
377(8)*
328(7)*
320(20)
310(20)
310(20)
280(20)
320(30)
380(30)
390(30)
370(30) *




~ Positional parameters and isotro
tris[cis-dichloro(cis-1,2-diamin

Atom

Pt(1) -
Pt(1A)
Pt(1B)
C1(2)
0151) .
C1({2A)
CI(1A)

X

442.36(4)
266.74(4)
69.81(4)
488.9(3)
480.0(3)
183.4(3)
321.1(3)
96.4(3)
100:4(3)
400.7(9)
- 403(1)

338.5(8)

224(1)
46.8(7)
43.6(8)
377(1)
356(1) -
300(1)
250(2)
273(1)
327(1)
324(1)
262(1)
256(1)
296(1)
- 363(1)
. 367(1)
10(1)
34(1)
93(1)
84(1)
64(1)
S7(1)
136(1)

g = 1/3(0

11

Table 6

y

339.59(7)
202.18(7)
339.04(7)
469.2(6)
201.5(5)
139.2(5)
63.6(5)
468.7(5)
204.0(5)
237(2)
454(2)
266(2)
331(2)
235(2) -
448(2)
294(2)
402(2;
398(2
341(3)
227(3)
230{2}
385(2
391(2)
347(2)
412(2) -
397(2)
436(2)
290(2) .
462(2)"
403(2)
344(3)
226(3)
226(2)
391(2)

7

4

280.87(5)

292.25(5)
251.75(5)
358.7(4)
355.4(3)
209.7(3)
274.2(3)
335.9(3)
331.1(3)
204(1)
208(1)
366(1)
310(1)
173%1;
176(1
141(1)
154(1)

" 169(1)

111(2)
102(2)
85(1)

369(1)
435(1)

. 496(1) .
" 501(1)

433(1)
109(1)
108(1)
95(1) |
28(1) " o
31(2)

pic tempefature factors (x103) for
ocyc]ohexane)platinum(II)]hydrate

*
*geq or U

23.5(6)*
22.9(5)*

- 22.0(5)*

41(5)*
34(4)*
40(4)*
37(4)*

3304

34(4)*

38(9

40(5)>
28(5)
42(5)
24(4)

31(%)

35(8)

63

-

is

25(5) - |

'38(6)

67(9)
57(8)
43(7)
27(5)
34(6)
39(6) -
52(7)
49(7)
42(7)
34(6)
30(6)
37(6)
49(7)
62(9)

-44(7)

94(8)
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* Selected interatomicldistanCes (E) and angles{°)

Atoms .-

Pt-X(1)
Pt-X(2)
Pt-N(1)

Pt-N(2)

N(2)-C(1)
N(2)-C(2)
C{1)-C(2)
€(2)-C(3)
C(3)-C(4)
C(4)-C(5)

.‘C(S)-Cﬂﬁ)

- X(Z)-Pt~N22

c(6)-c{1)
Pt-Pt’

(0 b e o b ek N PO B RO

TgnoTainoOTnpLO0O S
H AN, HEMNDODWODO, R W E
—
s -..a-.rg
AN

T N T T Ty i, e, o o, DAY
P DY PN PO PO PO P N et

L L L ) e

S

X(1)-Pt-X(2) ¢~ ~ 95.61

X(1)-Pt-N(2)s* -

X(l)-Pt-N(l;.

X(2)-Pt-N{1)

N(1)-Pt-N(2

Rt-N{Ig-C(l
~C(2

-N{2
el a2y

N(2)-C(2)-C(1)
C(1)-C(2)~C(3)
C(2)-C(3)-c(4)
c{s;-cg4)-c(5

C(4)-C(5)-C(6

€(5)-C(6)-C(1)
C(6)-C(1)-C(2)

‘N(1)-C(1)-C(5)

N{2)-C(2)-C(3)

(6)
175.4(3)

91.9 3; :
.0 cha

112(1) “
111.569)
111.q(9)

b

" Table 7
""Q—
Distance

c1 C1(A) C1(B)
2.286(6)( .  2.284(7) 2.296(6)
2.291(6) .- 2.291(6) 2.:310{6)
2.03(2) 2.05(2) 2.02(2)
2.06(2) 2.02(2) 2.01(2)
1.43(3) -1.53(3} 1.48(3)

1.45(3) 1.47(3 1.48(3)
1.51%4; 1.52%4; 1.52%4}
1.49(4 1.52(4 56(4
1.55(4)  1.54(8) - —° 1.52(4)
1.57(5) p .1.60(4) 1.55(5)
1.47(5) ~1.55(4) 1.4925)
1.58(3). 1.53(3) 1.58(4)
3.479(1) - 3.368(1)

Angle
93.6(2) 91.5(2) 91.4(2)
174.8(6) 175.9(6) - - 174.9(6)
92.1 5; 91.8 5; . 93.1(5
91.5{6 ©92.2(5) * -93.3(6
173.8(7) . 176.7(6) -~ -175.2(6)
82.9(8) . 88.6(8) 82.1(7)
11052; 1 110(1
108(1 111(1 113(1}
109(2) 107(2) 108(2)
108(2) . 107(2) ©106(2)
114(2) 114(2) 114(2) .
112(2) . 109(2) 109(2)
1o7§2) 110%3) 111(3)

. 113(3) 107(2) 109{3} ¢
111(2) 115(2) 113(2
111(2) 111({2) 110(2
113(2) 110(2) 112(2)
113(2) ST 111(2) 109(2)

b+
L] .“t ) ] ' ‘

65
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Table 8
Interplanar angles and deviations from the best Jeast sque;ps plane

Dihbdré] angles {(°)* -Br - C1 . C1(A) ci(s) °
N(1)C{1)C(2)N(2) 49(1) 52(3) +55(3) 4853)
N(1)C(1)c(2)c(3) 73(1) 74(3) 68(3) 72(3)
N(2)c{1)c(2)c(3) 58(1) 54(3)" 58(3) 60(3)
c(1)c(2)c(3)c(a) 57(1) 56(3) 59(3) 56(3)
c{2)c(3)c(4)c(s) ©60(1) 56(3) 63(4) 59(4)
c53;c£4)c§5)c 6) 58(1) 59(4) 59(4) 61(4)
c(4)c(sic(s)c(1) 55(1) 57(4) 54(3) 56(3)

_ cfsgczsgc 1;c 2} 5151; szga) 51(3 52}3;

- C(6)c(1)c(2)c(3 52(1 52(3) 52(3 51(3
C(6)Cc{1)c(2)N(1) 55(1) 54(3) 60(3) 57(3)

- C{6)c(1)c(2)N(2) - - 6(1) 2(3) 6(3) 9(3)
PtN(1)C(1)C 2; 37(1) 3653; ’ 46(2; 40%2)_
PEN(2)c(2)c(a 38(1) 41(2 © 36(2 35(2)
PEN(1)N(2)-PtX(1)X(2) "1.5(4) , 2.9(8) 2.1(8) 2.3(7)
Deviation from plane (f\) /

P ’ -0.015(1)  <0.011(1)  -0.024(1)  0.030(1)
X(1) -0.011(1) -0.032(8) 0.013(6) - 0.000(8)
X 2; . 0.011(1) 0.032(8)  -0.013(6)  0.000(8)
N{1 , : 0.02(1) 0.04(2) -0.02(2 0.00(2}
N(2) -0.02(1) -0.04(2) 0.02(2 0.00(2
C(1)%* oo 32(1) 0.27(3) 0.55(2) 0.36(3)
C(2)** -0}35(1) -0.43(2) -0.17(2) -0.30(3)
4

, *For the four atom lgbels the dihedral angle is between the
planes defined by the first fhree atoms and the last three atoms. =
Thus Ffor ABCD, the dihedra)/angle is between the planes ABC and(;lél—)?

\ :

n/] **The atoms giv nh\ﬁﬁght in the refinement of the best
plane; other atoms givén unit.weights.

2
e

s n.._,



structures containiné the 1,2- déz moiety. 157-160,167-169 Interplanar angles
show minor differences w1th1n the sets of the four mo]ecu1es studied
here; the differences are probably caused by the exigencies of
crystal packing.

The packing of the bromo complex is illustrated in Figure 22,
The structure consists of layers paraliel to the ab plane at .z = 0 and
%. Within each Tayer the molecules are arra;ged as centrosymmetrically
related s) pairs, with the square planes of the 1igand atoms hydrogen -
bonded through N(1)2-- “°Br(2) and N(2)3-- "Br(1) interactions*, giving
a Pt*""Pt' distance of 3.511(1) R. In the 2 direction the dimer
unit is in contact with its trans1ationé11y equivalent unit through
the cyclohexane rings. These dimer units are staggered with respect
to their C-centred analogues so that in the g:direction at x = 0 and
% in each layer the dimer units are arranged”in the layers 1ike
bricks in a wall. There is a stack of cyclohexane rings along b at x = 0
and %. The forces between the dimer units within the layer are van der Waals
as are the forces between layers,in the c d1rect10n.

= | 'y

The structure of the chloro complex is shewn in Figure 23,

It may be considered as compr1s1ng very comp]ex chains along the a

plane\to square plane within the pair by hydrogen bonds through
U1 MD)P, €1(2)N(2)® and c1(18) - "N(1B)®, ¢1(2B) - -N(28)®

*Atoms with superscripts are~related to those in Tables 5 and 6 T
by (El) 15-)(, ‘5—.\'. =25 (b) 1 =X, .Ys !ﬁ‘z’ (C) ;i‘xs y";ia lﬁ'za (d) 35-)(,
e Y525 () -x, y, %75 (F) ex, -y, 1-z2. \ 5
- -3
. o '

I



Figure 22

¢ s The contents of the unit cell of cis-1,2-daq PtBr
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Figure 23 ‘ ~

The contents of the unit cell of cis-1,2-dac PtCl
A .

a and b/are parallel to the side and bottom of the page
respectively-add the view is dawn c* /
= _
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giviny Pt---Pt distances of 3.479(1) and 3.368(1) A. The.coﬁfé{mation
of the molecules is ;uch that each pair exists in either the §5 or

Ax form. The pairs are interspersed by the(%h%rd molecule, which is

not arranged in pairs, so that one has an arrangement pafr(])- v
monomer-pair{2)-monomer-etc. The monomer is’bound to pair (2) by
the hydrogen bond C1(2A)---N(1B). Within a given complex chain
all the monomer molecules, have the“same conformation while the

two pairs have opposite canformations. Thus, in the left-

hand upper(looking down c*) chain thes arrangement is §s[Pt-(1B)]-

‘G-AA[Pt(1)}5i- and the riqht-hand upper chain is AA[Pt{1B)]-s- Pt(})

The 1 conformation of the monomer is observed in the lower chains.,
Contact between the chains in the ¢ direction at roughly

z=0,3% is only between hydrocarbon units and C1 atoms and the inter-:

action is van ger Waals. The water molecule lies close to the

z = 0,% plane but does not provide a major cross-1ink between the

cheins. It is:only re]ati§e1y weakly hydrogen bonded to C1(2B),

3.44(3) X and N(1A), 3.25(3) &, and probably is only. present in a

-space+fi]1jng function.’ This is confirmed by the infrared spectrum

which shbws‘very sharp bands at 3667, 3526 end 1670rcm7} (Figure 24)
close to those observed in free and liquid water and h1gher in energy
than those observed Tor water mo]ecu]es involved in normal hydrogen
bond1ng.170 ) a

Along b there is a fair]y'extensive network of hydrogen

bonds between adjacent chains through C1(1)---N(28)¢ 3.23(2),

c1(2)---N(18)d 3.43(2F, ‘¢1(1a)- --n(28)¢ 3.40(2), c1(ze)--‘-N(1)d 3.44(2),
c1(1A)---Nsz)C 3.37(2), C](JB)---N(Z}C 3.2102) A, o
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-_Genera11y, in structqrés of cis-diaminedihatoplatinum{II) compounds
the molecules are arranged in square-plane-square-plane pairs, with

a Pt+--Pt distance.of about 3.4 - 3.5 A 138139,14%

see section .
1.6.5))and this is observed in both compounds. The existence of‘
the third molecule as a monomeric unit is uﬁusual aﬁd we assume this
is to maximize hydrogen-bonding interactions. .

Our attempts at obtaining diffraction data on single crystals
of trans-1,2-dac PtC]2 d1d not succeed A number ofeérysta11ization
procedures using d1fferent so]vents always yielded m1crocrysta]11ne

material. Small crystals wére obtained by evaporgtmng a DMF
solutign of the sampie but these decomposed raéid]y when removed from
the solution. A crystal was sealed in a capillary tube with a drop
of mother liquor but the Toss of DMF from thqglatticé still occurred.
The crystal structure of a platinum coﬁp]ex containing the trans-(-)-
1,2-dac ligand has since been so]véd: [(jrgggf(-)—1,2-dac)2PtC{]C]Z.
This will be used to compare the platinum complexes with tﬁe different

isomers of l;é—dac.

The molecules containing cis- and trans-1,2-dac differ in the

or1entat1\P of the cyclohexane r1ng with respect to the platinum

coord1nat1on plane (F1gure ZSJ K1dan1 and his co-workers 161

have argued that the d1ffergnt or1entat10n of the digand plane wwth

the platinum-containing plane may affect the fit of the platinum

comp]exes in DNA; €his may lead to a s1gn1f1cant d1fference in the
. anti-tumour act1v1ty of the complexes In the trans-(- ) 1,2-dacy

p1at1num _compiex, the cyg1ohexane ring is aimost co p1anar with tﬁ-)
, /

=) (]

§a

o . ) BN
e , .
>
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Figufe 25

The orientation of the 1,2-dac ring with respect to

the platinum coordination plane

ice the planarity of the molecules in cohparison to o ;
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1

platinum coordination plane; the drug can approach the DNA molecule
along its major grooves to interact with the bases.' On the other
hand, cis-1,2-dac platinum complexes, with the1r cyclohexane ring

perpend1cu1ar to the platinum coord1nat1on plane, would be sterically

" hindered and would not interact with DNA {Figure 26).164 This argument

does not seem valid however since it has been found that the ‘
configuration of 1,2-diaminocyclohexane héd no significant effect
on the reactivity‘of'sﬁlfato 1,2-dac or dichloro 1,2-dac platin
complexes with DNA.171 _
Comb1nat10n chemotherapy results indicate that the platinum drugs
epntaining 1,2- dac may act py a mechan1sm different from that

of cis-DDP: certain chemotherapeutic agents act synergistically with

trans-(-)-1,2-dac p]atinﬁm malonate but not with gjgrnpp;so cisplatin

acts synergistically with 1,2-dac platinum complexes. 33,50 Finally,

1,2- -dac complexes are active against tumour Tines which are res1stﬂnt

to cisplatin. 35 38-41,50

v
\ . :
The mechaq1sm of action of thE\g,Z-dac platinum drugs is not
known, ‘A recent study 172 proposes that the mechanism of action of

the 1,2-dac complexes is fundamentally different and probably excludes

_the occurence of intrastrand crosslinks between adjacent guanine

residues. Much moré research must be done to elucidate the nature

of the mechanism of action and the reason for the differing activities

_of compiexes of the separated 1,2-dac isomers.

V!
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.leaving group and hydrolysis products can be suppressed if the presence

CHAPTER FOUR

SOLVOLYSIS PRODUCTS OF cis- PtAZX2 COMPLEXES

4.1 INTRODUCTION

The sdﬁvolysis of a p]atinuﬁ complex is the intermediate
step in thejovera]] mechanism df_action of %hese anti-cancer agents; ’
hydrolysis products form before the reaction with the bib]ogica]-target
can take place (refér to Figure 2, p. 6). ‘

A more detai]edr1ook at the hydrolysis of platinum(Ir)
comp]exes/iﬁjﬁitro indicates that an aqueous solution of a platinum
drug may consist of a mixture of products. In aqueous media, water

R - - ” :
is present in’ the highest. -cont®ntration; yet, water is also a_good ST

A

of a better nucleophile in sufficiently high concentration’J, Lim

173 . )

and Mértin have determined the relative concentrations of different

species present in aqueous solut1ons of vdrious compos1t1ons, the

information was reviewed recently 174

and only the main pdints w111

be outlined here. In solutions where the chloride ion concentrat1on
is 103mM, equ1va1ent to- that in blood plasma, the ratio of different '
species of en Ptx2 complexes has been calculated to be: (HZO)Z N

(0H)2 (H,0) (OH) = (H, 0)(ch) : (OH)(CT) : C1,= 0.00134.: 0.033 : 0.053 :

1:12:37.3. In solut1ons containing 4 ch]or1de 1on, equ1va1ent to the

concentration present in the.cell. the ratio changes to 0.0345 : 0.86 :-

76
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1.38 : 1, 1 1.45 In the plasma only, traces of complexes should _

contain the good water 1eaV1ng group and the platinum(II) complexes
L)

should rema1n re]at1ve1y inert. Inside the céll hoﬁe;EF:“there‘are

appreciable mo]e fractions of comnlexes with the labile water Tigand

and these will be more, reactive toward the biological target .

The. hydroxide” species are formed from the correspond1ng aqito

‘"comp]exes, depend1ng on the pH of the solution. Furthennore,'when

the plat1num complex concentrat1on is greater than 0.2mM and when the )

solutions-are a]]owed to stand, hydroxo-bridged: d1mers or tr1mers are

'formed, The hydroxo-br1dged complexes do not. have t1tratab1e groups

remaining and have been obtained Et widely varying pH's 175 s indicating

that these complexes are very stable. The prese structure of

- : -
hydroxo-bridged dimers and Arimers are now well=established. 175-178

Although there is no reason to beldeve that\plat1num complex concentra-

tions as high as 0.2mM will be present”in the cell, the formation of

hydroxo br1dged spee}es may occur during the preparat1on of complexes
*

W1th 1eav1ng 11gands gther than the ch]or1de Yon (see section 4.2. 1)

9

The p]at1num conta1n1ng spec1es present 1n ‘aqueous so1ut1ons

depend on the ch]or1de jon concentrat1on, other poss1b1e 11gand con-
centrat1ons, the pH of the solut1on, the p]at1num comp1ex concen-

~ 4

tration and the reaction t1me of the mixture.

