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ABSTRACT 

Reported here is a study of the solution chemistry of the anti-cancer drug cis-dichloro

diammineplatinum(II), cis-[PtC12(NH3h]. In view of uncertainties in literature values 

of rate constants and in reaction conditions for the reactions of cis-[PtCh(NH3)2], 

the kinetics of the first acid hydrolysis step of cis-[PtCl2(NH3h] are reinvestigated in 

HCl04 media, as well as the kinetics of the second hydrolysis step. All the kinetic 

investigations in this thesis are made using a D MS 100 UV - visible spectrophotometer, 

using the changes in absorbance to monitor reactions. 

The nature and rate constants for the hydrolysis of cis-[PtCl2(NH3)2] and the ana

tion kinetics of the products under a variety of pH and ionic strength conditions are in

vestigated, such as the kinetics of the base hydrolysis of cis-[PtCh(NH3)2] and its rates 

of hydrolysis over a wide pH range. The kinetics of the reactions of some of these hy

drolysis products with a variety of ligands, some physiologically relevant and some not, 

such as chloride ions, sodium hydrogen malonate, glycine and ortho-phenylenediamine, 

are also investigated. In order to model the situation in vivo as closely as possible, 

a technique involving the combination of the UV - visible spectrophotometer with a 

pH-stat is used extensively. This enables the pH to be kept constant while a reaction 

in progress is being monitored. The likely distribution of platinum(II) species present 

in blood plasma and inside a cell is thus calculated as a result of these investigations. 

A possible role for metal ions in accelerating both the acid and base hydrolyses of 

cis-[PtCh(NH3)2] is investigated, although metal ions found in vivo are found to have 

no effect. The crystal structure of the product of the reaction between cis-[PtCl2(NH3)2] 

and HgCh is reported. The effect of mixtures of aqueous and non-aqueous solvents 

on the rate of hydrolysis of cis-[PtCh(NH3hJ was investigated as well as the kinet

ics of the first acid hydrolysis step of cis-[PtBr2(NH3)2] and the bromide anation of 

cis-[PtBr(NH3h(OH2)]+. 

As a result of this experimental work, attempts were made to extrapolate the results 

of these kinetic investigations, all carried out under stringent reaction conditions, to 

the possible reactions of cis-[PtCh(NH3)2] in vivo. 





ix 

ACKNOWLEDGEMENTS 

During the course of this work there have been many people whose assistance I have 

greatly appreciated. First and foremost I would like to thank my supervisor Dr D.A. 

House for his tremendous enthusiasm and for making the project highly entertaining 

as well as interesting. Thanks also go to Dr W.T. Robinson and Huo Wen for doing 

the only crystal structure in this thesis. I would also like to thank the Chemistry 

Department, in particular Dr C.G. Freeman, for the award of a teaching fellowship for 

three years. 

Gratitude also goes to Mr B.A. Reid and Mr R.S. Thompson for their time and ex

pertise on the technical side of things during the course of this work. Much appreciated 

too were the efforts of the staff of the Physical Sciences Library, in particular Ms J .C. 

Bray, for dealing with frequent, heavy and sometimes unorthodox or puzzling interloan 

requests. 

For valuable and expensive support and pep-talks from Auckland I would like to 

thank Joanne Hawkins and Shirley Ng, and thanks also to Roger Meads, Brett Cameron 

and Dr Maurice Judd for assistance and amusement. Finally I would like to thank my 

mother, David and Gordon for all their patience, help and support over the years of 

my Ph.D. work. 





xi 

CONTENTS 

ACKNOWLEDGEMENTS vu 

ABSTRACT ix 

CHAPTER 1 INTRODUCTION. 1 

CHAPTER 2 THE KINETICS OF FORMATION AND ANATION OF 

THE CJS-DIAMMINE(AQUA)CHLOROPLATINUM(II) CATION IN 

ACIDIC AQUEOUS SOLUTION. 15 

2.1 Introduction. . . . . . . . . 15 

2.2 Experimental. . . . . . . . . . 15 

2.2.1 Measurement of k1.. . 15 

2.2.2 Measurement of k_1 • . 16 

2.3 Results and Discussion. 17 

2.4 Conclusions. . . . . . . . . . . 28 

CHAPTER 3 THE KINETICS OF CHLORIDE ANATION OF THE 

CJS..DIAMMINEDI(AQUA)PLATINUM(II) CATION AND OF THE 

BASE HYDROLYSIS OF CJS..DICHLORODIAMMINEPLATINUM(II) 