XN

,

¢
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4.2 HYDROXO COMPLEXES OF PLATINUM{II)

4.2.1 Hydfoxo-bridqed platinum(Il} complexes

4.2.1.1 Introduction

The interest shown in ihe hydrolysis products of p1$tinum(II) .
complexes led to intefesting discoveries. For example, it was 0rigina11§
believed that cis-dinitratodiammine platinum(II) was toxic; the
ltoxicity originally ascribed to the drug is actually caused by the
formation of dimeric and trimeric hydroxo-bridged platinum comp1exes.145
The preparation of complexes of platinum{II} with leaving ligands other
. than €17, Br™ or I” involves the reaction of the dichloro comp1éx\mi§h\
silver nitrate to form the “aquo" species. Tﬂe aquo complex is then
reacted with a solution containing the appropriate anion.lY’ 21
The presence of the platinum complexes in high concentration { > 6mM) in an
aqueous medium probably leads to the formation of the hydroxo-bridged
compiexes. A water soluble complex of i,2-diaminocyc1ohexanep1atinum(II),
described as (1,2~dac)Pt(0H2)(SO4), has been found to be more active as an
anti-tumour drug and to have approximately the same foxicity as the Eorresponding

dichloro comp1ex.179

The formation of hydroxo-bridged species may

occur in the preparation of the 1,2-dac platinum(II) cbmp]ex or in

the administration of the drug in an aqueous medium because the!l ]
sulfate anion is a good leaving group. Gill and Rosenberg 180 '
have reported that the hydroxo-bridged dimer and trimer of
(1,2-dac)platinum(II) are active anti-cancer agents and that they are
less toxic than the dinitrato(1,2-dac)platinum(II) monomer. Thus the

activity of the(1,2-dac)Pt(0H2)(304).comp]ex may be the combination



c*

of the activities of many compounds in a mixture.

Both cases mentioned above indicate that more careful analyses
of platinum complexes are necessary to decide which drugs are the most
active or least toxic when the presence of a mixture of compounds s
suspected.

The cytotoxic and anti-cancer properties of the monomer,

dimer and %rimer species of 1,2-dac platinum(II) are quite different

from the reswt
180

btained with the corresponding diammine platinum

complexes. he_kinetics of formation of the 1,2-dac platinum
hydroxo-bridged tomplexes have ﬁeen studied 180 yet no structures have ever
been reported. For se reasons, we investigated the structure of
[gxglg;tri-p-hydroio-grjgf(E[gg§;1,2-diaminocyc1ohexane platinum({II)]

nitrate hydrate (trans-(1,2-dac)trimer).

4.2.1.2 Experiments

The sample of trans-{1,2-dac) trimer was sent by Dr. D. S.‘
Gill in Dr. Rosenberg's 1aborafony. The sample was a white powdef
which was recrystallized from an aqueous solution of pH 6.4. The
sofution was placed in the refrigerator and the solvent was evaporated
slowly for 7d. at 5°C. The crystals gbtained were colouéﬁess and
Tost water from the Tattice when taken out of solution.

A Targe crystal was used for alignment photographs; after a
few days, powdér'lines appeared on the film, indicating that the
crystal was decomposing. The remainder of the crystals were kept at

0°C; even at this temperature, the crystals Tost water molecules

—



present in the lattice. , (

Attempts to get more crystals always yielded large colourless \
crystals which could not be filtered out of solution without loss
of crystallinity. A crystal was sealed in a capillary tube with a
drop of mother liquor. This crystal was placed on a Syntex P21
diffractometer assembled for low temperature work. The same Eé1]
was found as that previously obtained from precession photographs.

The three interaxial angles, were close to 90° and a check of equivalent
reflections in the monoclinic system based of 2/m and the orthorhombic
system based on mmm indicated that the crystal belonged to the
monoclinic system with B = 90.48°, The crystal data for the
trans-(1,2-dac)trimer are shown in Table 9.

Although the crystal was sea1ed‘jntﬁ capillary tube and fﬁe
data were collected at low temperature, there were many low-intensity
reflections, probably caused by the large thermal motion of the
loosely held water molecules. Thus the structure is not an accurate
one and only the main features of the cation will be considered.
Attempts are still being made to get better crystals so that a more
accurate structure can.bé\obtained.

. The refinement of the structure was terminated when the maximum
shift/error in the positional and thermal parameters of the atoms in

the cation was Tess than 0.3. Some of the atoms of the anions and

the oxygen atoms of the water molecules did not refine; they were fixed
at the positions obtained from the Fourier difference map.

No absorption correction was performed on this crystal: upon
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Table 9

Crystal data for cyclo-tri-u-hydroxo-~
tris-[(trans-1,2-diaminocyclohexane)platinum(1I)]nitrate hydrate

Compound
F.W.
Space group

Unit cell parameters

a(R) .
B(A)
c(h)
8(°)
Volume (33)
Z
Dca1c(g'cm-3)
Ddbs(g'cm-B)

Linear absorption
coefficient, cm

Maximum 26(°)
Standard reflections

and
e.s.d.(%)
//;? ’

Temperature (°C)

No. of independent
reflections

No. with I>0

No. with 1€ 0, rejected

[Pt(CsHlaNz)(OH)]3(NO3)3'XH20
1236.97*
P21/c

12.912(
21.849(
12.763(
90.48(3

3)

5)

; ¢
) .
3601(2)

4

2.28*

2.29(s)
41.86*

2.31; 2.96
-52
5127.

3808
1319
0.1611, 0.0827



Final shift/error
Max. (Ave.)

X (secondary extinction)

Final difference map

Highest peak(e-i'a)
Lowest va]]ey(e-3"3)
Weighting

Error in observation
of unit weight

82

Tabte 9 (cont.)

0.278(0.055)

-0.00001

qpefinitions for Ry and R, are given in Chapter 2, p. 48

*Based on tetrahydrate



3

warming the crystal to room temperature for the w-scan data-co]lectioh,

83

r

the crystal decomposed sufficiently to cause doubts in the accuracy
of the intensity<geasuremenfs.' For the same reason, an accurate
size determination of the crystal could not be performed. In addition,

the density determination is not an accurate one.

4.2.1.3 Results and discussion

The positionq] parameters and the temperature factors for the
atoms in the cation are listed in Tab]é 10 and the interatomic distances
and angles are given in Table 11. ?or clarity, the trimerié cation
has been separated into 3 mp]ecu195, each molecule containing a
1,2-diaminocyclohexane ring and a platinum atom. The molecular structure
of the cation and the labelling of the atoms are shown in Figure 27.

The Pf—o and Pt-N distances are normal for these types of
complexes. As was mentioned in Chapter 3; chelation of the 1,2-dac
ligand to hlatinum introduces an asymmetry (6 or ). The cation
shown in Figure 27 has the configuration Ax5 around Pt{1)}, Pt({2)
and Pt{3) respectively. Since the space group P21)c is centric,
there are two molecules in the unit cell with the axs configuration
and two with the 886X configuration. This is expected since the starting
1igand is a racemic mixture of trans (+) and tfans‘(-)-l,Z-daC; upon
complexation, half of the 1igénds will give a x complex while the
other half will yield the & complex.

The 1,2-diaminocyclohexane ring exists in the chair conformation,

as has been seen in all previous structures of the ligand investi-
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,Table 10

Positional parameters and isotropic temperature factors (X103) for the
‘atoms of the cyclo-tri-u-hydroxo-tris-[({trans-1,2-dac)platinum(11)] cation

Atom . X y T Ueq or Uiso
Pt(1) 360.0(1) -85.33(8) 105.7(2) 58(1)
Pt{2) 298.8(1) 13.46(9) -92.5(2) 62(1)*
Pt(3)  355.0(1) 66.75(8) 154.4(2) 61(1)*,
0(12) 394(2) -61(1) -48(2) 45(7)
0(13)  444(2) -15(1) 159(2) 49(7)
0(23)  403(2) 62(1) -4(2) 84(10)
N(11) 268(2) -159(1) 52(2) 44(9)
N(12) * 328(3) -117(1) 258(3) 68(11)
N(21) 209(2) 82(1) -138(3) 61(10)
N(22) 202(2) -36(1) -192(?2) 57(10)
N(31)  334(2) 72(1) 313(2) 52(9)
N(32) 270(2) 142(1) 145(2) 51(9)
c(11) 252(5) -201(3) 137(5) 131(22)
C(IZ; 230(5) -164(3) 241(5) 126(21)
C(13)  213(4) -209(2) 330(4) 80(15)
c(14)  126(4) -253(2) 309(4) 92(16)
c(15)  142(3) -287(2) 219(3) 56{12)
CEJG% 168(3) -248(2) 118(3) 73(14)
c{21 153(5) 64(3) -234(5) 138(23)
c{22)  119(4) 6(3) -215(4) 104(17)
c{23)  62(4) -28(2) -318(4) 90(16)
c(24) -38(4) 16(3) -357(5) 127(21)
c(25 -14(5) 70(3) -356(5) 144(23)
c(26 58(4) 98(2) -268(4) 88(16)
g(g;; 235%3; 113%2% 321%3; 53(%2))
256(4 168(2 257(4 103(18
c(33)  145(5) 213(2)\\\‘~—" 261(5) 126(21)
C(34)  153(4) 229(2) 379(4) 95(17)
C(35)  127(4) 180(3) 446(4) 116(19)
C(36)  224(4) 134(2) 451(4) 91(16)

*Ueql'—-l/B(U11 + Uy, + Ugy + 2Uy 5c0s 8)



Table 11-
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Interatomic distances and angles in the ¢ cyclo-tri-y-hydroxo-
tris-[(trans-1,2-dac)platinum(II)] cation

Atoms

0(12)-Pt(1)-0(13)
0(13)-Pt(3)-0(23)
0(12) PtéZ) -0(23)

5 2)-Pt(1)-N(11)
12)-Pt(1}-N({12) .
O(lB)rPt(l) N(11)
5 3)-Pt(1)-N(12)
0(12)-Pt(2)-N(21)
0{12)-Pt(2)-N{22)
0(23)-Pt(2)-N(21)
0(23) Pt(2)-N(22)
; -Pt(3)-N(31)
13 -Pt(3)-N(32)
0(23)-Pt(3)-N(31)

0(23)-Pt(3)- N(BZ%
N(1)-Pt-N(2)
Pt-N(1)-C(1)
Pt-N(2)-C(2)
N(2)-C(2)-c(1)
N(1)-C(1)-C(2)
-C(1)-c(6)

Molecule 1

—

—

—~—
SO S SO W IR W N R N
vu\_—s_avvv-t_—vuvvv

£ N

O W
——

~I

el e S S S A O O N N A R N
- a L} - [} * * L] L - - » [} - .
N £
o =
—— —
(=,
| —

176

110
104

Molecule 2

Distance(ﬁ)

.97(

N W B D

SN ohon~Jm

— i . s e —
OO WLW L P11
e et S St e el Sememnt

.23(9)
.57(8)
.51(8)

Anale(°)

82(1)
109(3)
103(3)
113(4}) "
105(5)
120(5)

R B W P N

Molecule 3

.05(3) .
.99(3)
.56(5)
.55(6)
.48(6)
.73(8)
.55(8)
42(7)
.61(7)
.72(6)

LI B N R B |

LI D R R R H




109
110(1)
111(1)

Table 11{cont.)

Molecule 1

111(5)
115(4)

109(4}
113(4)
112(4)
114(4
i

Molecule 2

104(5)
101(4)
114(5)
108(4)
111(5)
122(6)
119(4)
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Molecule 3

109(3)
110(4)
107(4)
97(4)

113(4)
108(4)
102(3)
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Figure 27

The molecular cation
cyclo-tri-k-hydroxe-tris (trans-l,2-diaminocyc1ohexane)p1atinum(IIﬂ




ha

gated by X-ray diffraction.

It was of interest to investigate the geometry of the platinum,
nitrogen and oxygen planes in view of the previous studies of structures
of trimeric cis-diammine hydroxo-bridged platinum(Il) compliexes: in

one cése,17

8 the cation has roughly C3v symmetry with all the hydroxide
groups lying on the same side of the plane defined by the platinum

atoms (Figure 28a); in the other case,177 the cation has roughly

52 symmetry, with one of the hydroxide bridges lying almost in the plane
of the three platinum atoms and the other two hydroxc groups on e{ther
side of the oxygen - three platinum plane (Figure 28b). The cation
studied here corresponds to an approximate C3V symmetry when only the
platinum, oxygen and nitrogen atoms are considered (Figure 29). The
Pt-0-Pt angles in this structufé (109 - 111(1)°) 1ie close to normal
tetrahedral angles and‘agree well with those observed in the other

“hydroxo-bridged trimeric cation of C3v symmetry. The Pt---Pt distances

however are more in line with those observed ins§he cation of C
178

2

symmetry (C3V symmetry” ": Pt---Pt = 3.282(2) - 3.291(2)A; C

V7 . pte--pt = 3.302(2) - 3.521(2)R; this work:

2
symmetry

Pt---Pt = 3.381(2) - 3.431(3)A). This is caused by the longer Pt-0
bond distances in the cation gtudied here. '

There appears to be no major differences in the structure
of the trimer studied here and the structures of the trimers of
diammine platinum{II). The differences in activity and toxicity.
'betweenlthe trimeric species of cis-DDP and 1,2-dac PtCl, seems

to corroborate the proposition that a different mechanism of action



‘Figure 28

. Molecular structure of hydroxo-bridged platinum trimers

ﬂ/fﬁ”\/\q‘ﬁm\ﬁ

Nm rm ml

a) cation of his[czc]o-tri-u-hydroxo—tris(Eig;diémminep1atinum(II))]
178

trisulfate hexahydrate, C3V symmetry

~ o

b) cation of cyclo-tri-u-hydroxo-tris[cis-diammineptatinum(I1)]

nitrate, C2 symmetry 177

89




C3v symmetry of the Pt, 0, N skeleton of.

Figure 29,

90

cyclo-tri-p-hydroxo-tri s-[( trans-1,2-dfaminocyclohexane) platinum(II )]

N32

023

NIl
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. . 172 i
occurs with 1,2-dac platinum complexes.
|
i
4.2.2 Complexes of platinum(II) with terminal hydroxo ligands ;
4,2.2.1 Introduction S~

Platinum(II) complexes with terminal aquo and/or hydroxo
groups are generaﬁ]y assumed to occur in agueous so]ution.l73
Though the existence of hydroxo comp1exes_in the solid state in some
cases has been deduced by spectroscopic means, there pave also been

doubt€ as to whether other complexes claimed to éontain OH ligands

indeed were fonmu]ated correct]y.181 “ny attempts at 1so1atingApIatinum(II)

181

complexes with terminal hydroxo ligands have failed or have yielded

the dimeric and trimeric complexes mentioned in the previous section.
195Pt Nmr spectfa of hydroxo-bridged dimers and trimers of trans-(1,2-dac)
platinum(II) also demonstrated that they are important species in
solution. 80

In contrast to platinum(II}, platinum(IV) 15 known to readily
form stable Pt-OH bonds (bridging and terminal) and there are crystal

182-184

structures of such complexes available, The complex studied

here, lcis-(NHB)th(l-MeC)(OH)]NOB-ZHZO, where 1-MeC is 1-methylcytosine,
has been obtained in a crystalline form; the fact that this complex

was not isolated as the exclusive product from the solution clearly

shows that there must be a delicate balance of conditions leading
to the crystallization of the complex (c.f. experimental section,
4.2.2.2). There are, in our opinion, two main reasons for the formation

of the complex: first, the specific‘hydrogen-bonding properties that
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stabilize the hydroxo ligand in the complex and second, the poor
nucleophilicity of 0(2) of l-methylcytosine toward platinum{II)
in aqueous solution. With silver, for example, N(3), 0(2) bridging

185 i;
occurs ant:
>

idéntate N(3), 0(2) binding is also observed in complexes

186 187-189

of cadmium(IIY, mercury(I1I) and copper(II). Many more examples

of varying degrees of 0(2) invo]vemgnt in metai binding are known. 190-192

4.2.2.2 Experiments > ‘

Dr. B. Lippert prepared the sample of hydroxo-cis-
diammine(l-methylcytosine—NB)platinum(II) nitrate dihydrate,
[Eig(NHS)th(OH)(1-MeC)]N03-2H20. Titration of freshly prepared

[cis-P(NH;),(1-MeC) (H,0)1(NO,), 9% with 1 equivalent of NaOH under

302
Ny (1 mmol, 15 ml vplume), subsequent conceﬁtration at low temperature
to about 0.7 ml volume and cooling at 3°C (2days) gave 220 mg of thin,
cBiourless columns of composition [Pt(NH3)2(1-MeC)(0H)]N03.

Further cooling of the filtrate (2 days) gave 90 mg of [Ei§_Pt(NH3)2
(1-MeC)(OH)]N03-2H20 as tiny colourless cubes. Occasionally, but not
reproducibly, a third crystalline compound was.isolated in lTow yield;
from the IR spectrum it is suspected that this compound contains
bridging (N3, N4)-1-methy1cytosinato ligands similar to the recently
described 1-MeC-H dimer,loo where 1-MeC-H is N(4) deprotonated
1-methy1cyﬁosine. (Dr. B. Lippert, personal communication)

The crystal data for hydroxo-cis-diammine (1-methy1cyt05ine—N3)

platinum(II) nitrate dihydrate are shown in Table 12.
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Table 12

Crystal data for hydroxo-cis-diammine-

(1-methy1cytosine-N3) platinum(II) nitrate dihydrate

Compound

F.W.