AND CJS..DIAMMINE(CHLORO)HYDROXOPLATINUM(II). 31 

3.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . 31 

3.2 Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . 31 

3.2.1 Base Hydrolysis Kinetics - Determination of k~}H· . 31 

3.2.2 Determination of kbH· 

3.2.3 Determination of k-2· 

3.2.4 Determination of K2. 

32 

32 

33 

3.3 Results and Discussion. 33 

3.4 Conclusions. . . . . . . . . . . 48 

CHAPTER 4 HYDROLYSIS KINETICS AT PHYSIOLOGICAL pH. 51 

4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . 51 

4.2 Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . 51 

4.2.1 Measurements of Rate Constants at Constant pH. 51 



xii 

4.2.2 Use of the pH-stat ...... . 

4.2.3 Use of Buffers to Control pH. 

4.3 Results and Discussion. 

4.4 Conclusions ....... . 

CONTENTS 

52 

54 

54 

65 

CHAPTER 5 THE ANATION KINETICS OF cis-(PtX(NH3h(OH2)]+ 

(X = cl-, OH-) WITH CHLORIDE IONS, GLYCINE AND MONO-

HYDROGEN MALONATE. 69 

5.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 

5.2 Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 

5.2.1 The Hydrolysis of cis-(PtCl(OH)(NH3)2] and the Chloride Ion 

Anation of cis-(Pt(OH)(NH3h(OH2)]+ at pH= 7.4. . . . . . . . 69 

5.2.2 Chloride Ion Anation of cis-(Pt(OH)(NH3)2(0H2)]+ at pH= 7.8. 70 

5.2.3 The Reaction of cis-(PtCl(NH3h(OH2)]+ with Glycine. . . . . . 71 

5.2.4 The Reaction of cis-(PtCl(NH3h(OH2)]+ with Sodium Hydrogen 

Malonate ..... 

5.3 Results and Discussion. 

5.4 Conclusions ....... . 

CHAPTER 6 THE METAL ION ASSISTED AQUATION OF CIS-DI

CHLORODIAMMINEPLATINUM(II) AND THE CRYSTAL STRUC-

71 

72 

87 

TURE OF (cis-(PtCh(NH3h](HgChhln· 89 

6.1 Introduction. . 89 

6.2 Experimental. . 90 

6.2.1 Measurement of Rate Constants. 90 

6.2.2 Formation and Structure of [ cis-(PtCb(NH3h](HgCb)3]n. 90 

6.3 Results and Discussion. 92 

6.4 Conclusions. . . . . . . . 107 

CHAPTER 7 MISCELLANEOUS REACTIONS OF cis-(PtCh(NH3)2]. 109 

7.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 

7.2 Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 

7.2.1 The Kinetics of the Anation of cis-(PtBr(NH3h(OH2)]+. . . . 109 

7.2.2 Reaction of cis-(PtCh(NH3hJ with ortho-Phenylenediamine. 110 

7.2.3 The Hydrolysis of cis-(PtCh(NH3hJ in Ethylene Glycol Solvent. 111 

7.3 Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . 111 

7.3.1 The Kinetics of the Anation of cis-(PtBr(NH3h(OH2)]+ ...... 111 

7.3.2 Reaction of cis-(PtCh(NH3hJ with ortho-Phenylenediammine. . 117 

7.3.3 The Hydrolysis of cis-(PtCh(NH3h] in Ethylene Glycol Solvent. 121 

7.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 



CONTENTS xiii 

CHAPTER 8 CONCLUSIONS AND FUTURE WORK. 131 

APPENDIX A CONSTANTS, UNITS, SYMBOLS AND ABBREVIA-

TIONS. 141 

A.l Constants. . . . . . . . . . . . 141 

A.2 Units. . . . . . . . . . . . . . 141 

A.3 Symbols and Abbreviations .. 

A.4 Abbreviations for Ligands and Chemicals ..... . 