Crystal shape, size(cm)
Space group '

Unit cell parameters

Ligsar absorption coefficient,
am )

Absorption correction factor,
A*, Timits

Maximum 28({°)

Standard reflections

e.s.d. (%)

Temperature (°C)

' No. of'independenﬁ reflections
No. with I»0

I£0, fejected

Rla’ R2a for all reflections,
I>nN

469.33
Cylinder; r=0.010, 1=0.037

P%/c

12.207(4)
6.203(1)
18.853(5)
109.64(2)
1344 .5(6)
4

2.32
2.29(1)

110.2

' 5.26, -5.90

55

1, 2, 75 5,0, 4
1.30; 1.38
-65

3100

2844

256

0.0657, 0.0688

—_—

0




fable 12 (cont.)
Final shift/error 0.157(0.023)

Max. (Ave.)
X (secondary extinction) 0.00026

Final difference maﬁ

highest peak (e-A73); ’/Aﬁﬁiis; 0.13, 0.01, 0.42
lTocation _ '
Towest valley (e-A™3); _2.2; 0.22, 0.12, 0.44
lTocation
Weighting OL w=(o® + 0.0016 F )71
Error in observation of 1.315

unit weight

%Definitions for R1 and R2 are given in Chapter 2, p. 48

94
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4.2.2.3 Results and discussion

The positional parameters and temperature factors of the atoms
are listed in Table 13 and selected interatomic distances and angles

are given in Table 14. The molecular cation is illustrated in
-~
Figure 30. The cation studied here is very similar to that of a

corresponding aquo complex of cis-diammine platinum{II)(1-methylcytosine-

N3);193 there are no significant differences in. equivalent bond lengths

and angles.
As in all complexes of platinum bonded to N(3) of l-methyl-

84,93-96,99,193,194

cytosine reported previously, the dihedral angle

between the platinum coordination plane and the pyrimidine plane

is large (79.8(5)°). ;

The Pt-0 distance (2.027(9)A) is comparable to thgﬂPt-N

distances, to the Pt-0 distances seen in hydroxo-bridged complexes

175-178

reported preyiously, (see also section 4.2.1.3 of this work)

(range = 1.99(3) - 2.13(3)3) and to the Pt-0 distance in cis-diammine

193

aquo(l-methylcytosine-N )platinum(II) dinitrate hydrate; it is

insignificantly longer than the Pt-0 values of 2.00(1)A in

184

Pt(NH3)2C12(0H)2. Thus the Pt-0 bond lengths seen in the complexes

with terminal aquo 193

and terminal hydroxc qroups give no indication of
weakness of the Pt-0 bond which has been sugaested by the rapid '
rate of reaction of square planar d8 complexes. We suggest th8refore
that the rapid rate of reaction of OH and OH2 groups on platinum

is associated with a marked weakening of the Pt-0 bond in the five-

cocordinate state. Such a weakening has been observed previously
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-Table 13
Atomic positional coordinates and temperature factors (X103)
for[gj__s_'-(NHB)ZPt(OH) (J-MeC%(N%) "2H,0
Atom X . y z Uiso or Ueq*
Pt 148.80(4) 98.68(7) 452.35(2) 14.4(2)*
0(3) 207.7(7) -53(1) 376.9(5) 23(2)
N(5) 86.9(8) 239(2) 528.0(5) 22(2)
N(6) 19.5(8) 231(2) 364.6(5) 21(2)
N(3) 283.1(8) -35(2) 536.3(5) 18(2)
c{2). 263.2(9) -225(2) - 571.1(6) 16(2)
0(2) 164 .3(7) - -293(2) 556.2(5) 26(4)*
N(1) 356.8(8) -319(2) 623.9(5) 19(2)
C(1) 332(1) -503(2) 665.9(8) 33(3)
C(6) 465.0(9) -240(2) 643.2(6) 18(2)
C(5) 487(1) -57(2) . 610.7(7) 24(3)
c(4) 392(1} 50(2) 555.7(6) 19(2)
N(4) | 509.7(9) 232(2) 525.1(6) 25(2)
057; \ 355.8(8) 612(1) 427 .4(5) 27(2)
0{8) ~ 36.9(9) -344(2) 303.7(5) 36(2)
N(7} ‘\\\ 250(1) 417(2) 244 .8(6) 32(2)
0(71) —259.3(8 315(2) 302.4(5) 32(5)*
0(72) 320(1) 549(2) 241.4(9) 69(9)*
0(73) 157.8(9) 382(2) 186.7(6) 55(6)* {

* Ueq = 1/3(U11 + U2.2 + U33 + 2U13C05 8)
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Table 14
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Table 14 (cont.)

Hydrogen bonding
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Figure 30

The molecular cation hydroxo—gig;diammine(l-methy1cytosine-N3)p1atinum(II)

0(3)

A
N(G) \Ppi

N(5)
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in rhodium(I) complexes where the Rh-0 distances to an acetylacetonate
ion increased from 2.025(5)3 and 2.037(5)3 in the square planar complex 195
to 2.217(9)3 and 2.235(8)i in the five-coordinate comp'iex.144

Since the Pt-0 bond in a terminai hydroxﬁrsr\gquo platinum(II)
complex is not inherently weak, it was interesting to investigate
why it is so difficult to isolate these complexes; it is well known

that aquo species occur in so]ution.lg6

It has been postulated pre-
viousTy that in order to form aquo and terminal hydroxo complexes

of platinum(II) certain hydrogen bonding requirements would have ,ﬂ\
to be fu1f111ed.197 The postulate is based on Brown's acid-base -
mode1 178 which assumes that the valence Vi of gach atom in a solid

is shared between the bonds it forms so that

Vi = g Sij (4.1)
where S.. is the valence for the bond between atoms i and J. S

iJ iJ
can be calculated from the experimental bond Tenath between atoms

i and j by the following equation: -

- -n '
1J - (rij/rO) : (4-2)

where cdzﬁﬁﬂjn are fitted parameters. Once the bonding interactions

S

to each atom have been taken into account one can define a residual
bond valence as a measure of the acid (SA) or base strength (SB)
depending on whether the group is an electron acceptor or donor.
These residual valences will be satisfied through interactions with
other jons or molecules; thus, in addition to the normal bonding
interactions, one must also consider weak interactions to satisfy

1

the valence on each atom. Brown 98 postulated that bonds will
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normally form only when the Lewis-acid strength of the electron
acceptor is close to the Lewis-base strength of the electron donor
i.e. SA = Sg-

If one considers water-(Figure 31a) with an 0-H bond valence
uof 0.85, the oxygen atom has a baselstrenqth of 0.30 and the hydrogen
atoms have an acid strength of 0.15. In this.way, the valences add
up to 2 and 1 on the oxygen atom and each of the protons, respectively.
Similarly for the hydroxide ion, the oxygen atom has a base strength
of 1.05 and the proton has an acid strength of 0.05, making the
hydroxide group a very strong baée (Figuve 31b).

If one binds either of these Tigands to platinum(II), the
Pt-0 bond will have a valence of 0.5. Neither the aguo or the hydroxo
group has a residual valence of 0.5 and some rearrangements must
occur (Figure 32). The overall result for the aquo ligand is an
increase 16 iti>2§id strength after coordinating to the platinum y
atom. (Figure 37a). Iﬁaaqueous solution, water acts as an exce1jent
hydrogen bond acceptor and the excess bond valence on the coordinated
water can be satisfied through hydrogen bonds. In the structure of‘\

the platinum(II) complex with a terminal aquo group, two very strong

d.193 In

hydrogen bonds to two acceptor water molecules are forme
the case of the hydroxo 1igand (Figure 32b), the formation of a bond
to platinum leads to a negative bond valence af the hydrogen atom,
which is not possfble. The division of the residual valence on the
oxygen atom into two shows how the formation of a hydroxo-bridged

complex is very favourable; thus, it is not surprising that the
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Figure 31

Residual valences in a water molecule and hydroxide anion in a lattice*

()1Ei,x“"
;H ,"\
0:85
_030 o
0-85 }*
0-15 ™~
{a}) water molecule ) _ N
|-05 0-95 0-05

(b) hydroxide jon

*Values for the valence of the 0-H bonds are from reference 197.

~
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Figure 32

Rearrangement of bond valences of aquo and hydroxo ligands after
bond formation to platinum(Il) _ :

0-25..

75 -H
Pt OV

N

-
-

H.

-

0-25 "

(a) rearrangement of the bond valences leads to an increase in the
acid strength of the aquo ligand

~
EC}CKS

H

| 094
0: 53/0\Q-53
Pt Pt

- ‘ Pt&ol_sg H"—q-s-—-
not possible \ P $o5 OLSSH 0:05. .,

residual valence = 0.55

(b) rearrangement of the bond valences in the hydroxo ligand can lead
to the formation of hydroxo-bridged complexes or to the formation
of strong donor hydrogen bonds to the oxygen atom of the hydroxo
Tigand to satisfy the residual valence
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hydroxide ioq fgkms bridges between two pTatinum atoms so readily.
Alternatively, the acceptance of hydrogen bonds from other hydrogen
donors will stabilize thé hydroxide jon. This is observed here with two
strong hydrogen bonds to water molecules in the lattice (0(3)---0(7)iii=
2.71(1)& and 0(3)---0(8) = 2.75(1)3). The positions of the hydrogen
atoms attached to these oxygen atoms were Tocated and the hydrogen
atoms are jn the expected positidns. Tﬁus, the presence of lattice
water ﬁo1ecu1es is essential to the stability of the complex.

Another reason for the formation of this terminal hydroxo
p]atinum(lf) complex is the poor nucleophilicity of the 0(2)
position of the 1-methylcytosine ligand towards p1at1numtII). Unlike
other metal complexes of l-methylcytosine where there is an interaction
between the exocyclic 0(2) atom and the metal centre, there has
never been any evidence for such an interaction when platinum is the
metal jon. This is reflected in the difference between the M-N3-C4
and the M-N3-C2 angles (& va]ue).l_a7 When there is a metal to 0(2)

185,187

interaction, the A value is large (12.6(2)-24°). In platinum

complexes the A values tend to be lower {4 = 0.6(9)°-9.8(é)°).
In this complex, the & valﬁé is 1.7(9)°. )

The packing of the unit cell is shown in Figure 33. The cations
are arranged in layers centered in the planes z =0, z = %. The
anions 1ie in separating layers at z = 4, 3/4. Within a layer the '
cations are stacked up along the b direction and canﬁed so that there

B)
is some cytosine ring overiap; the rings are overlapped like tiles
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Figure 33

- The unit cell of
hydroxo—gig;diammine(l—methy1cytosine—NB)platinum(II) nitrate dihydrate

a and c¢* are para11e1 to the bottom and side of the page,
respect1ve1y and the view is down b.

o]

T
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on a roof. This stack of cations is hydrogen-bonded together through
0(3)---0(7) 11, 0(7)---N(8), N(5)---0(2)'T, N(6)---0(8)" and N(6)TTT__.
0(8). At the x=)% plane, cations in adjacent stacks are hydrogen
bonded through N(4)---0(7)i, N(4)i ---0(7) giving a four centered
system of two N(4) and two O{7) in a diamond shape. This type of
hydrogen bonding has been seen previous1y,96 although the oxygen

atoms were from nitrate groups. At x=0, the hydrogen bonding between
cation $tacks 4s through N(S)---O(Z)ii. Hydrogen bonding to the
nitrate ion provides binding in the é_direction, besides the jonic
interactions, through 0(3)---0(71), 0(7}---0(71) and N(5)--—0(73)iv,
N(6)-—-O(73)Vi, and some binding in the a direction through the extra.
0(8)-—-0(73)Vii hyé}ogen‘bpnds. The Targe thermal motion of 0(72)

clearly arises because it is not involved in hydrogen bonding.

4.3 SOLVOLYSIS OF cis-DDP WITH DIMETHYLSULFOXIDE

4.3.1 Introduction '

Hydrolysis products of cis-DDP with terminal aquo groups occur

in solution 173,196

yet with the exception of the complex mentioned in
Section 4.2 no samples of the complexes havé been obtained in the solid
state. The difficulty in isolating these products has led us to try
dimethylsulfoxide as a solvent system.

Dimethylsulfoxide {DMSO) js an interesting ligand because it can
exhibit Tinkage isomerism: 1in general, suﬁfoxides bind to the hard
first-row transition metals via the oxygen atom but via the sulfur atom

to the softer meta1s.199

L}

In sterically hindered complexes, DMSO may

.
<
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LY

bind through oxygen to relieve the steric strain as observed in a
square-planar-palladium(11) complex with two DMSO ligands binding

oxygen atom.200 “In platinum comp¥exes with no steric strain, sulfoxide

92,95,98,201-209

through the sulfur atom and the i:g;r two Tigands attached through their

Tigands always bind through the sulfur atom. Most of

these structures involve complexes of the type {PtC]Z(L)(R)] where L

,is an amine or DMSO and R is a dialkylsulfoxide. These have been studied

mainly because DMSO has been used as a solvent in the tests for the

anti-tumour activity of some platinum complexes and partly because

.gj§;(DMSO)2PtC12 has common features with cis-DDP, both complexes

having two chloride ligands and two neutral ligands in cis-positions.
Because of the relative ease in isolating platinum complexes

with DMSO as a Tligand, we decided to study the structure of the cation

formed in the ffrst’step of the solvolysis of cis-DDP in dimethylsul-

foxide. It was isolated as the nitrate salt, [Ejgf(NH3)2 Pt(DMSO)C]]N03.

4.3.2 Exoerimentg

This complex was prepared by Dr. B. Lippert.

cis-DDP(5 mmol) was dissolved in 5 ml of DMSO.~ AgNO. (5 mmol),

3
dissolved in 5 ml of DMSO, was added slowly (0.5-1.0 hr). The silver

. chloride was removed by filtration and 10 ml of concentrated acetic

vy
acid were added to the yellowish solution, followed by 5 ml of CCTq.

The mixture was stoppered and placed in the refigerator. After one week |

to two months and addition of more CC14 (26 ml, finally 50 ml) several

crops of [gjé;(NHa)ZPt(DMSO)C1]N03 were obtained. Analysis for

- B

ot
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PtCZH12C1N304S; calc: €, 5.93; H, 2.99; N, 10.38; 0, 15.81; Pt, 48.2 %;
found: C, 6.32; H, 3.00; N, 10.35; 0, 15.89; Pt, 47.4 %.

The crystals were sent in a sealed vial and Héd a wet appear-
ance. Attempts to grind the crystals into a cylindrical shape gave
very broad diffraction spots. Similar results were obtained when
crystals were cut: the crystals were very soft and §eemed made up of
thin plates stacked together. These plates S]ipped past one another
when attempts were made at cuttiﬁg the c¢rystal. Finally, a crystal of
truncated pyramidal shape was chosen and was sealed in a capillary

tube. Precession photographs indicated the orthorhombic system with

the systematic absences for the space group Cmcm, Cmc21 or Ama2(C2cm).

The intensities of h, k, ¥1 reflections were measured for a
C-centered cell. A comparison of the h, k, 1 and h, k, -1 reflections
showed that they were significantly different. This would usually
indicate that the crystal belongs to the mm2 orthorhombic system and that
the space g}oup is Cmc21 rather than Cmcm. However, absorption may
affect the intensities of equivalent reflections; tﬁe solution of
the structure was attempted in Cmcm but the model was not good. The
Cicm possibility was also attempted but again, the model was not good.

Attempts to correct for the strong absorption problem
were not successful. * The crystal has a large linear absorption
coefficient (u = 146.1 cm_l).and the size variation is also quite
large from one face to another (see Table 15). Very few reflections
above 26 = 35° were strong enough to give a good absorption correction

curve using the y-scan method. The correction was attempted nonetheless
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and the index of agreement between equivalent reflections in mm2

became worse when using absorption corrected data. Furthermore, the

solution of the structure gave a better model when structure factors not
corrected for absorption were used. The measurement of the crystal faces was
not possible mainly because the faces were not very sharp and partly

because of the further deterioration of the faces as the crystal

was pushed inside éﬂe capillary tube.

The density of the crystal was obtained in a chioroform/
bromoform mixture (pobs = 2.56 g-cm'a). This value, coupled with the
volume of the unit cell and the molecular weight of the complex gave
a Z value of 3.97. Thus, the platinum atom must 1ie on the mirror plane
in Cmc21. This agrees with the results of the three-dimensional
Patterson synthesis. All the atoms in the plafinum molecule are
located on the mirror plane at x = 0 with the exception of the carbon
atom of the DMSO ligand. Similarly, only one oxygen atom of the
nitrate ion lies away from the mirror plane at x = %.

Because of the softness of the crystal, the
reflections ‘were broad. This in turn caused much difficulty in the
centering procedure used to determine the unit cell parameters. .Two
of the interaxial angles were significantly different from 90° and the
possibility of the crystal belonging to other crystal systems was
investigated; the only possible space group is Cc. The solution of the
structure in Cc gives the same packing of molecules in the unit cell.
The constraints of the crystallographic mirror plane have been removed

yet none of the atoms move away from their position in Cmc21 to any
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significant extent; the carbon atoms of the DMSO 1igand and the oxygen
atoms of the nitrate ion, which were related by the mirror planes in
Cmc21 show the same fe]ation in Cc. For these reasons, the structure
was solved in the more symmetric space group.

The final difference Fourier synthesis still shows a number
of large peaks {(~5 e'A'a) close to the platinum atom. This is probably
caused by the neglect of absorption mentioned earlier. This effect may
also be enhanced by the fact that the Eest weighting scheme for the
structure has a large_g2 vé]uer(OlOOQ) which gives less weight %o
the stronger reflections. (see equation for weighting scheme, Chapter 2)

l

4.3.3 Results and discussion

The crystal data for [ch1oro-gﬁ§;diammine- e
(dimethylsulfoxide-S)platinum{II)]nitrate are given in Table 15. The
platinum complex and the nitrate anion are shown with their Tabelled
atoms in Figure 34. The atomic parameters and the temperature factors
are listed in Table 16 and the bond lengths and angies are given'in
Table 17.

As expected for platinum complexes with a dimethylsulfoxide
ligand, the DMSO molecule binds ta platinum through the sulfur.atom.
The bond iengths and angles in the cation are normal for these types

92,95,98,201-209 geometry of tHe DMSO ligand is in

of complexes.
fair agreement with that in free DMSO.ZlO’211 The cation is planar
as required by its position on the crystallographic mirror plane;

the only atom lying away from the mirror plane is the carbon atom of



Table 15

Crystal data for

[chloro-cis-diammine(dimethylsulfoxide- S)pIat1num(II)]n1trate

Compound

F.W. -~

Crystal shape, size (cm)

 Space group

Unit c¢ell parameters

7a(A (

)
)
c(A)
Volume (E
Z

-3
Pegle (97Cm )
oobs(g-cm'S)

Linear absorption coeff1c1ent.

em !

Maximom 28(°)
Standard reflections
and

e.s.d. (%)

Temperature (°C)

No. of independent reflections -

No. with I>0
No. with 140, rejected

a
Ry™s Ry

PtC1(0S{CH

[(NH,), 3)y)

404.74

Truncated pyramid,
0.013 X 0.027 X 0.030

Cmc21

6.609(2)
9.384(3)
16.782(4)

1040.7(5)
4

2.58
2.56(1)
146.1

55

1.21; 1.20

0, 2, 75 1, -3, -4
22

1355

1294

61

0.0816, 0.0972

1N,

111
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TabTe 15 (cont.)

inal shift/error, Max.(Ave.) 0.051(0.008)

N

' (secondary extinction) 0.00059

Weighting - | W= (o +0.004 F 7)1
Error in observation 1.0480
of unit weight 4

qefinitions of R1 and R2 are given in Chapter 2, p. 48
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Figure 34

The cation chloro-cis-diammine{dimethylsulfoxide-S)platinum(II) (a)
and the nitrate anion (b)

Ne2) of)

(a) The cation cis-(NHy),PL(CT)(DMSO). ATT atoms Tie on the
crystallographic mirror plane with the exception of C and C'.