APPENDIX B CALCULATION OF EQUILIBRIUM CONCENTRA-

141 

143 

TIONS 145 

APPENDIX C CALCULATION OF CONCENTRATIONS OF PLAT-

INUM(II) SPECIES UNDER PHYSIOLOGICAL CONDITIONS. 149 

APPENDIX D PUBLICATIONS ASSOCIATED WITH THIS THESIS.153 

REFERENCES 155 





XV 

LIST OF FIGURES 

1.1 First Platinum Compounds Tested for Anti-Tumour Activity. 3 

1.2 The Crystal Structure of cis-[PtCb(NH3h] .......... . 3 

1.3 Unrolled DNA Double Helix with Watson-Crick Base Pairs. 7 

1.4 Schematic of Watson-Crick G-C and A-T Base Pairs, showing the Atom-

Numbering Schemes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 

1.5 Structure of the Major Adduct of cis-DDP with DNA. . . . . . . . . . 9 

2.1 Spectrophotometric scans for the acid hydrolysis of cis-[PtCb(NH3hJ. 18 

2.2 Spectrophotometric scans for the anation of cis-[PtCl(NH3)2 (0H2 )]+ by 

chloride ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

2.3 Plots of kobs versus [cl-] for the anation of cis-[PtCl(NH3)z(OHz)]+ (k-1)· 26 

3.1 Spectrophotometric scans for the base hydrolysis of cis-[PtClz(NH3)2 ] in 

0.01 M NaOH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

3.2 Spectrophotometric scans for the hydrolysis of cis-[PtCl( OH)(NH3)2 ] in 

0.1 M NaOH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 

3.3 Potential hydrolysis route of cis-[PtClz(NH3)2 ] in regions of high pH. . . 39 

3.4 Rate and equilibrium constants for cis-[PtClz(NH3h] and its hydrolysis 

products in acidic and basic conditions at 25°C. . . . . . . . . . . . . . 40 

3.5 Possible stabilisation of the transition state in the base hydrolysis of 

cis-[PtClz(NH3hl· . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

3.6 The UV absorption spectra (340- 220 nm) of cis-[PtClz(NH3)z], 

cis-[PtCl(NH3)2(0H2 )]+ and cis-[Pt(NH3)2(0HzhJ2+ in HCl04 solution. 43 

3.7 Plots of kobs versus [Cl-] for the chloride anation reaction of 

cis-[Pt(NH3)2 (0Hz)2]2+ (k-z). . . . . . . . . . . . . . . . . . . . . . 46 

4.1 Equipment layout for the spectrophotometer- pH-stat combination. 53 

4.2 Plot of OH- uptake per mole of platinum(II) versus pH at 45.0°C (J.L = 
0.2 M, NaCl04). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 

4.3 Plot of kobs versus pH at 45.0°C (J.L = 0.2 M, NaCl04). . . . . . . . . . 59 

4.4 A speculative model of the reactions of cis-[PtClz(NH3) 2] under physio

logical conditions in blood plasma and inside a cell. . . . . . . . . . . . 66 



XVl LIST OF FIGURES 

5.1 A general hydrolysis scheme for cis-[PtCh(NH3)2] at 25.0 °C. . . . . . 73 

5.2 Spectrophotometric scans for the first part of the anation reaction of 

cis-[PtCl(NH3h(OH2)]+ by NaHmal. . . . . . . . . . . . . . . . . . . . . 79 

5.3 Plots of kobs versus (Hmal-] for the anation of cis-[PtCl(NH3h(OH2)]+ 

at pH = 4.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 

5.4 Spectrophotometric scans for the second part of the anation reaction of 

cis-[PtCl(NH3)2(0H2)]+ by NaHmal.. . . . . . . . . . . . . . . . . . . . 83 

5.5 Spectrophotometric scans for the anation of cis-[PtCl(NH3h(OH2)]+ 

with glycine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

5.6 Plots of kobs versus [glycine] for the anation of cis-[PtCl(NH3h(OH2)]+ 

at pH= 7.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 

6.1 Spectrophotometric scans obtained for the metal ion assisted aquation 

of cis-[PtCl2(NH3)2] using HgCl2. . . . . . . . . . . . . . . . . . . . . . . 93 

6.2 Plots of kobs versus [HgC12] obtained for the metal ion assisted aquation 

of cis-[PtCh(NH3)2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 

6.3 A view of the [cis-[PtCh(NH3)2](HgCl2)3]n chain showing the atom num-

bering system adopted. . .............. . 

6.4 A packing diagram for [cis-[PtCh(NH3)2](HgCl2)3]n. 

6.5 A view of the [cis-[PtCh(NH3h](HgCl2hln unit ... 

6.6 Spectrophotometric scans obtained for the metal ion assisted aquation 

97 

98 

99 

of cis-[PtCl2(NH3)2] using Pb2+ ions. . . . . . . . . . . . . . . . . . . . 102 

6.7 Plots of kobs versus [Pb2+] obtained for the metal ion assisted aquation 

of cis-[PtCh(NH3h]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 

7.1 Spectrophotometric scans for the an' tion of cis-[PtBr(NH3)2(0H2)]+ by 

bromide ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 

7.2 Plots of kobs versus [NaBr] for the anation of cis-[PtBr(NH3)2(0H2)]+ 

by bromide ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 

7.3 Spectrophotometric scans of the reaction of cis- [PtCl2 (NH3 )2] with ortho

phenylenediamine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 

7.4 Plots of k8 versus percentage of ethylene glycol solvent for the hydrolysis 

of cis-[PtC12(NH3)2] in ethylene glycol and 0.1 M HCl04. . . . . . . . . 122 

7.5 Spectrophotometric scans for the reaction of cis-[PtCh(NH3)2] in dime-

thyl sulphoxide (DMSO). . . . . . . . . . . . . . . . . . . . . . . . . . . 126 

7.6 Symons' model of the nature of water. 128 

8.1 Structures of more recent clinically important anti-tumour platinum 

complexes. . ............ . 139 



xvii 

LIST OF TABLES 

1.1 Summary of literature rate constants (kt) for the first hydrolysis step of 

cis-[PtCh(NH3)2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 

2.1 Spectrophotometrically determined first-order rate constants (k1 ) for the 

first step in the acid hydrolysis of cis-[PtCh(NH3)2]. . . . . . . . . 20 

2.2 Equilibrium concentrations for the first acid hydrolysis reaction of 

cis-[PtCh(NH3)2] in aqueous HCl04. . . . . . . . . . . . . . . . . . 20 

2.3 Spectrophotometrically determined rate constants ( k1 ) for the first hy

drolysis step of cis-[PtCh(NH3)2] in a variety of acidic media. . . . . . . 21 

2.4 Spectrophotometrically determined chloride ion anation rate constants 

(k-1) for cis-[PtCl(NH3h(OH2)]+. . . . . . . . . . . . . . . . . . . . . . 25 

2.5 Summary of data for the equilibrium constants (Kt) associated with the 

first hydrolysis step of cis-[PtCh(NH3h] in water. . . . . . . . . . . . . 26 

2.6 Forward (k1) and reverse (k-1) rate constants and equilibrium constants 

(K1) for the first step of the acid hydrolysis of cis-[PtCl2(NH3)2]. . . . . 27 

2. 7 Summary of the kinetic parameters obtained at 25°C for the first hy

drolysis step of cis-[PtCb(NH3hl· . . . . . . . . . . . . . . . . . . . . . 29 

3.1 Spectrophotometrically determined rate constants (k62H) for the hydrol-

ysis of cis-[PtCh(NH3)2] in NaOH solution ( [oH-] variation). . . . . . 34 

3.2 Spectrophotometrically determined rate constants (k62H) for the hydrol-

ysis of cis-[PtCl2(NH3h] in NaOH solution (ionic strength (J.L) variation). 35 

3.3 Spectrophotometrically determined rate constants ( k~m) for the hydrol-

ysis of cis-[PtCl(OH)(NH3)2]. . . . . . . . . . . . . . . . . . . . . . . . . 39 