/

(b) The nitrate anion. 0(3) and 0

are related by the crystallographic
mirror plane through N{(3) and 0

= {23

)
2).
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Table 16

Atomic parameters and isotropic or equivalent temperature factors (X103)
for [chloro-gjg;diammine(dimethy1su]foxide-S)pTatinum(II)]nitrate

Atom X y z Uiso or Ueq*

Pt 0 170.98(8) 0 29.8(9)*
C1 0 410.7(9) -29.8(5) 44(6 )*

S 0 107.8(8) -127.5(4) 35(6)*
N(1) 0 222(3) 123{2) 41(5)
CN(2) 0 -42(3) 31(2) 38(5)

C 206(5} 185(3) -177(2) 51(6)
0{1) 0 -47(3) -142(2} 51(6)
N(3) 500 86(3) 160(2) 36(5)
0(2) 500 214(3) 138(2) 62(7)
0(3) 662(3) 24(2) 165(1) 55(4)

*u’eq = 1/3(u11 + U, + U,)



Table 17 i
Bond Tengths (E) and bond angles {°) in [gjg;(NHB)ZPt(DMSO)CT]NQ3
Atoms Distances
Pt-N(1) 2.11(3)
Pt-N(2) 2.07(3)
Pt-C1 2.304(8)
- Pt-S 2.220(6)
5-0(1) 1.47(3)
S-C 1.75(3)
N(3)-0(2) 1.25(4)
N(3}-0(3) 1.23(2)
Atoms Angles
N{1)-Pt-N(2) 89(1)
N(1)-Pt-C1 89.5(8)
N(1)-Pt-S 177.5(8)
N(2)-Pt-C1 178.0(8)
N{2)-Pt-S 89.1(8)
Cl1-Pt-S 93.0(3) d
Pt-5-0(1) 115(1)
C-S-0(1) 110(1)
C-s-c! 102(1)
Pt-S-C 110(1)
0(2)-N(3)-0(3) 119(1)
0(3)-N(3)-0(3)" 122(2)
i .
Possible hydrogen bonds and other interactions
Atoms Distance Atoms Distance
C1(2)---N(2)" 3.486(9) N(1)-0(1) 2.99(3)
c1(2)-n(2)"" 3.486(9) N(1)-0(1)""" 2.99(3)
o(1)-c Y 3.23(3) o(n)-¢ ¥V - 3.23(3)
0(3)-c V! 3.42

4

Atoms are related to the positions given in Table 16 by the
(1) x-%, gy, z3(i1) %tx, &y, z3
(111) -x+1, y, z; (iv) x-%, y-%; 23 (v) %X, y-%, z; (vi) -x+1, -y, z+k

following symmetry operations:

115
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the DMSO ligand. The geometry of the nitrate aniog 4s also in agree-
ment with previously published structures (see for example references
176 and 177).

The packing of the molecules in the unit cell is shown in Figure
35. The crystal consists of layers of molecules in the éﬁ plane:
the platinum complexes stand in the plane at z = 0 and z = 3 while
the nitrate anions Tie in the plane at approximately z = % and z = 3/4.
The nitrate anions 1ie much closer to one layer oflplatinum complexes
than they do to another related by the 2-fold screw axis along c;
thus, in the.c direction there are distinct layers of molecules; these
are skewed with respect to one another. The shortest contact between
the layers occurs between an oxygen atom of the nitrate anion and a
carbon atom of the DMSO ligand(0(3)~-~c = 3.42(3)&). The large separation
is presumably caused by the bulkiness of the DMSO groups.

The cations in a layer are arranged in long interlocking N
chains along g,i There are two long contacts between the chains which involve
molecules related by the centering operation. The first contact
involves N(2) of one molecule and the chloride ligand of two cations in
the second chain {N(2)---C] = 3.486(9)3); the second interaction
occurs between the DMSO 1igands of molecules in separate chains
(0{1)---C = 3.23(3)3).' The nitrate anions fit between two platinum
molecules in the same chain. There is a hydrogen bond between two
oxygen atoms of the nitrate anion and the amine 1igand of two cations
related by a unit translation along a (N(1)---0(1) = 2.99(3)A). The

intermolecular interactions are summarized in Table 17.

\
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Figure 35
The contents of the unit cell of [ﬁ-(NHB)Z'Pt((H}(IZMSO)]NO3

¢ and b are parallel to the side and bottom of the page,
respectively and the view is down a.
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4.4 PURIFICATION OF Cis-Pt(NHy),Cl, WITH DMF

The notable clinical succeds of cis-DDP 3 has Ted to a great

~
interest in the chemistry of this compound. Because of its significance

as an anti-tumour agent, the‘purity of cis-DDP is of utmost importance.

212,213 and it has been shown

This aspect has been addressed previously
that crystallization or reprecipitation of Cis-DDP from N, N-dimethyl-

formamide (DMF) or N, N-dimethylacetamide dramatically improves the

7 _f;qua1ity of the product. Furthermore, the crystallization procedure

does not convert the cis isomer of the product to the trans isomer;

isomerization has been observed in recrystallization procedures

of cis-platinum(1I) cornp'lexes.214
It is also possible to isolate solvates of cis-DDP and cis

gjg_—(NHa)thI2 with formamide and substituted formamides (N-Tgthy1-

formamide, DMF and N, N- diethylformamide) and the IR spectra of

.crystalline adducts have been recorded (personal communication from

Dr. B. Lippert). Only the cis-DDP-DMF product shows major changes
as compared to the two chponents cis-DDP and DMF. These changes are

attributed to hydrogen bonding interactions between the NH3 groups

and DMF, It was with this infonhation in mind that the structure of

| cis-(NHy) PtC1,-DHF was investigated.

The cis-DDP-DMF complex'was prepared by Raudaschl and her

co-worker§.213

Crystals of the complex are rectangular blocks which
s]ow]y‘decompose bj loss of DMF from the lattice. The systematic
absences abserved in precession photographs corresponded to those of

the orthorhombic system, space group Pcca. According to the molecular



weight calculation and measurement of the unit cell volume, the density

-3 -3

was cé]cu]ated as 2.53 g-em ~ for Z = 4 and 5.06 g*cm ® for Z = 8.

Attempts at measuring the density failed: the crysta1; which originally
floated in bromoform, slowly sank to the bottom of the test tube.

The appearance of the yellow so]idJunder a microscope was that of a
cloudy solid of unchanged shape. Removal of the crystal from the
bromoform so]ution.yie1ded ayellow powder. We attribute this behav10ur
to the rapid loss.of DMF from the lattice upon immersion of the crystal
in bromoform. The fact that the’crysta1 f]oated in bromoform originally _
_3);

leads us to believe that Z = 4 {p = 2.53 g-cm™> = 2.8899 g-cm

* Phromoform
Once the DMF is lost from the lattice, we are Teft with cis-DDP which

-3 138

has a density of 3.86 g-cm and the crystal sinks. ‘Our belief

that Z = 4 was also reinforced by the fact that for all reflections,

_those with 1 = 2n were of much higher intensity than those with 1 =

2n + 1, indicating that the platinum atom lies on a two-fold rotation

axis, sbe;ia] position d or e in the International Tables, at %, 0, z

The platinum atom.position‘was verified by a three-dimensional
Patterson synthesis followed by a full-matrix least- ;quares refinement,
m1n1m1z1ng zw(IF I IF I) » and followed by a three-dimensional d1fference
synthesis which revealed the ligands of the cis-DDP molecule. Some'
of the atoms of the DMF molecu]e&hxdﬂ not be found however and;it
appeared as though the packing of the DMF molecule may belong to another

space group. A systematic search determined that the packing was that

of the space group Pca21. The structure was then solved in Pca21.
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The crystal data for Ej§}dichlorodianminep1atinum(II)—
N;‘N-dimeﬁhylformamide are given in Table 18. The atomic parameters
and temperature factors are 1isted in Table 19. The labelling of the
atoms of the platinum compiex and the DMF molecule is shown in Figufes
36a and 36b respectively and the bond lengths and angles are listed
in Table 20. |

The geometry agound the p]afinum atom is square-planar with the
platinum atom sitting out of the plane defined by the four ligands
. by 0.015(1)3. The Pt-N and Pt-Cl bond Tengths are nora;;\¥of’tbesei
types of complexes.

The DMF molecule is pTanﬁ;ﬁﬁith the nitrogen atom being farthest
out of the mean plane of the mﬁ]ecu]e at 0.04(1)3. The DMF molecule
is disordered, as indicated by the large thermal parameters of its
atoms compared to the thermal parameters of thé atoms of the cis-DDP
molecule. This effect has been observed in many structures containing

215-218 e gisorder often results in bond

lengths and angles which vary from the normal value§.217’218

Tattice DMF molecules.

This is
observed in this structure with C{3)-N(3), 1.56(5)3 and C(2)-N(3), 1.33(5)3.
Any attempts made at réso]ving the disorder led to solutions which were
implaustble,_ .

. The cis-DDP molecules pack in the same-wa; in either Pcca or

\EPcaZI. In Pcca, the DMF molecules are disordered about the two-fold
rotation axis along y at z = %. This simply adds to the diso#ﬂéf 6%

the solvent molecules; the thermal parameters on the atoms of the

DMF molecule were still much larger than those of the atoms of the

H



Table 18

Crystal data for cis-DDP-DMF

Compound
F.W.

Crystal shape, size(cm)

Space group

Unit cell parameters

Volume (33)

z
-3
pca]c(g'cm‘ )
Linear absorption coefficient,
cm'l
Absorption correction factor,
A*, Timits
Maximum 26{°)

Standard reflections
and

e.s.d. (%)}
Temperatize (°C)

No. of indepéndent reflections
No. with I>0

No. with'f?{gj/rejected'_
Rla’ R2a /*::::>

[Cis-Pt(NH;) ,C1,] - (CHy) ,NCHO

373.15

Rectangular block,
0.025 X 0.021 X 0.018

Pca21 *

11.372(

2)

7.723(2)
11.165(3)

980.5(4

4
2.53
155.38

)

11.908, 9.258

35

2,1, 2

1.48;
2
2542
2085
457

1.75

4, 4,0

0.0637, 0.0388
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Final shift/error, Max.(Ave.)

X (secondary extinction)
Final difference map

highest peak (e-ﬂ’3);
location
3)_

3

lowest valley (e.A”
location

Weighting

Error in observation of
unit weight

PSI Scan

26 Max/Min

x . Max/Min

No. reflections used
PSI increment/range
Min correction factor

Table 18 (cont.)

0.015 (0.004) -
0.00077

2.5; 0.14, 0.01, 0.42

-2.2; 0.22, 0.12, 0.44

54.67°, 5.26°
93.03°, 86.97°
10

10°, 0-350°
0.410

®Definitions of R, and R, are given in Chapter 2, p. 48

*The transformation matrix used to interchange the axes in

going from Pcca to Pca21 is given by:

0 -1
0120
1 00

122

The unit cell parameters given in this table are those obtained after

the transformation.

S~
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Table 19

Atomic parameters and isotropic or equivalent temperature factors
(x10%) for cis-DDP-DMF

Atom X ¥ z U, . orl

iso eq

Pt ’ -11.66 -9.15 n 25.7(2)*
C1(1) 128.5(6) -158.7(9) 109.2(7) 41{4)*
ci(2) 129.4(6) 146.0(8) -1n2.6(8) a2(4)*
N(1) -138(2) 123(2) -85(2) 25(4)
N(2) -137(2) -154(2) 92(2) 38(5)
0(1) 394(1) 491(2) 956(1) 74(4)
€(1) - 492(2) 457(2) 914(2) 62(5)
N{3). 504(1) 391(2) 8n1(1) 49(4)
C(2) : 612(4) 357(5) 760(3) 70(4)
c{3) 389(4) _ 336(5) 736(3) 70(4)

*Ueq = 1/3(u1_1 * Uy, + U33),\
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Figure 36

The molecules in cis-DDP-DMF

(a) cis-dichlorodiammineplatinum(11) d

cl2)

(b} dimethylformamide ;S\x
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Table 20

Bond lengths (A) and bond anales (°) for
Teis-(NH,) ,PLCT,]1CoH N0

\: /,r~--,‘_~‘£¢¢’*ﬂtoms Distance Atoms Angles
T~ e N 200) N(1)-PE-N(2) 91.0(7)
Pt-C1(2) 2. 305(7 N(2)-Pt-C1(1). 86.8{6)
N(3)-C(2) 33(5) 0(1)-C(1)-N{3) 122(2)
Pt-N(2) 2\ 08(2) c{2)-N(3)-C(3) 124(2)
0(1)-c(1) 1i 24(2) N{1)-Pt-C1(1) 176.4(5)
N(3)-C(3) } 6(5) N(2)-Pt-C1(2) 178.7{6)
Pt-C1(1) 21.315(7) C(1)-N(3)-C(2) 120(2)
C{1}-N(3) 1.36(2) N{(1}-Pt-C1{2) 89.9(5)
C1(1)-Pt-CT(2) 92.4(3)
C(1)-N{3)~C(3) 116(2)
Possible hydrogen bonds
1)-N . 3,03{3)
oil)-Nfzg‘}ii 3 4%2)
N(l{;SJ(l)m 30.43(2)
N(2)4ci(2)!Y .42(2)
N(1)-c1(2)Y .37(2)
N(2)-C1{2) 3.43(2)

Atom positions are related to those given in Tab]e 16 by the
following symmetry operations: 1) %+x, =y+l, z#1 19) 3x, -y, z+l
iii) -x, ~Ys Z-% V) X, -y, z+5 V) x-%, -y, z )
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ptatinum compiex. \

The packing of the molecules in the unit cell is shown in "
Figure 37?2§fpe packing can be described as layers of C€is-DDP molecules
at y ; 0 and Tayers of DMF molecules at y = %. The interactions between
the two layers occur through weak hydrogen bonds between the oxygen
atom of the DMF molecule and N{2) of a cis-DDP complex and N{1) of a

second platinum molecule, related to the first by a translation along’

b(refer to Table 20). These interactions are strong enough to affect

the positions of the NH3 modes in the solid state vibrational spectra
(persona] coﬁauﬁﬁcat1on from Dr. B. L1ppert) and to influence the loss
of solvent fram the lattice; in all other isolated adducts of
gjé;(NHB)ZPtX% with various formamides, the solvent loss was much more
rapid and the vibrational spectra represent a good super-position of
the spectra of gjg;(NH3)2PtX2 and the formamides, indicating that there
is little interaction between the two molecules. The hydrogen bonding
interactions between the cis-DBP and the DMF mo]ecules are obviously
not strong enough to prevent the large thermal motion of the atoms

in the DMF molecule and particularly fts oxygen atom.

Within the layers at y = 0, the interactions of the cis-DDP
molecules along the ¢ direction occur though long hydrogen bonds
(N(1)---C1(1) 3.43(2)A and N(2)---C1(2), 3.42(2)A) between molecules
related by the two-fold kcrew axis: this leads to a zig-zagging
chain of cis-DDP complexes. In the a direction, the intermo1ecu1§r
interactions occur through long hydrogen bonds between N(2) and C1(2)

(3.43(2)3) and C1(2) and N(1) (3.37(2)5) atoms of molecules related by
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Figure 37

The contents of the unit cell of cis-DDP.DMF

-\% .
: The a and ¢ axes are parallel to the side and bottom of the
page respectively and the view is down b.
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the c-glide. The chloride ligand on one molecule and the nitrogen
atoms of a symmetr;\?elated moleculie form loosely interlocked chains.

-

The C1---N hydrogen bond distances seen in this work are approximately

the same as those observed in cis-DDP (3;30(4)3 and 3.34(4)5).138

Thus,
the shift in the NH, modes seen in cis-DDP°DMF must be caused by tﬁg
hydrogen bonding of the cis-DDP molecule to the DMF molecules present
in the lattice.

In the DMF layer at y = %, the interactions between DMF molecuies

are weak van der Waals' interactions; this again accounts for the

disorder”of the DMF moieties.

5y

-



CHAPTER FIVE

INTERACTION OF PLATINUM COMPLEXES WITH DNA BASES

5.1 MODEL STUDIES QF PLATINUM-DNA COMPLEXES

ﬂany methods and technigues are used to obtain structural
deta{lsaof nucleic acids. Melting temperatures of DNA can yield
the content of guanine-cytosine base pairs while UV spectroscopy and
circular dichroism give qualitative results on the extent of base
overlap in the DNA‘heljx; the conformation of the DNA molecule can
be obtained from circular dichroism and ¥-ray diffraction patterns
and the'sequence of bases along the helix can be determined by énzymatic
hydrolysis of DNA. Many of these techniques have been used to determine
the nature of the interaction of bIatinum antitumour drugs with DNA.
Thé results obtained will be discussed below.

With the advent of computers and graphics capabitities in
many research centres, crystallographers canfnow identify mo]etular_
fragmgﬁis in DNA. But fn order to obtain information on the positional
pérameters of atoms and the interactions of these atoms with neighbouring
fragments in a molecuie, modél complexes of DNA must be used. The
complexity of the model systems ranges from one DNA baée, nuc]eosjde
or nucleotide to polynucleotides of varying lengths. The ;ite of

interaction of platinum on DNA bases can be determined and variations

129
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in the conformation of the model complex upon platinum binding can

be studied. For solution work, much’informafion has been obtained

. . - 219
using nuclear magnetic resonance spectroscopy.

This chapter describes iﬁe“work done with blatinum complexes
of different DNA bases and correlates tAH results to those opT@ined
with other model systems and nucleic aciZZ: Some of the work, described
here is a consequence of previous studies carried out on p]étinum
compiexes of the nucleic aﬁids; other work fo]]pw; up previous model

complex structures which required further efucidation.