3.4 Activation parameters for the base hydrolysis of cis-[PtCb(NH3)2] at 

298.2 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

3.5 Relative chloride release labilities for cis-[PtCl2(NH3h] and its hydrolysis 

products. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

3.6 Molar absorptivity coefficients (E) for cis-[PtCb(NH3)2] and its hydrol-

ysis products in aqueous solution at room temperature. 43 



xviii LIST OF TABLES 

3.7 Estimates of k2, k-2 and K 2, the rate and equilibrium constants associ

ated with the second step of the acid hydrolysis of cis-[PtCb(NH3)2] at 

25.0 °C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 

3.8 Equilibrium concentrations of cis-[PtCl(OH)(NH3h], 

cis-[Pt(NH3h(OH2hJ2+ and Cl- in aqueous HC10 4 at 25 oc. 45 

3.9 Spectrophotometrically determined chloride anation rate constants ( k_2) 

for the anation reaction of cis-[Pt(NH3h(OH2hJ2+. . . . . . . . . . . . 47 

3.10 Rate data for the loss of the first chloro ligand in the acid hydrolysis of 

some chloroammineplatinum(II) complexes at 25 °C. . . . . . . . . . . . 48 

4.1 Spectrophotometrically determined rate data for the hydrolysis reactions 

of cis-[PtCh(NH3)2] at various fixed pH in unbuffered media. . . . . . . 60 

4.2 Spectrophotometrically determined rate data for the hydrolysis reaction 

of cis-[PtCl2(NH3h] at pH = 7.4 with variable chloride ion concentration. 62 

5.1 Spectrophotometrically determined rate constants for the forward (k3) 

and reverse ( k_3) reactions associated with the hydrolysis at pH = 7.4 

of cis-[PtCl(OH)(NH3)2]. . . . . . . . . . . . . . . . . . . . . . . . . . . 74 

5.2 Forward (k3) and reverse (k_3) rate constants, and equilibrium constants 

(1(3) for the hydrolysis of cis-[PtCl(OH)(NH3h] at pH = 7.4. . . . . . . 75 

5.3 Spectrophotometrically determined rate constants for the chloride ana-

tion reaction of cis-[Pt(OH)(NH3)2(0H2)]+ at pH = 7.8 . . . . . . . . . 77 

5.4 Kinetic parameters for the reactions of some square planar platinum(II) 

complexes in various aqueous media at 25.0 °C. . . . . . . . . . . . . . . 78 

5.5 Spectrophotometrically determined rate constants (kHmal) for the reac-

tion of cis-[PtCl(NH3h(OH2)]+ with sodium hydrogen malonate. . . . . 81 

5.6 Spectrophotometrically determined rate constants ( kgty) for the reaction 

of cis-[PtCl(NH3)2(0H2)]+ with glycine. . . . . . . . . . . . . . . . . . . 85 

6.1 Crystal Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 

6.2 Anisotropic thermal parameters for [ cis-[PtCb(NH3)2](HgChhln. . 91 

6.3 Hydrogen atom coordinates and isotropic thermal parameters for 

[ cis-[PtCl2(NH3)2](HgChhln. . . . . . . . . . . . . . . . . . . . . . 92 

6.4 Non-hydrogen atom coordinates for [cis-[PtCl2(NH3h](HgCl2hln· . . . . 92 

6.5 Spectrophotometrically determined rate constants (kHg) for the metal 

ion assisted aquation of cis-[PtCl2(NH3h] using HgCb. . . . . . . . 95 

6.6 Bond lengths and bond angles in cis-[PtCl2(NH3)2] and its adducts. 97 

6. 7 Bond lengths and angles in HgC12 and some adducts .. 