Firpae

5.2 INTERACTION OF PLATINUM COMPLEXES WITH THYHINE OR URACIL LIGANDS

Thymine and uracil exist in solutions of neutral pH in their
diketo forms (Figure 38a) and as such, do not react with platinum
'chp1exes. Reaction with platinum can take place with the monoanions
of the DNA bases; The monoanions of thymineignd uracil exist in solution

in two tautomeric forms,®namely the N(1) and N(3) deprotonated forms

220-224

(Figure 38b}. The tautomer equilibrium is dependent on the

solvent and it should be‘possib]e, in theory, to obtain metal complexes

221

of the individual tautomers by choosing the right solvenf. Results

have shown that it is not always possible to obtain the tautomer:

223 Furthermore, only N{(1) bonded thyminato complexes

93,106,225,226

wanted.

have been crystallographically characterized. If N1}

is blocked as in the l-methylthyminate or the l-methyluracilate .

101,127

anions, coordination occurs through N(3) or bridging is seen

through N(3) and 0(4) between two metal atoms (Figure 39).101"105’228'229
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Figure 38

Possible forms of thymine and uracil in solution
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"~ Figure 39
Bridging of two metal atoms by the uracil (ReH) or thymiﬁe (R=CH3) anions

M AN
rlul' cis
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In one case where a DNA base bridges two pliatinum atoms,

105

the C2-02 and C4-04 distances are significantly differentl In

anothér structure, there is a tendency of the C-0 distance to Tengthen
when the oxygen atom s attached to the metal (04). 228

No differences in the C2-02 and C4-04 bond lengths weré
observed when platinum was bonded only to N(3) or N(1) 101,106,225-227
and the two distances are not different in non-metallated thymine.230
It was of %nterest to sée whether any difference in C-0"bond lengths
exists in the free anion.

Thus we have examined, by sfng]e crystal X-ray diffraction,
the structure of potassium thyminate trihydraté. The result of this
study was ﬁnexpected in that the‘fﬁyminate ligand existed in the
N(1) deprotonated form in the solid state. From considerations con-
cernjpg the polarity of the individual tautomers, one hight have
expected the more po]ar_N(3)'deprotonated form to dominate. 221 We
suspec£ that factors of so]ub%lity and hydrogen bon@ing are of importance

i deciding which tautomer was found if’fgg Uotassiuh salt.

)

/

5.2.1 Preparation Eﬁ&~écysta1 structure of potéssium ;hyminate.trihydrate
The compound was prepared by Dr. B. LipperF/bfireaction qé; .

equivaﬁenf amounts of thymine and KOH in a small aﬁount of water. Affer )

filtration of the solution, evaporation to dryness and stirring for

half an Qgg: in excess dimethylformamide at 363K, the salt was filtered

off and drted under vacuim.

C5H5ﬂ202); calc: C, 36.6; H, 3.1;
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N, 17.1 %; found: C, 36.7; H, 3.2: N, 8.9 %. By recrystallizing
the anhydrous salt from H,0 the trihydrate was obtained: K(CSHSNZOZ)'
3H20; calec: C, 27.4; H, 5.1; N, 12.9 %; found: C, 27.6; H, 5.2;
N, 12.8 %. The colourless crystals were corner-truncated prisms.
fhe crystal data for potassium thymjnate trihydrate are presented
‘in Table 21. Thé fiha] positioﬁgTaE;rameters,are given in Table 22.
The thyminate anion is illustrated in Figure 40 and bpnd lengths
and bond angles are shown in Tables 23 and 24 together with corre-

230

spondingfaata for thymine monohydrate*. The C-0 bond lengths in

/.
the thymine anion are not significantly different. In addition, (j;\’

although the mean values of Ebe C-0 distances are greater than in
neutral thymine, the errors are_agEQ\Fhat there is no significance
in the difference. Indeed, none of tﬁe:E;rres onding pairs of bond.
lengths differ significantly in thymine and the thyminate anion.
Nevertheless, some electronic rearrangemeﬁt has taken p]ate, since
the internal angle at deprotonated N(1) has decreased significantly
(8.8 o) compared to the correﬁponding angie in thymine, while the
adjacent internal angles at C{2) and g(ﬁ)'have increased (5.0 ¢ and

-~

7.4Lg respectively}. This change of the internal angles upon protonation

233 The thyminate anion can be treated

230

as been noticed previously.
in terms of resonance structures in a manner similar to Gerdil.

-The forms considered are shown in Figure 41. Calculations using a

4 N .- .
*Although the structures of thymine and thymine. p-benzoquinone

have been determined,231’?32 they are not particularly accurate and we

230

have used the more accurate work of Gerdil for comparison.

e
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Table 21

Crystal data. for potassium thyminate trihydrate

Compound . CSHIINZOSK
F.W. 218.26
Crystal shape, size {m)- Cylinder; r =0.01,.1 = 0.03
Space group P21/C
Unit cell parameters
a(A) 11.673(3)
b(A) , . 6.572(2)
c(A) ’ - 13.072(2)
g(*) 110.24(2)
Volume (A°) : 941.1(4)
z\_/“ 4‘
o, (gam™) 1.5
calc )
-3
Pobs (- CM ) . 1.55(1)
Linear absorption coefficient, 5.55
el | '
Maximum 28(°) - 55
" Standard ref1ecti6ns . 2,1, 4, 1, -2, -2
and
e.s.d.(%) : 1.8; 1.8
Temperature (°C) | 22 .
Y
No. of independent reflections 2468
No. with 12 30(I) 936
(I)>1>0 . 941
1< 0, rejected 591
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Table 21 (cont.)

a a :
R1 > R2 0.059. 0.044
Final shift/error 0.30
Max. (Ave.)
g(secondary extinction) 1.25 x 107°
Final difference map .
highesf‘peak (e-ﬁ'a); 0.33; 0.31, 0.35, 0.68
location ‘
Towest va]]ey’(e-3'3); -0.365 0.79, 0.40, 0.68
location o (/
", . w2 2.-1
Weighting | W= [0+ (0.03Fo) ]

pefinitions for Ry and R, are given in Chapter 2, p.48

=



Table 22

Atomic parameters and equivalent temperature factors (X103)
for potassium thyminate trihydrate

Atom X y z Ueq+
K _ 28.1(1) 263.5(2) 417.5(1) 42(2)
N(1) 321.9(4) 28.4(6) 296.4(3) 35(6)
€(2) 309.7(4) 207.9(8) 339.2(4) 29(6)
0(2) 208.7(3) 292.1(5) 324.9(3) 35(5
N(3) 413.1(4) 307.6(6) 402.4(3) 27(5
H(3) 407(6) 410(11) 429(5) : 33%
C(4) 530.4(4) 240.2(8) 424.7(4) 28(6
0(4) 617.0(3) 344.7(6) 484.7(3) 40(5
c(5) 541.5(4) " 50.5(8) 377.5(4) 29(6
H(51} 696(7) 20(13) 348(6) 54*
H(52) 658(6) -190(12) 369(6) 54*
H(53) 701(6) -30(12) 459(6) 54*
c(6) 436.8(5) -42.3(9) 318.0(4) 36(8)
H(6) 447(6) -180(12) 283(6) 43*
0(1) -148.3(3) 215.1(7) 208.5(3}) 44(6)
H(101) -215(7) 300(13) 198(6) 53*
H(201) -185(7) 130(13) 183(6) 53*
0(3) -21.6(4) -158.2(7) 381.7(3) 51(6)
H(103) -85(7) -190(13) 330(6) 60*
H(203) 35(7) -190(13) 362(6) 60*
0(5) -175.4(4) 457.6(7) - 435.3(3) 45(6)
H(105) -238(6) - 400(12) 453(6) 53*
H(205) ~-214(6) 482};2; 370(6) 53*
C(51) 665.8(6) -36430 395.9(5)- 48(8)

4
+
Ueq = 1/3(U11 + U22 + U33 + 2U13cos B)

* Hydrogen atom temperature factors were made 20% larger
than the temperature factor of the atom to which they were attached
- and were not refined.
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Figure 40

Atom numbering of the thyminate anion

There is hydrogen bonding between two anions related by the
cenire of symmetry at’k, 3, % to give a T-T pair.

e
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" Table 24
Interatomic angies (°) within the thyminate anion
Atoms ‘ Distance
This work Thymine rnonohydratea
N(1)-C(2)-0(2) 123.9(4) 122.7°
N(1)-Cc(2)-N(3) - 118.4(4) 115.2
0(2)-C(2)-N(3) 117.7(5) 122.1
C(2)-N(3}-H(3) 119(5) 108
C(2)-N(3)-c(4) 125.5(4) 126.3
H(3)-N(3)-C(4) 115(4) 125
N(3}-C(4)-0(4) 119.2(5) 118.3
N(3)-C(4)-C(5) 155.3(4) 115.6
0(4)-c(4)-c(5) 125.5(4) 126.1
C{4)-c(5)-c(51) 119.5(4) 119.0-
C(4)-c(5)-c(s) 116.6(5) 118.2
C(5)-C(51)-H(51) 110(5) 126
C{5)~C{51)-H(52} 110(4) © 123
C(5)-C(51)-H(53) 106(6) 118
H{51)-C(51)-H(52) 98(7) a6
H(51)-C({51)-H(53) 122(7) 96
H(52)-C(51)-H(53) 111(6) ] 89
C(51)-c(5)-c(6) 123.9(5) 122.8 Y
C(5)-C(6)-H(b) 115(4) 127 -
C(S)-E(S)—N(l) 127.0(5) 121.8
H(6)-C{6)-N{1} 117(4) 11t
C(6)-N(1)-C(2) 117.2(4) ' 122.8

&

aVa1ues are taken from reference 23p

bErrors for angles not involving ﬁydrogen are 0.3 to 0.5°.
Other errors were not given.
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g
N,

Pauling relationship 234

for bond lengths and bond orders and based on

values of single and dﬁubig bond lengths quoted by Gerdil 230

with
resonance rections of 0.035 for C-C, 0.043 for C-N and 0.0SE for
C-0 gave ;Tefhi- II, 25%; III, 11%; IV, 12%; V, 24%; VI, VII, 7%.
The calculated bon g%ﬁs are shown in Table 23 and it can be seen
that there is excellent agreement with experimental values. The

net charges on the various atoms are (thymine in bracket5230)
N(1), 0.377(0.397); N(3), 0.377(0.35"); 0(2), 0.507(0.42); 0(4),

0.507(0.327). The net effect of the removal of the proton from“Ntl)

is to change it from a positive to a negative centre, but a significant
amount of charge {0.247) has been delocalized onto the oxygén étoms .
in such a way as to give an equal charge to both.

The environment of the potassium ion is shown in Figure 42.
The ion is surrounded by six oxygen atoms at roughly 2.83: The only
other atoms closer than 3.55 are the hydrogen atoms of the water molecules.
The oxygen atoms form a very distorted trigona] prism around the
potassium ion. The most noticeable distortions are the {ong tri-
angular edges (0(2)-0(1), 3.94A; 0(5)-0(5)', 3.89A; 0(2)-0(3), 4.23A).
The 0(2)-0(1) distance is longer than normal because of the hydrogeﬁ .
bonding of each of fhese atoms to an 0(3) water molecule. Similarly
the nearest approach of 0(5) and 0(5)' is constrained by hydrogen bonding
to N(1) and 0(4). The 0(2)-0(3) distance is Tong because of the steric
requirements of an adjacent 0(3) group bonded to 0(2) through an 0{1)
:water motecule.

Hydrogen bonding is of prime importance in holding the thymine

] ?
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Figure 42

The coordination of the potassium atom in potassium thyminate trihydrate

The xy en atoms form a distorted trigonal prismatic arranqement
0{3)}' is related to 0(3) by the symmetry operation -x, -y, -z+1. 0(5)'
s related to 0(5) by the symmetry operation -x, -y+1, -z+1,

)
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03) . . * H(301), H(302), k¥, k'
//A\\\\‘\\\ os) H(501), H(502), K*, k'*
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bases together. As can be seen in Figure 40 the thyminate jons R
are held as "base pairs" through N(3)-H(3)---0{4) bonds. In addition,
0(4) in any base pair i§/Bpnded through_the water motecule
H(501)-0(5)-H(502) to N(1) in an adjacent base pair related by

the 21 opé}ation. Similarly N(1) in a molecule is also honded
through H(101)-0(1)-H(102) to 0(2) in a molecule related to the

first by a unit translation along b; in addition, 0(1) is bonded
through H(302)-0(3)-H(301) to another 0(2) atom in a molecule

related to that containing the first 0(2) atom by the 21 operation

-and an a translation. Oxygen and nitrogen atoms, except N{(3) and

0(4), can be considered as interacting_with four other atoms,
which form a very rough tetrahedron about the central atom;
the interactions may be covalent, fonic-or hydrogen bonded. e
They are:
Central Atom Interacting atoms/ions

0(1) H(101), H(102), H(302), K
-+

N(1) H(101), H(502), C(2), C(6)
( ) H(102), H(301), ¢(2), k*
{3) . H(3), C(2), C(4)
0(4) H(3), H(501), C(4)

This is consistent with Brown's model of hydrogen bonding,235 as are
the hydrogen bond lengths and angles, shown in Tab]e 25.
The packing of the un1t cell is shown in Figure 43. The

hydrogen bonded base pairs form the basis of the“structure, being -
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Table 25 ,

Hydrogen bonding distances (A) and angles (°) (X-H----Y) in
potassium thyminate trihydrate

-

" 0(5)-H(502}-N(1) 2.955(5)

X-H----Y Distance Angle
XY X-H  HeeeY X-HemnnY

N(3)-H(3)-0(4) 2.807(6)  0.78(7) 2.04(7) 171(8)
0(1)H(101)-N(1)  2.874(6)  0.92(8) & 1.99(8) - 163(5)
0(1)-R{102§-0(2) 2.864(6) 0.73(8) 2.22(8) 148(7)
0(3)-H(301)-0(2) 2.845(5) 0.85(6) 2.04(7) 159(8)
0(3)-H(302)-0{1) 2.765(7) 0.81(10) 1.96(10) 169(7)
0(5)-H(501)-0(4) 2.815(6) - 0.92(8) 1.92(8) 166(7)
0.83(7) 2.13(7) 177(9)

Qther angies IE—_

Atoms ~ Andlé Atoms Angle

H(101)-0(1}-H(102) 93(7) A H{301)-0(3)-H(302) 105(8)
H(501}~0(5)-H(502) 97(7) C(2)-N(3)-H(3) 119(5) .
C(4)-N(3}-H(3) - 115(5) C(2)-N(1)-H(502) 117(2)
C{6)=N(1}-H(502) 111(2) c(2}-N(1)-H({101) . 120(2)
C(6)-N(1}-H{101) -109(2) - H{101)-N(1}-H(502) 76(3)
C(2)-0(2)-H(301) 118(2) c(2)-0(2)-H(102) 123(2)
H(102)-0(2)-H(301} 82(3) ‘ H(3)~0(4)-H(501) 144(3)
H(101)-0(1)-H(302} 114(6) . H(102)-0(1)-H(302) 116(8)

C(4)-0(4)-H(3) 123(2) — - {4)-0(4)-H(501) 123(2)
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Figure 43
The contents of the unit cell of potassium thyminate trihydrate

' , /

LY

a and b are parallel to the top and ;ige of the page respectivé]j,

and the view is down c*.

v

(
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arranged in layers parallel to the bc plane, centred at x{= %. A
given pair of bases is tilted with respect to the b axis that

pairs of bases related by ‘the b translation overlap like ti]es\ﬁn

'3

a roof. In the c direction the pairs of ba§e§ are're]ated by Fhe
‘ ¢ glide so tﬁ%% each subsequent pair of bases 1§ tilted~in the
opposite direction to adjacent pairs. Contact between adjacent
pairs is primarily between the methyl grouprand.H(G)lgn one base
with the n-cloud and the ((4)-C(5)} bond of a.base in aﬁ adjacent
pair. 'The hydrogen bonding network holding the base layer together
ogkents the watér molecules such thaf the oxygen atoms“point towards
thé-x = 0 plane. The paqkipg in the a direction is then primarily
~  an ion;dipo1e interaction between these external oxygen atdms
of the base layer ;;E the potassium ions which lie close to x = 0.

5.3 .INTERACTION OF cis~-DDP WITH MIXED PURINE-PYRIMIDINE NUCLEQBASES

\Haay mechanisms of action have been proposed to explain the

129

activiﬁy of the platinum anti-cancer drugs. A1l the evidence

a . .
ints to the dﬁﬂﬁgg§és QEJthe site of interaction of the platinum

67’68 The (structure of gig:(Q-Ethy19U3ni”ato“N7)

atom.
(l-methy]dracilato-N3)dianmineplatinuﬁ(II) dihyd%ate discussed in this
éectfoﬁ'repreﬁents a model for the interaction of'giE;DDP with a
guanidine and a uridine Tigand in RNA or a guanidine and a thymidine .
ligand in DNA. Initially, it was believed that the reaction of

-p1§E?ﬁnm complexes with uridine or its derivatives did not occur to
' 68,236,237

aﬁy significant extent; it was later shown that the

. ' s



* binding of platifum to the N(7) position.

reaction could take place under the right experimen conditions.

N

¥ . 173,

A]tﬁbug ‘there is no reason to believe that a creoSsiink betyeén a
thymidine and a gyanidine moiety -tn-ONA is biologically important,
our reasons for lnvestigating the structure were threefold:

1) it is the first exahple of a purine-pyrimidine mixed-base platinum
compiex where the urac11 anion is the pyrimidihe ligand. A1l other
structures of mixed-nuclecbase éomp]exes have involved cytosine.84
2) it was of interest to inmg§tigate the conformational features in
the complex in view of the recent work of Orbell and his co-workers. >

3) the interaction of gjg;p]étinum complexes with DNA leads to

. strong perturﬁations 12 the structure of the macromolecule (see

below). The investigafion bf the spatial distribution of two DNA
bases attached to.gig positions of a platinum atom may lead to a
better underﬁtanding of the nature of the p]at}num-DNA interaction.
The structuré of EjéﬁNH3)2Pt(9-Et—G-H)(1-HerH)-2H20. whgre
9-Et-G-H is the 9-ethylguanine anion deprotonated at N(1) and
1-MeU-H is the l-ﬁethy1uraci1‘énion, is also another example of the

relatively facile deprotonation of guanine at the N(1) position after

: 70-72

No biolegically
relevant hydfogen bonding is expected.bgtween the 9-ethylguanine
arfion and the uracil anion since the uracil anion_is methylated at

N(1) and is bound to p]atinumgat N(3), thus eliminating the base

‘mispairing possibility mentioned in a previgaf’work 7%/5pﬂ-shown

in Figure 15, p. 35. .

The crystal data for the structure of gj§XNH3)2Pt(9-Et-G—H)

L

148
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(1:MeU-Hr2HéOare shown in Table 26. The atom%c parameters and
temperature factors for he complex are listed in Table 27. The
bond lengths and angTes<§re listed in Table 28 and tﬁe labelled
molecular structure is shown in Figure 44.
- Bonding of the platinum atom occurs through the N(?)'and
‘/N(3) hositions of the 9-ethylguanine and l-methyluracil anions
respectiveiy. These are the normal binding sites as‘seen in previously
studied complexes of platinum 70-72,84,101 where there ié\&?
briﬁging by the‘l-methy]uracTT’ggjon to two metal ions. There is
no 5ndication of any interaction to the exocyc]iC\9x§§én atoms on
ﬁ‘eithe?’of the bases, the shortest oxygen to platinum distance

5j\\\\~_z/‘////ﬂ‘being Pt<--0(2A) = 3.08(2)A.

The geometry around the platinum atom is square plamar

-

with the platinum atom sitting 0.00IO(Q)A above the plane defined

©

by the four coordinated pitrogen atoms. The platinum to nitrogen
bond distances, ranging SEE;BEQ.Z.OS(Z)A and 2.11(2)A, are normal

fdr these types of complexes.

The errors in bond 1enq§h§ and angles within the ligand
rings are relatively large. For the 9-ethylguanine anion, they do
not differ from the values reported previously for Eoordinated

70-72,84

g-ethylguanine in its neutral or anionic form. In the case

of the 1-methyluracil anion, the bond lengths agree, within 3o,
.
with those reported for gj§;bis(1-methy1uraci1ato—N3)diammine—

101

platinum(II) tetrahydrate but some of the angles vary by more

than 3a. This is attributed to the disorder of the l-methyluracilate

oy
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Table 26 <
Crystal data for ﬁ—(g-ethﬂguaninato-N?)
- (1-methyluracilato-N>)diammine platinum(I1)dihydrate
Compound ° ' ‘ C12H23N905Pt
F.W. 568.46
Crystal shape, size (cm) Truncated pyramid;
0.013 X 0.023 X 0.026
Space group C2/c
Unit cell parameters . ,
a{A) 30.777(9) )
b(A) 12.907(2) \ |
c(R) ' 9.685(2) ‘ P
B(*) : 106.15(2)
Volume (33) 3695(2) i
. z o 8 '
-3 -
Ocaicld-em ) 2.04
Linear absorption coefficient,  80.39
Cm- N
1R R : 0.88 |
\_) Absorption correction factor, 4.20, 4.02 . ' v
A*, Timits _ ' J
' Maximum 2 (°) 5
) . _}
NS Standard reflections -3, 1, 2; 6, 2,3
)/ d and
> e.s.d. (%) : 2.01; 2.72 \
Temperature (°C) . 22
. No. of independent reflections 2622

No. with I% 0 2143

“
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~Ko. with 140, rejected
a a

gl_' Ry

Final shift/error

Max(Ave.)

X(secondary extinction)

Final difference map .
highest peak (e-A
Tocation . '

-3).

lowest valley (e-A™>);
location

Weighting

Error in observation of
unit weight

PSEfScan

26Max/Min

x Max/Min

No. reflections used.
PSI Increment/Range
Min. correction factor

o ——

. P
“Definitions for Ry and R, are given in Chapter 2, p. 48

Tabie 26

N

(cont.)

479

0.1019Y 0.0878%

0.190(0.018)

0.00007 - . .

1.71; 0.14, 0.16, 0.27

-2.2; 0.22, 0.12, 0.44

42.75/7.67

283.72/256.28
9
10°/0-350°
0.416

4

a~

—

]
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Table 27

Atomic parameters and isotropic or equivalent temperature factors
(XlO ) for cis- (NH ) Pt{9-Et-G-H)(1-MeU-H) - 2H20

Atom B X ¥ Z Usgo OF Ueq
64’ 121.02(3) . 120.88(7) 171.0(1) 39.5(5)*

7) 99._4(6) 251(1) 254(2) 42(5)

4) 139.3(6) ~14(1) 78(2) 63(5)

5) 54.8(5) 66(1) 112(2) 38(4)

4) "~ 61.9(6) 364(1) 353(2) 37(5)
c({5) 71.4(6) 257(1) 343(2) 28(5)
C(6) 49.2(8) 188(2) 410(2) 48(6)-
0(6) 53.6(5) - 88(1) 406(2) 56(4)
N(1) 20.7(6) 228(1) 483(2) 42(4)
N(3) 35.2(5) - 406(1) __428(1) 41(4)
c(2) 14.6(7) 332(2) 483(2) - 46(6)
N(2) ~15.4(5) 364(1) 554(2) 47(4)
c(8) 111.7(7) 346(1) 228(2) 40(5)
N(9) 89.2(6) 418(1) 291(2) 43(4)
c(9) 91.8(8) 531(2) 278(2) 47(6)
c(10] 130.1(8) - 569(2) 217(2) 61(20)*
N(3A) 188.7(6) 173(1) 236(2) 54(5)
g{4A) 199.1(9) . 245(2) 151(3) 68(7)
0(4A] . 175.1(6) 286(1) 49(2) 66(5)
C(2A) 213.5(9) 112(2) 345(3) 78(8)
0(2A) 203.3(6) 26{1) 411(2) 94(6)
N(1A) 260.4(8) - 157(2) - 382(2) . 101(8)
C(1A) 1 290(1) - 100(3) 501(4) 148(13)
C(5A) 249(1) 285( 1197(3) - 88(9)
C(6A), 273(1) 235 302(3) 81(8) -
o7y | 37(1) 146(3) 759(4) 99(14)
0(7)*, 57(2) | 186(3) 794(4) 98(14)

) 147(2) 152(3) 832(4) 89(15)
)! 127(2) 171(4) 802(5) - 101(18).

Ueq = 1/_3(U1l + Ugy + U3 + 2Uq5c0s 8)

+ ‘ . .
These atoms were given a site occupancy of one-half.

AN



Table 28

Bond lengths (A) and angles (°) in gjg;(NH3)2Pt(9-Et-GJH)(1—MeU—H)-2H20

Atoms Distance
Pt-N{7) 2.05(2)
Pt-N(3A) 2.11(2)
c(5)-Cc(4) 1.42(3)
C{6)-N(1) 1.37(3)
C{2)-N{(3) 1.34(3)
N(9)-C(9) 1.46(2)
N(3A}-C(2A) 1.37(3)
N(1A)-C(1A) 1.45(4)
C(5A}-C(4A) 1.55(4)

Atoms
M(7}-PE-N(4)
N{(7)-Pt-N(5)
N(4)-Pt-N(3A)
Pt-N(7)-C(8)
C(8)-N{7)-C(5)
M(7}-C(5)-C(6)
C(5)-c(6)-0(6)}
N(1)-C(6)-0(6)
N(1)}-C(2)-N(2)
K(2)-C(2)-N(3)
(3)-C(4)-c(5)
(5)-C(4)-N(9)
(4)-N(9)-C(8)
(9)-C(9)-c(10)
t-N(3A)-C(4A)
{2R)-N(3A)~C(4A)
N{3A)-C(2A)-N(1A)
C(2A)-N{IA)-C(1A)
C(1A)-N(JA)-C(6A)
C(6A)-C{5A}-C(4A)
C(5A)-C(4A)-0(4A)

- 134(2)

Atoms

Pt-N(4)
N(7)-C(8)
€{5)-C(6)
N(1)-C(2)
N(3)-C(4)
N(9)-C
C(2R)-
1A)-

(8)

0(2A)
N{1A}-C(6A)
C(4A)-0(4A)

. Angle

176.6(6)
89.1(6)
91.7(7)
123(2) .
109(
137(2)
124(2)
119(2)
114(2)
117(2)
127(2)
108(2)
107(2) :
115(2)
115(1)
105(2)
110(2)

©127(3) -

112(3)
115(2)

Distance

bt 4 et b fd et b et [N

] |

1
| OYZ=2=2CO 0
Pt g i S

OO oOoOOO="9

T Ty ey ey, o, e
SO SO
et S et |

}

Atoms

N(4)-Pt-N(5)
N(7 )-Pt-N{3AY
N(5)-Pt-N(3A)
Pt-N(7)-C(5)}

N(7)-C(5}-C(4)
c(4)-C(5)-C(6)
C(5)-C(6)-N(1)
c(s)-N(1)-c(2)
N(l) (3)

En e P S S T B A%l s W 3 |
LI QN = O e e

et e

Atoms

/

D

bd b pmd b b e b b [N
. . s s .

istance
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Table 28 (cont.)

Possible hydrogen-bonded distance

, Systeﬁ 1 System 2
Atoms = Distance . Atoms Distance
N(1)-0(7) 2.79(4) Coo(7idls) 2.72(6)
N(6)-0(7)" 3.20(4) S0 N 2.96(4)
0{7)-0(7)'" oA 2.86(6) 0(7)'-N(2)! 3.19(5)
0(7)-0(8)" ~ 2.68(6) 0(8)-0(48) 11 2.67(4)
e N8)-0(8) 3.07(5) 0(8)-0(2A)" 3.06(5)
0(8)'-0(4a) 11 2.86(4) 0(7)'-0(7) " 2.86(6)

Atom positions are related to those given in Table 27 by the
following symmetry operations: (i) x, -y, %+z; (ii) -x, Y, b-z+1;
‘S(\fii) X, ¥, z+1.



155

PENSEPES

.

. _//
ﬁhz:oum:_:m:mrm;pm-mvumﬂw 40 84N10NX3S JRNI3 o 3y
. ’ )

by @4nbl 4

AHHVE:cTumﬁ;mcwEEmwnAmz-OMmPwumL:Fz;pwsnﬂV



156

{

ligand. The disorder was detected because of the large thermal
parameters on the atoms of the ring (refer to Table 2?). At} attempts -
made to resolve the disorder did not yield a better model of thé
observed data.

Both 1igands are planar, with 0(2A) sitting furthest Qyt n
of the pyrimidine plane (0.08(2)3) and N{2) being 0.09(2)E.out of
the purine plane. The dihedral angle between the imidazole and the
pyrimidine rings in the 9-ethylguanine anion is small (3(1)°).

The interaction of platinum complexes with DNA Teads to
strong perturbations of the DNA structure. These perturbations
reveal themselves through the following effects: the reduction of

the effective length of DNA,134’239’240

241

the inhibition of intercalation

of ethidium bromide in DNA,
113,242,243

the reduction of the viscosity of

the macromolecule, the decrease of the DNA melting

113 and the enhancement of the ellipticity of circular

134,135,140 134,242

temperature,

dichroism bands and UV absorption bands. It has

been suggested that the,local denaturation seen in the DNA structure
after the incubation of the macromolecule with platinum complexes

may be caused by the disruption of hydrogen bonding between base

244 239,240,242,

pairs; ‘this would generate local s%ng1e-stranded regions.

283,285 qp. single-stranded regjons may be caused by the formation

of intrastrand crosslinks 240

intrastrand cross1inks.241-

or may help in the formation of

~ The structure of gjg;(NH3)2Pt(9—Et—G~H)(1-MeU-H);2H20.
" can be considered as a model for the interaction of cis-DDP with

\
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a guanidine and a uridine or thymidine residue adjacent to one ancther

on the same strand of the DNA helix. In a structure of a B-DNA

dodecamer, the largest magnitude of the angle between successive

basé4p1ane normals is 18.2°, with a mean angle between successive i

base-plane normals of 7.82°.246

The angle between the two bases in the
complex studied here has a magngtude 6f 72(2)°; this suggests. that

an intrastrand crosslink would CEUEE strong lecal perturbations in

the DNA structure. Large dihedral angles have been seen in all
platinum complexes containing two DNA bases or analogous ligands in

¢cis positions 70-72,76,79,84,86,89,93,96,97,99,101,247-249

(see
alsec section 5.4). . - . ~

. The dihedral angles between the platinum coordination
plane and the 1igand pianes a}e also very large (9—Et—G—H/PtN4

= 132(1)°; l-MeU—H/PtN4 = 75(1)°). These angles were calculated
accordiné to fhe method éf Orbell and his-éo-workers.gg The
%magnitude of the angle between the 9-ethylguanine anion and the‘
b]atinum coordination plane Ties far from 90° and is consistent
with the presence of an intramolecular hydrogen bdﬁd between the
exocyclic 0(6) and an ammine Tigand (N(5)---0(6) = 2,86(2)3) as
seen in preQioug structural works.’ 0-/2:84

The packing of the molecules in the unit cell of

Cis-(NH,) PE(9-EE-6-H} (1-MeU-H)-21,0 is shown in Figure 45. The
‘molecules pack to give layers of l-methyluracilate anions in the

bc plane at x = % and X =‘;;;j\ﬁﬁhe only strong interaction of any

atom in the pyrimidine ring occurs between an exocyclic oxygen atom
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“Figure 45

The contents of the unit cell of Qg_—(NH3)2Pt(9-Et-G-H)(I-MeUhH)-2H 0

2

The a* and.c axes are parallel to the side and the bottom
of the page, respectively and the view is down b.
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e
and a water molecule in the lattice (O(4A)-—-O(8).= 2.67(4)3). The
only other interaction is a weaker contact between O(2A) and 0(8) -
(3.06(5)3). The remainder of the interactions consist of van der wa51s
contacts bétween the rings of symmetry-rg]ated molecules. This
explains the high thermal parameters of the atoms in the pyrimidine
ring since the rings can flap about the line joining N{3A) to 0(4A).
At x =%, y = %, the rings are arranged in parallel layers along

the ¢ axis. At x ='%, y = 3/4, there is another ;ayer of parallel
Tigands. The two ligand layers are skewed with respect to one
another. At x = 0 and x = %, the cations are packed sucp‘that the
9-ethylguanine anions of two molecules related by the two-fotd
rotation axis along b are stacked—3.73(2)a apart, maximi;ing =T
interactions. This distance is much 1ar§er than those seen for
intermolecular base-base distances in complexes containing neutral
9-ethylguanine moietie§ (3.33(2)3 and 3.37(2)3 (see section 5.4)). -
The anions making up the stacked base pairs are hydrogen bonded to
othez_Q—ethy1guanine anions related by the c glide (N(3)---N(2) =
3705(2)3). The result of this packling gives a zig-zag chain of
base paifs about the ac plane at y = 0O and y = 1. At y =%, there
are interactigns between the two chains through hydrogen bonds,
N{4)---0(6) =‘§T86(2)R and N{5)---0(6) = 2.81(2&3. The remainder of
the interactions at y = % occurs through hydrogen bonding to the
lattice water molecules. It is interestihg to note that there is no

hydrogen bonding between two 9-ethylguanine anions through N(1}---N(2)

seen in a previous work.70 The water mo1egples in the lattice

-
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do not conform to the Tocal 2-fold symmetry along b at z = %, The
distance between oxygen atoms Telated by this-symmgtry element was
very short (0(7)--—0(7)1i = 2f26(6)§). Giving a site occupation
factor of 0.5 to 0(7) meant tﬁat, for proper stoichiometfy, another
water molecule with a site occupatfon factor of 0.5 was pregéht.

This was found and labelled 0(7): The 0(7)---0(7}' i distance is
2.86(6)ﬁ. The disorder in the 0{7) pos1t1on in turn caused the

disorder ithhg 0(8) position. Thus there are two possible hydrogen-
banded networks: one involves 0(7), 0(7}' 11, 0(8)', the other 1;,,_J/f/
made up of 0(7)"', 0(7) 1 and 0(8) (see Table 28 for hydrogen bonded-

distances). For clarity, only one of the hydrogen-bonded chains is

shown in Figure‘45.

5.4 INTERACTION OF cis-PLATINUM COMPLEXES WITH TWO GUANINE BASES

The intrastrand crossﬁinking of two adjacent guanine bases is
one of the most attractive hypotheses concerning the mode of action of
-anti-tumour platinum drugs. Bécause of the evidence pointing to a
G-G intrastrand crosslink (section 1.6.2) and bedause.of the distortions
caused when platinum interacts with DNA, workers have opteﬂ for the
binding of platinum to two guan1ne bases as one of the ma1n causes

for the local denaturat1on in DNA“250 252 Exam1nat10ﬁ of the 1nteract1on
2

of cis-DDP with (dC4)(dG4) using space filling mode]s:g:rveals that
the platinum complex can bind two adjaceﬁt guanine basé&s at N(Z)

-

if base pairing is disrupted. The models indicate that such-binding

could produce a two-fold shortening of DNA measured along the-drigina1

axis‘as found by electron microscopy. 120
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Because of the suspected biological significance of intrastrand
guanine-guanine croséf?nking. a number of model compounds containing
5”""‘ . ) A
piatinum(II) and two oxo-purine in cis positions have been prepared and

70,71,76,79,86,247,248,253-256 Two noteworthy

studied crystallographicaily.
features evolved from these studies: first, one can consider the 0(6)

2
position of 9-ethylguanine as the head of the 1igand and the ethyl

.group as the tail; all crystallographically studied-examples of

gjg;bis(oxoﬁurine).comp]exes of platinum(II) reveal an approximate

02 molecular symmetry; this gives a head to tail arrangement of the
bases relative to the platinum coordination plane (Figure 46) where
the 0(6) atoms from the two guanine ligands lie on opposite sides of

the p1atinum coordination b]ané. This geometry also -holds for other

. examples of cis-bis(nucleobase) complexes of p]atinum(11)961?7’99’101’249

but 1t\}§\a rather unlikely arrangement of two bases crosslinked in
nhtivanNA. Only in solution has there been spectroscopic evidence

foria head to head arrangement of two g@anine bases in a GpG dinucleotide

257

complex of cis platinum(II), Second, the extent of base-base

..interaction, though vasjable to some degree, may be divﬁd%d into two

categories: 1in the~first, with large dihedral angles (1argerrthan 65°)

between the nucleobase planes, substantial intercompi iﬁbase sta@@ng

;70,71,76,79,253

is observed; in the second, with smq11ef~d3hedra1

angles, e. g:%39 .6° in a comp1ex conta1n1ng two pho§pn;g§;gethy1 esfer
" of guanos1ne monophosphate as 11gands, only the intra mpTgx base-base

The solution of the crystal structures
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FiguréFZG

Head to"tail arrangement of cis-bis{oxopurine)platinum({II) complexes

Structure from reference 70. Note how 0(6) and O(SA) are on
opposite sides of the gThtinum coordination plane.

B

162
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[cis-{NH3) ,Pt{9-Et-G),],C15(HCO4)-3H,0, 11, has been undertaken to
: ' S
determine the arrangement of the two purine bases in ‘the

. 2+
El_g_—(NHB)ZPt(B-Et-G)2

‘cation, where 9-Et-G is the 9-ethylguanine
1igand, and the extent of purine-purine interaction which is a measure

for{a local distortion of DNA in a guanine-guanine intrastrand crosslink.

[cis-(NHg),P(9-E£-6),]C1,-34,0, I, and [cis-(NHy),Pt(9-Et-G),]
C1l 5(HCO3) 5-1.5H20, 11, were obtained by Dr. B. Lippert and
G. Raudaschl in the following way: I was prepared by the reaction

13

of éié;DDPZ with 1.5 mmoie of 9-ethylguanine suspended in 15 ml

HéO and kept at 40°C for 4 days. A white precipitate (110 mg) of
unreacted 9-Et-G and Eié;[(NH3)2Pt(9-él-G)CT]C1-0.5H20 was filtered

and. the colourless filtrate (pH = 4) waslgl]owed to evaporate at 40°C

to 5 ml volume, filtered again and qrystallized sTow1y'(7 days) at

22°C in air. Several_fraétjons of I were obtained and briefly air-dried.
(180 mg; colourless, transparent cubes). _Comh]ex I1 was isolated

®  from a prepan

tion cafried out analogously to the one described for

ith Pt: (9-Et-G) = 1 and a longer time of crystallization
he first four fractions of precipitate consisted of

258 (yield 35%) before comp1e{f§i/
g}e pitated (yield 30%). \gjﬁﬁental analyses of comé;;xes I and II

(/;ere identical within experimental error. The IR spectrum of the
br ]

2Pt(9-Et-G)G]]C1'O.§H20

fgfgffﬂgjd.not show bands caused by HCD3 It isasuspeéggd that

;/f ’ ;ﬁﬁyka/ima1 raction of the bulk material contained HCO,” and that <

' AN the érystals selected for X-ray meagzre@gnts happened to be those \ . .
“’é$\_;' ' of thé_mixed-CI,‘ﬂcoa homPound. We further assume that during the S;ib »
SR >



‘long process of crystallization in air some CO2 was taken up from
the air, |
. The crystal data for both compounds are shpwn in Table 29.
The atomic paramaters and temperature factors are listed in Table 30
for both complexes. The bond lengths and angles are Tisted in Table 31
and the molecular structure and labelling of the atoms of the cation
in I are shown in Figure 47. The two complexes are Qery similar and
differ only in the anions and the number of water molecules present
in the lattice. The binding of the platinum atom to the 9-ethylguanine
ligand occurs through N(7) és seen. in all complexes of platinum with
N(9) blocked guanine residues studied so far.70'72’76’79’8,4‘86'88’253’254
gp/"£;=%!There is no inﬂication in either I or II of an interaction between
0(6) on either of the purine 1igahd and the central platinum atom, the
shortest distance being Pt-0(6A) = 3.392(9)3 in complex I and 3.430(7)5
in complex II. _ “
The géometry around the E}atinum atom is square planar and
the platinum to nitrogen bond lengths, ranging “from_Z.UZ(l)R to '2.05(1‘)?‘" _
are normal for these ‘types of complexes. .
The bond lengths and aqglgi\fifpjn thelputine rings are in

“Jagreement with the average values caiculated from a number‘of structures

A 259

of nucleosides and nucleotides,
\Gﬂ of 9-ethylguanine.260

- ' cated by the dihedral angles between the pyrimidine and the imidazole
’-'

and particularly with those-

Thé purine rings are almost planar as indi-

riﬁg (range’= 1(1)° to 2{1)° ). The two rings in the cations

' ‘s differ in the amount in which the efhy] groups extend away from thé
h -~ - Lt I*\ ) 8

. _ - : ) ¥ ' L
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(9-ethy1guanine—N7)p1atinum(II)sesquich1oride hemicar

Compound

.4,
Crystal size (cm)
Space group

Unit cell parameters

~ . alp)

b(h)
f(K)

Volume (33)
z

-3
_Carcleem”)
pObS(g.cm~3)

L] .

Linear absorption
coefficient {cm ~)

uR

Absorption correction”

factqr. Timits, A*

Maximum 28€°)

A

al®) 7 )
8(°) \\[—
v(°A .

Table 29

sesquihydrate (I1I)

Q1 0Pt

oN1505
1

C1aM30

712.47

A

&
0.032 X 0.023 X 0.010
P1

12.238(3) 12.378(3)
10.787(2)- 10.748(3)
12.883(4) 12.664(4) -
92.18(2) 92.23(2) ’ <:,—'
123.32(2) 123.40(2)
111.33(2) 112.92(2)
' 4]

1260.6(6) 1223.2(7)
2 . 2
1.88 " 1.90 )
1.88(1) -~ T92(1) ,

) IR ¥,
5&?5 v 7 62.33
0.52 1.1
2.45, 2.34 4.70, 4.43 <&

165

C14.5M27.5%71 .5M12
N 11

0Pt

3
698.21
0.040 X 0.040 X 0.015

PT -

et b e, 4 ek "
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Table 29 (cont.) - S~
T
\ 2
Standard reflections -2, -4, -1; 2,0, 2
and g
e.s.d.(%) : 2.09; 1.62 »
Temperature (°C) ‘-fl’ .
o No. of independent L3319 3218
reflections °
No. with 1> 0 ‘ - 3162 3124
No. with I< 0, 157 94 ' —
rejected
R,%s R, 0.0617, 0.0618 0.0446, 0.0511
Final shift/error | 10.089(0.009) 0.128(6.015)
X(secondary extinction} 0.0008 -0.00042
7
Final difference map
highest peak(e-A"3) 1.86 1.42
location ‘ . 0.020, 0.435, 0. 155 ¢.512, 0.241, 0.433
— " lowest valley(e-&3) -2.52 . -0.73
location - 0.58, 0.12, 0.28
Weighting, w (o% + 0.0001(F,)%) (o® + 0.0003(F)%) ™!
o e \_ Error in observation 0.9397 - 0.9000
_?\:33 .of unit weight .
S PSI Scan ‘
20 Max/Min 42.88/4.25  40.39/6.42
x Max/Min, ' - 291. 97/248 03 282.84/257.16
No. refl i0 11 -
[ inceement/range 10°/0-350° 10°70-350°
—~ »- Min. cegrection 0.439 TN c? 1 '
factor .
'. - ' ’ L—\ '
;, Definitions for Rl and R2 are given in Chapter 2, p. 48
- ' _ . e ' S
. L 7 N
. : : ’ {
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- ] o Table 31
Bond tengths (A) and ang]es (°) for [cis- (NH ) Pt(9 Et-G) 21C1,-3H,0 (I)
and Ic1s (NH,) Pt(9 Et-B),]C1, 5(Hco ) 5°1.5H,0 (11)
- I , I
A B
Atoms | Distance
Pt-N(11) o 2.08(1) - . 2.
Pt-N{12) 2.05(1) - 2.
Pt-N(7) 2.03(1) 2.03(1) 2.
N(1)-C{2) - 1.38(2) 1.36(2) 1.
c(2)-n(2) Al 1.33{2) 1.36(2) 1.
c(2)-N(3) Sy 1.34(2) 1.34(2) 1.
. N(3)-c(4) 1.36(2) 1.36(2) 1.
c(4)-c(5) 1.40(2) 1.35(2) 1.
€(5)-C(6) 1.44(2) 1.43(2) 1.
C(6)-0(6) 1.26(2) 1.22(2) 1.
c(6)-N u; L 1.36(2) 1.40(2) 1.
c(5)-N(7) ~ - | -~ 1.38(1) 1.42(2) 1.
N(7;-C(8) \ ! 1.33(2; 1.38(2) 1.
c(8 -N(Q; g\ b 1.37(2 1.34(2) e 1.
C(4)-N(9 _t 1.36(1) 1.37(2) 1.
N(9)-C(9) ; 1.49(2; 1.49(2) 1.
c(9)-c(10) ] 1.54(2 ©1.50(2) 1.
C0-0(3) /j - - 1.
C0-0(4) - - 1.
€0-0(5) : - - 1.
-
. Angles
CN(11)-Pt-N(12) 91.:1(5) DA 90.6(4) -
N(11)-Pt-N(7) ©91.5(5) ©179.1(4) - 91.7(4) 179.5(4)
N(12)-Pt=N(7) 177.5(6) - 89.7(5) 177.6{5) ~ 89.9(4)
N(7A)}-Pt-N(7B) * = 87.8(5) - 87.9(4) -
. C(6)-N{1)-c(2}) . 125(1) . 125(1) 125.0(8) 125.5(9)
-N(1)}-C(2)-N(2) Co117(1) 117{1) ,116.2(9) 118(1)
N(1}-C{2)}=N(3) 123( 1Y 125(1) 123.8(9) -~ 123(1)
N(2)-C(2}-N(3) 120(1) 118(1) 120(1) - 119 12
c{2)- N(B; -c(4) 112(1) 111(1) 112.4(9) 112(1
N(3)-C(4)-c{5) .  130(1) 128(1 - 127.5(8) ‘128(1) X
N(3§-C(4)-N(9 N o125(1) - 123(1) . 4125.1(9) 124(1) : 1
c{5)-C(4)-N{9) ...~ 105{1 109(1) . 107.4(8) - 108(1) .
c(4)-c(5)-c{6) 115(1; 121(1) 20.1(9) 121(1) i
c(4)- c(5) N(7) 1}p(1 108(1) 107.9(8) 109(1)
-° . . I cont l
- ) \
- |
. i
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Table 31 (cont.)

1
]

134(1) 131(1) 132(1) 131(1)

C(6}-C(5)-N{(7)
c(5)-c(6)-0(6) - 125(1). 129(1) 128.8(9) 130(1)
N(1)-C{6)-0(6) 121(1) 122(1) . 120.0(8) 120(1)
N(1)-C(6)-C(5) 14(1)  110(1) 111.2(9) 110(1)
C(5)-N{7)-Pt , 26.1(8) 132(1) 126.7(7) 132.2(9)
c(5)-N{7)-c(8) 07(1) 105(1) 106.4(8) 106(1)
c(8)-N(7)-Pt  ~ ~ 126. 3(9) 122.8(9) 126.0(7)]  121.9(8)
N(7}-C(8)-N(9) 110.3(9) 112(1) 110.8(8) 112(1)
c(8)-N{9)-c(a) 108(1) 107&1) 107.4(9) 106(1)
C(4)-N(9)-C{9) 124(1) 128(1) 124.1(8) 128(1)
c(8)-N(9)-C(9) 12%.9(9) 125(1) 128.5(8) *  126(1)
N(9)-C({9)-C{10) 111(1) 110(2) 112(1) 109(1)
0(3)-C0-0(4) . Na- - 116(2) - Lp -
0(3)-C0-0(5) - 137(2)
0(4)-C0-0(5) - - 108(3) -

A .

[ |
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N

. N o -
purine plane. - In Ring A, C(10) is 0.07(2)A out of the purine plane

- in complex I and 0.04(2)A in 1I. In Ring B however, the distance is

1.33(2); in I and 1.40(2)3 in II. This leads to three different types
of intermolecular base-base stacking in the unit cell (see bedow).
Befh sttqptures‘show large dihedral angies between'the\qyrine
ligand A and the e1atinum coordination plane, Pt'N4 (A-PtN4 = 75.4(9)?
in I and 74.4(9)° in ll)f The B ring makes a smaller angle with the
platinum coordination plane (49.2{9)° in I and 50. 6(9)° in II); this
i§ because of an internal hydrogen bond between 0(6) and one of the

ammine igands on the platinum ato_m.,m’84 These bonds are 0(6B)---N(12)

/= 2.92(1)A (1) and 0(68)---N(12) = 2. 955(8)5 (11): The dihedral angle

between the purine 11gands js large in both comp]exes (68(1)° 1

I and 70(1)° in 1I) and indicates that there is little or no intra-
complex base-base interaction. There is however, substantial inter-
'comp1ex base stacking between A rings and hetween B.eings ot;;ymmetry

related cations in the unit cell {see below). . '

~
_ s
. Certainly the most interesting feature of the compounds
S

described here 1é the head to head arrangement of the two 9-ethylguanine
1igands;fthis is in contrast to all previously reported €tructure;
of cis-bis{nucleobase) complexes of platinum{II) (see Figure '48). . The

head to.-head arrangement of the purines makes these-complexes more likely

N
models for the intrastrand guaniﬁejézigi:: crossifnks.
As mentioned earlier, there ree types of 1nterc0mp1ex

r1ng ring interactions in the un1t_eeTTﬁ’shown in F1gures 49 and 50.
The first interaction involves the stacking of the A rings. These

stack at a distance 0f~3.36(2)A and 3.38(2)A along the'a direction

.

/’_\\‘
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* : £ 7 Figure 48

L

Head to tail arrangement observed in cis-bis{nuclecbase)platinum(II}
complexes (a) and head to head arrangement observed in
cis-bis(9-Et-G)platinum({II) comp1e>9 studied here (b)

«

. | é.'i/m

el . . . -

(é) héad to tail arra

ngement - ]
v . - B
, . . s N(IA)
- o Of6A) @ cisA) _{ /i cr2a) NI2A)
0(68B) i [
-
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-Fignre.49 .

The contents of the unit cell of [Ejé;(NHa)th(Q-Et-G)z]612'3H20
. “ - . ] .
: Y% -
S
¢

the p

e a and c* x a axes are para11e1 to the bottom and side of,
e, respectively and the view is down c*.

‘ |
] o » L
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S Figure 50
‘\ The contents of the unit cell of
) ( [Ei_s-(NH3)2Pt(9-Et-G)2]C11.S(HCOS)_5-1.5H20

\ {f
The a and c* x a axes are parallel to the bottom and' side of
the page, respectively and the view is down c*. \

A

Y
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1

in compiexes I and II respectively; the rings are related by the centre
of symmetry at the origin. In addition, adjacent molecules along.
a, related by the inversion centre a; %, 0, 0 are hydrogen-bonded
together. The A ring of one molecule is hydrogen-bonded to the
B ring of the other (N(3A)---N(2B) = 3.07(2)A).

The B rings are stacked along the b direction at x = i,
z = 0 and there are two types of ring-ring interaction, caused by
the‘brientation'of the ethyl groups with respect to the purine plane.

o o =

At y =%, the bases are co-stacked to maximize n-x inferactio”s and
the rings are 3.37(2)A (1) and 3.33(2)A (1I) apart. Becaﬁsg/xhe
ethyl groups are roughly normal to the purine plane (B rr'ingj,
adjacent molecuies along Q_}elatéd by the inversion centre at %, 0, 0
havg tong ring-ring distances (4.86(2)3 (I) and 4.87(2)3 (II)), the
.contacts being between the terminal methyl groups and the purine planes.
In addition; molecules in the g.direcfion are bound by hydrogen
bonding between 0(6B) of one molecule and N(2A) of a translationally
equivalent molecule (O(6B)---N(2A) = 2.97({2)A in 1fand 2.94(1)A in 11).
In the c direction, there is hydrogen bonding between'pairs of
molecules related by the centre of symmetry at 0, %, 0 from Q(6A)
to N(11) and N{12).
In both complexes, the anions and lattice water molecules
form disordered hydrogen bonded chains which run through the middle
. of the unit cells at %, b, %.
In complex I, there are two chloride ions, C1(2) and C1{3)

which are disordered about the centres of symmetry at %, %, % and
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1

5, 0, % reépective]y. The disordered positions were éhosen because |
the temperature factors were more reasonable than they were with the
ions on Ehe special positions. They are part of th hydrogen-bonded
chain which consists of the following atoms: C1(3)*,0(H3)*, c1(2),
O(H5) and O(H4}. The interactions between the lattice water molecules
and the anions are shown in Figure 51. The ﬁé]f—occupancy of the
atoms in the hydrogen-bonded chain running through the&crysta1 results
in the observed disorder. The presence of 0(H2) in the lattice also
causes further disorder: two unacceptable distances were obtained
(0(H2)-0(H1) = 2.37(3)A and 0(H2)-C1(1)* = 2.60(3)A). O(H1) and C1(1)
were then given half-occupancy. A difference svnthesis Ehowed a peak
0.59(5)3 away from O(H1) which was labelled O(H11)* and given half-
occupancy. Similarly, a peak was seen 0.66(2)3 away from ?:1(1);
it was given half-occupancy and ]abe]led_&](ll)*. Joining the chain
are thus O(H1), O(H11)*, C1(1) and C1(11)* (see Figure 51). 0(H1)
and O(Hll)* form a strong hydrogen bond with N{1B) (2.73(2)3, 2.79(3)3
?%spective]y). There is a strong interaction betwéen C1(2) and O(H11)
(2.82(4)3) which\is short for normal 0---C1 distances but the uncertainty
involved is large. Similar B]-fio contacts have been seen ranging
between 2.68A and 2.90(2)A.229:261,262

| In compiex IT, the chain along the b axis consists of two
disordered anion: a chloride ion near %, %, % and a bicarbonate
ion near %, 0, %. There is a strong interactiog between C1(2) and 0(3)

* * These atoms are situated at positions related to thosq given
in Table 30 by a centre of symmetry.
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zgtice water molecules

Schematic diagram of the interactjons between 1
and chloride ions in [Eigg(NH3)2Pt(9-Et-G)2]C12-3H20
C1(3)x
3.06(2) .~
/,/ /
| -7 |
3\ ' - 0(H4) -
| \\2;86(4) C1{11)*
- - \\\ /’
- ,olHs) 2.98(3) ,
2.91(4/), | 3.04(4) // )
7/ ! / ]
/ !
/ | , 2.65(4) /
_O(H1) ALY S0 b T o(i2
1.7 2.82(4) . 2)
a(2) . \3.29(3)
/ b
! N
/ N, .
3.11(2) C1¢1)
/
I .
/
0(H3)* Q‘\
\\
) A
N . 3.12(2)
. /- \\__‘_ | \\ ‘
S 2 C1(3)%

a cos (y-90°)

2
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of the bicarbonate jon (3.00(2)3) presumably caused by a hydrogen
.bond. 0{H1) is disordered as it was in complex I because of contact
with 0(H2), but CI(1) is not. The interactions between the iattice
water molecuies and the anions are shown in Figure 52.

" Since we have no analytictf’évidence for the bicarbonate
ion and since the geometry is not particularly good (see Table-3§),
we cons{dered the possibility of other anions such as nitrate or acetate
even though neither of these anions had been used in the preparation”
of édmp]ex II. The acetate group can be ruled out from IH Nmr studies:
no CH3 resonance consistent with an acetate ion was observed. We
chosé the bicarbonate over the nitrate anion because the unexpected
incorporation of carbonate ions into a crystal from water and carbon
dioxide in-the air is well estab]ished.263’264 The nitrate ion was
discarded because it gave no advantage over the bicarbonate ion;

-fhe gecmetric anomalies seen in this structure would apply to it as

well. (Ij'\\_)

N\

-
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Schematic diagram of the interactions between lattice water molecules

and the anions in [Ejgf(NH3)2Pt(9-Et-G)2]2C13(HCO3)-3H20

>

b
8
C1{1)* (1)
: C1(1)*
N, 3.47(3) g
Ny 3.18(2) .
~ ’/
~ . -
O/(HZL‘ 2.68(4) i
) -~ 3.22(2) _O(H1)
2.89(3) / : O(Hll\) //
/ 3-32(3) vy(2)
/ {I
/
/ ,’
c1(1) 13.00(2)
- ! :
f
i
;
0{3)
> 0
C
\0(4)
0(5)

" a cos (y-90°)
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CHAPTER SIX

CONCLUSTONS™"

2, ..
\ The ultimate goal in anti-cancer”drug research is the development

of a‘@;yg which will cure, or cause rem{ssion 6f, a particular cancer
type ?thout showing any dangerous‘side'effects. Cis-dichlorodiammine-
piatinum{II) (gi§7DDP); the original platinum drug, was found to be

an effective anti-eancer agent against different types of cancer; yet
its efficacy was undermined by its serious side effects, the predominant
one beipg kidney damage. In ﬁrder to find more effective or less

toxic platinum drugs, studies on all aspects of the chemistry of
platinum were begun, ranging from the preparation of complexes to their
reaction with possible biological targets. .

Interesting results have surfaced %rom the large body of
publications now found on platinum anti-cancer drugs in the 11¥é?aturei
in order to obtain pure starting materials‘a common mode ©f preparation,
shown to give a complex of high purity in good yield, should be adopted;
it is now believed that some of the early animal tests for toxicity
and anti-cancer activity were carfied out on mixtures of starting
materials. It is known that the d;ug administered to a patient
undergoes hydrolysis before interacting with ts biological target;

the aqueous chemistry of platinum(II) yields msny species, some of

which are difficult to isolate and may be very toxic. Finally, the

. 181
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interaction of the platinum drug with DNA has been studied extensively
to determine which of the possible binding modes leads to the anti-
cancer activity.

Structural features have played an important part in these
aspects of platinum chemistry. It is already known that trans isomers
of PtAéX2 are not active anti-cancer agents while their cis analogues
may be very effective anti-tumour drugs. The interaction of active
anti-cancer platinﬁm compﬁéxes witﬁ DNA causes a major change in the
conformation of the macromolecule; this change may be a véry'important
aspect in the determination of anti-cancer d%tivity. - |

It was with this background in mind that the structures o
platinum comp]exes.re]evant to the anti-cancer research field
investigatgd.

The use of dimethylsulfoxide (DMSO) has been studied extensively
not only as a&sofvent for aﬁima] tests with cis-DDP but also as a
ligand to enhance the water solubility of platinum anti-cancer drugs.199
The dissolution of cis-DDP in DMSO results however in a complex mixture
of products. Thus, there is a need to isolate pure products from the
mixtute so that each component can be tested for anti-tumour activity —
and toxicity. . Fortunately, DMSO is a good ligand for platinum(II)
and the isolation of the different products in solution may b2 possible.

Such is the case for the cis-(NH,),Pt(C1)(DMSO) cation.

The need for pure starting materials is obvious when the
complex being prepared is to be tested as an anti-cancer agent. A

2 .
method which can be used has been described in detai].ZI“ It reproducibly

. - - AW
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gives cis-DDP in high purity and does not 1ead-t0 the isomerization
of the drug to its trans analogue; this problem has been observed
in recrystallization procedures used in the p'ast.214 The complex
cis-dichlorodiammine platinum(II)-dimethylformamide is an intermediate
product obtained during the recrystallization. The isolation of this
product shows that cé;e must be taken fo completely remove the solvent
from the platinum complex when using this method of purification.

| Because of the toxic side effects of cis-DDP, numerous studies
have concentrated on the preparation of "second-generation" drugs
which would be more effective and less toxic than the parent drug.
1,2-diaminocyclohexane platinum(II) complexes fulfil these requirements.
Furthermore, the platinum complexes of the isolated isomers of the
1,2-diaminocyclohexane ligand have different anti-cancer activities.
The study of the 1,2-dac complexes was undertaken with two goals in
" mind: the first was to compare the structure of p]étinum complexes
of khe 1,2-dac li;and with those of anti-cancer drugs containing other
amine Tigands; the second was to determine whether there is a correlation
between the structure of the complexes of the different isomers of
1,2-dac and their anti-tumour activity.

The geometry around the platinum atom in the gig;l,Zidac
platinum complexes was not different from that seen in other anti-cancer
platinum drugs. The Pt-C1 bond lengths in the three molecules of
Cis-1,2-dac PtCl, fall within the range seen in other complexes
(ranée, cis-1,2-dac PtC12, 2.284(7)-2.310(6)3; range, other complexes,
2.272(4)—2.326(9)5 214 )s the Pt-N bond Tengths are not significantly
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different from those in platinum complexes with other amine ligands

{(range, cis-1,2-dac PtC12, 2.01?2&:2.06(2)A; range, other complexes,

2.04(1)-2.07(;)5214).

Similarly, the angles around the platinum atom
are very close to thosg seen in other. compiexes with the exception
of theggégﬁ—N angle (average = 83.2(8)°) which is smaller than those

obsexyed previously (range, 87(1)—91(1)“214).

This is presumably

caused by the chelation of the 1,2-diaminocyclohexane 1igand: angles
smaller .than 90° have been observed for 1,2-diaminocyclohexane complexes
of other metals (range = 82.7(§)°—87.5(9)°158'160’167"169). Thus

the high level of anti-tumour activity of the 1,2-dac platinum complexes

cannot be correlated to an unusual structural feature.

J

<d

A comparison of the spatial distribution of the. atoms in
cis-1,2-dac and trans-(-}-1,2-dac platinum complexes showed a differénce
in the orientation of the Tigand rings with respect to the platinum
coordination plane. There is however no evidence to suggest that
this structural difference is the source of the difference in anti-
cancer activity.

The hydrolysis of platinum{I1I) complexes is an important
aspect of the chemistry of the anti-cancer drugs. It poses an inter-
esting problem because of the large number of speciec present in
solution. The formation of hydrolysis products can occur under two
different conditions. In the first case, hydrolysis of the platinum
complex is the first step in the mechanism of action of the drug. The

concentration of the platinum compiex is believed to be very Tow.

In the second instance, hydrolysis occurs as an intermediate step in
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the preparation of %Fter soluble platinum drugs. Here, the concentration
of the platinum complex is high and there i{ & good possibility of
forming dimeric or trimeric hydroxo-bridged gpecies. 'The polymeric

' products have been shown to be toxic when the amine attached to platinum
is NH3 but to show 1ittle toxicity when 122-diaminocyc1ohexane'is the

ligand. A comparison of the structure of (1,2-dacPtOH)., with that of

3
[(NH3)2Pt0H]3 showed no major structural differences which could
account for the different results obtained in animal studies.

Other species present in aqueous solutions of platinum complexes
are those containing terminal hydroxide groups. These compliexes and
those with terminal aquo groups occur in'aqueous sotution but any
attempts at isolating these species have failed. The structure of the
hydroxo-gig;djammine(l-methylcﬁzosine-NS) platinum{I1) cation is the
first example of a platinum(II) complex with a terminal hydroxo
ligand. It had been suggested yrevious1y that the rapid rate of
reaction of square planar d8 complexes containing Pt-0 bonds was caused
by the weakness of the Pt-0 bond. In the compliex, the platinum to
oxygen distance was found to be normal, indicating t@at the bond is
not inherently weak. The rapid rate of reaction may be associated
with a weakéning of the Pt-0 bond in a five coordinate intermediate
state. This behaviour has been observed previously in rhodium(I)

144,195

complexes. The presence of lattice water molecules is required

to stabilize the platinum complex as was predicted by a consideration
of the structure using Brown's acid-base mode'l.198

The search for the mechanism of action of any'drug {g probably
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the-most important .aspect in the field of drug research. Once the
reason for the activity has been determined, it may be possible to
design complexes which will be more effective than the parent drug.
It is now widely believed that the biological targets for the platinum
anti-cancer drugs are nucleocbases in DNA. Cr}stai1oqraphers can only
identify molecular fragments in DNA; model systems must be used if
one wants to determine the site of attachﬁent of platinum to the | ix
bases or to obtain information on the interactions between neighbéuring
fragments in a molecule. It is hoped that the model complexes mimic |
the interaction of platinum complexes with the DNA bases. |

‘ The bases u;ed in this work were 9-ethylguanine and l-methyluracil.
The primary coordination sites of the bases were the N(7) position
of 9-ethylguanine and the :eprotonated N{3) position of l-methyluracil;
these are the usual binding sites for these bases. -

One of the postulated mechanisms of action of the platinum
anti-cancer drugs is the fonnéf;pn of a crosslink between two quanine
bases adjacent to one another on the same strand of DNA{intrastrand
crosslink}. Three complexes studied here contain two DNA bases in
cis positions on the platinum atom. The intracomplex dihedral angle
between the coardinated bases was large. If one considers these
complexes as mode{ systems for an intrastrand crosslink, the results
indicate that the dihedral angle between the two bases would change from
approximately 0° in native DNA to approximatsly 70° in the platinated
macromo1ecﬁ1e. This would be expected to cause a change in the con-

formation of DNA. Major conformational changes have been observed
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in DNA when the macromoiecule is reactediwith €cis-DDP; the model complexes
studied here and those investjgated previously (see for example Table
32) show how the geometry around the platinum atom may expiain the
results. Intermolecular base stacking was observed between the 9-
ethylguanine 1igand§. This is always observed when there 15 no
%ntracomp1ex base stacking (¥dble 32).

The complexes with/ two 9-ethylguanine Tigands in cis positions
on platinum are the only ones isolated in tﬂe solid state where the
bases are arranged in a head to head fashion (Table 32). This arrange-
ment may be a more likely model than the cis bis(nucleobase) complexes
studied previously for the intrastrand guanine-guanine crosslink;
a_head to head arrangement of two guanine bases in platinated GpG
257 Thus, although the bases
are not joined through a common backbone in the model complex, the
configuration seen in [gjéfNHB)th(Q-Et—G)2]2+ should be attainable
in DNA.

Although the model complexes studied here cannot dif%erentiate
between certain postuYatedlmodes of action of the platinum drugs
(e.g. intrastrand vs. interstrand crosslink), the geometrical features .
seen in the cis-bis(nucleobase) platinum compliexes would certainly
cause major structural changes in Tocalized areas of the DNA. These
changes are obtained without binding of platinum to the 0(6) position
of guanine. In fact, no indication of an interaction between the
platinum atom and the 0(6} position has been observad in the complexes

studied here or investigated previously: there is still no hard
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evidence for N(7)~0(6) chelation of the guanine ligand to p]afinum.
The results presented in thi; work have attempted to bridge
certain gaps in the major areas of research on platinum anti-cancer
drugs.' The important structural features of the complexes studied-
hav;HLeen outlined and, where possible, the molecular conformations
have} been associated with previous chemical information. It is hoped

that the information available here will help future workers in this

~ field to obtain a better understanding of the general chemistr

and the mechanism of action of the platinum anti-tumour complexes.
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ANISOTROPIC TEMPERATURE FACTORS (A%) FOR SELECTED ATOMS
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A tris[cis-dichloro-cis-(1,2-diaminocyclohexane)piatinum(I1)Thydrate

3 e _—
(XIO ) — N

Atams Uyz Upz Uss Upz Uis Ups
Pt(1) 27.1(5) 15.7(4) 33.0(5) -9(4)  7.7(4)  0.1(4)
Pt(1A)  27.4(5) 18.3(4) 28.6(5) 2.2(4) 8.1(3)  1.1(4)
Pt(1B)  25.8(5) 16.1(4) 33.4(5) -0.1(4) 13.0(4) 0.4(4)
C1(1) 51(4) 22(3) 259(3) -5(3) 1(3) 1(3)
C1(2) a5(8)  24(3)  58(4)  -1(3)  4(3) -12(3)
C1(1A) 39(3) 25(3) 59(4) 5(3) 15(3) -11(3)
C]EEA) 37(3)  40(4) .  48(4)  2(3) 5(3) -18(3)
CI{1B)  48(4) 28(32 40{4; 6(3) 18(3)  4(3)
ci(2B)  45(4) 3 44(4 -6(3) 22(3)  -5(3)
B Ejé:dibromo-gig(1,2-diaminocyc16hexane)p1atinum(II)

(x10%)

Atoms Upg Uzz Uss Uy2 Ups Upa
Pt 234(2)  265(3)  307(3)  -20(2)  158{2)  -40(2)
Br(1) 432(7) . 474(8)  s502(8)  140(6)  264(6)  50(6)
Br(2) 437(7)  407(7)  411(7)  -48(6)  256(6)  -86(6)

€ cyclo-tri-p-hydroxotris[trans-1,2- diaminocyclohexanep]at1num(II)]
nitrate hydrate

!

(x10%)

Atoms U= Uy, Ugs Uy, U3 Uyg
Pt(1) sgf1) 50(1) 70(1) 1(1) -3(1) -16(1)
Pt(2) 62(1) 56(1) 67(1) -14(1)  16(1) -13(1)

) -4(1) 1(1) -18(1)

Pt(3) 55(1) 47(1) 80(1
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D hydroxo-gjg:diammine(l—methy1cytosine—N3)p1atinum(II) nitrate dihydrate

(x10%)

. Atoms Ui Upz Us3 V12 U3 Uzs
Pt 13.3(2) 16.2(2) 16.2(2) 0.2(2)  3.7(2) 2.6(2)
0(2) 16(4)  32(5)  30(4)  -4(4)  3(3) 8(4)
0(71) 36(5)  38(5)  24(4)  -1(5)  3(a) 10(4)
0(72) 58(8)  71(10)  99(11)  1(7) 32(8)  a4(9)
0(73) 35(6)  93(10)  33(5)  25(6)  -4(5)  -18(6)

E chloro-cis-diammine(dimethylsulfoxide-S)platinum(II) nitrate

(x10%)

Atoms Ui U2 Uss Y12 Ups Uzs
Pt 30.6(5) 37.2(5) 21.8(5) 0 0 3(6)
C1 49(4)  47(4) 36(3) 0 0 0o3)
s 30(3)  s2(4)  21(3) 0 0 -9(3)
E cis-dichlorodiagmineplatinum(I1)dimethyformamide

. . (xad
Atoms - U1a V22 Uss Uyo Uis Uzs

C1(1) 29(4) 62(4) 32(4) +6(3) -6(3) 13(3)

Pt 21.1(2) 31.9(2) 24.1(2)\ 1.0(4)  5.6(9)  -4.3(7)
c1(2) 20(4)  50(3)  48(4) gl:p(s) -2(3) 16(3)
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G potassium thyminate trihydrate

Upy Uss Uz Uz . Uy

.5(8)  57.5(10) 38 3(7)  -2.8(8) 12.8(6) -6.4(8)
N(1) 33(3) 39(3) 37(3) -6(3) 8(2) -9(2)
c(2) 28(3) (4 26(3) -8(3) 9(2) -2(3)
0(2) 26(2) 43(3) 41(2) 0(2) 8(2) -5(2)
N(3) 29(2) 26(3) 34(3) -1(2) 10(2) -3(2)
c{4) 26(3) 35(3) 29(3) 8(3) 9(2) 0(3)
0(4) 26(2) 47(3) 52(3) -5(2) 9(2)  <-19(2)
c(5) 34(3) 33(3) 29(3) 2(3) 13(3) 2(3)
C(51) 44(4) 50(4) 44(4) 16(4) 19(3) -3(3)
c(6) 48(4) 35(4) 38(4) -1(3) 18(3) -5(3)
0(1) 29(2) 55(4) 53(3) 4(2) 6(2) 1(3)
0(3) 45(3) 78(4) 38(3) -6(3) 10(2) 0(3)
0(5) 35(3) 59(3) 47(3) -1(2) 11(2) 1(3)

H cié-(9—ethy1guaninato-N7)(l-methyluraci]ato-N3)diamminep]atinum(II)
dihydrate

) (x10%)
Atoms Upy Upp Usg Uip Uy3 Ups
Pt 2,97(5)  4.09(5) 5.90(5) -0.07(7) 2.01(4) -0.84(7)
c(10) 6(1) 5(1) 102)  -2(1)  5(2) 0(1)

1 _gigfdiamminebis(g-ethy1guanine-N7)p1atinum(II)dich]oride trihydrate

(x10%) | .o
Atoms Uy Upo Uss Y12 U3 Ups
Pt 58.3(4)  62.8(4) 59.4(4) 50.6(3) 45.5(3)  47.5(3)
c1(1) 46(5) 73(5) 35(4) 39(4) 27(4) 29(4)
Cl{1)*  77(7) 57(5) 43(5) 41(5) 24(5) 25(4)
c1(2) 44(4) 52(4) 59(5) 21(3) 15(4) 22(3)
C1(3) 44(6) 42(4) 34(4) 14(3) 9({3) - 9(3)
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J gjg;diamninebis(9-ethy1guanine—Ny)platinum(lI)sesquich1ofide

hemicarbonate sesquihydrate

Atoms

Pt
Ci(1)
C1(2)

U11

28.2(2)
83(2)
37(3)

33

31.7(3)
39(2)
43(3)

(X10

3)

U2 Uiz Uz
20.8(2) 20.5(2) 18.7(2)
49(2) 31(2) 32(2)
21(3) 16(3) 19(3)