6.8 Bond lengths in [ cis-[PtCb(NH3h](HgCl2hln .. 

6.9 Bond angles for [cis-[PtCh(NH3h](HgCh)3] .. 

100 

100 

101 



LIST OF TABLES xix 

6.10 Spectrophotometrically determined observed rate constants (kobs) for the 

Pb2+ -assisted aquation of cis-[PtC1z(NH3hl· . . . . . . . . . . . . 104 

6.11 Calculated rate constants (krh) for the Pb2+ -assisted aquation of 

cis-[PtCl2(NII3)2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 

6.12 Spectrophotometrically determined rate constants (k1 ) for the metal ion 

assisted aquation of cis-[PtCb(NH3)2] using a variety of metal ions. . . 106 

6.13 Spectrophotometrically determined rate constants ( k~H) obtained for 

the Zn2+ -assisted base hydrolysis of cis-[PtCl2(NH3)2]. . . . . . . . . . . 106 

7.1 Spectrophotometrically determined rate constants (kpr, k~i) for the bro-

mide anation reaction of cis-[PtBr(NH3)2(0H2)]+ and the hydrolysis of 

cis-[PtBr2(NH3h]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

7.2 Forward (kpr) and reverse (k~i) rate constants and equilibrium constants 

(I(pr) for the first step in the acid hydrolysis of cis-[PtBr2(NH3)2]. . . . 116 

7.3 Spectrophotometrically determined rate constants ( kobs) for the reaction 

of cis-[PtClz(NH3h] in ortho-phenylenediamine/DMF., •· . . . . . . . . . 120 

7.4 Spectrophotometrically determined rate constants (kEtG) for the hydrol-

ysis reaction of cis-[PtClz(NII3)2] in ethylene glycol and IICl04. . ... 123 

7.5 Pearson's determination of the effects of various solvents on the chloride 

exchange reaction of trans-[PtClz(py)] at 25 °C. . . . . . . . . . . . . . . 12,1 

7.6 Summary of the rate data obtained by Sundquist et al. for the hydrolysis 

of cis-[PtClz(Nihh] in dimethyl sulphoxide. . . . . . . . . . . . . . . . . 125 





CHAPTER 1 

INTRODUCTION. 

The use of chemotherapy in the treatment of cancer has evolved mainly over the last 

forty or fifty years. Prior to 1969, out of 150 000 compounds tested by the United States 

National Cancer Institute for anti-cancer activity, less than twenty were inorganic in 

nature [1]. 

Serious interest in the biological uses of platinum group metals was first raised 

in 1965 when Rosenberg and his co-workers reported the first definitive observation 

of the biological activity of platinum compounds [2]. In 1965, during their study on 

the effects of electric fields on growth processes in the bacteria Escherichia coli, a 

curious phenomenon was observed. When current was passed via platinum electrodes 

immersed in a nutrient medium known as C medium (composed of 2 g 1-1 NH4Cl; 6 

g 1-1 Na2HP04; 3 g 1-1 KH2P04; 3 g 1-1 NaCl; 0.01 g 1-1 MgCl2; 0.026 g 1-1 Na2S04) 

[1], containing the bacteria, long, filamentous bacterial rods, up to 300 times their 

normal length were formed [2]. That is, cell division had been inhibited but cell growth 

was not affected. 

Subsequent experiments established that the current itself did not cause the filamen

tous growth but did cause approximately 10 ppm of platinum to dissolve electrolytically 

into the C medium from the platinum electrodes [3]. The species formed during the 

electrolysis was identified as [PtC16]2-, which is present in part as the ammonium salt 

inC medium. The ammonium hexachloroplatinate compound can, at high concentra

tions, inhibit cell division itself but aged solutions were found to be far more efficient aL 

producing filaments although only if exposed to visible light. This gives rise to a pho

tochemical reaction, where the [PtC16]2- became the more active agent [PtCls(NH3)r, 

which however inhibited neither growth nor cell division but readily converted to the 

neutral species [PtCl4(NH3)2] in C medium [4]. 

The compound, [PtC14(NH3h], exists in two isomeric forms, cis-[PtCl4(NH3)2] and 

trans-[PtC14(NH3h]· Testing of the synthesised cis and trans isomers showed that 

the cis species was biologically active while the trans isomer had little effect on cell 

growth processes. The corresponding platinum(II) species cis- and trans-[PtCl2(NH3) 2] 

were tested and again only the cis isomer caused bacterial filamentation. The species 

cis-[PtCh(NH3h] is also likely to be formed in small quantities during the reduction of 
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cis-[PtCl4(NH3h] [1]. Filamentous growth in bacteria may be indicative of the ability 

of an agent to react with DNA, leading to a selective inhibition of DNA synthesis, 

with no accompanying effect on other biosynthetic pathways such as RNA or protein 

synthesis. A variety of agents such as UV- and X-irradiation and cytotoxic alkylating 

agents can also elicit this response as a result of their common ability to damage DNA 

[5]. 

Further bacterial effects of platinum compounds were later discovered by Reslova 

et al. (6]. They investigated lysogenic strains of E. coli, that is, E. coli which had pre

viously been infected by viruses, from which genetic material had been incorporated 

into the bacterial cell, become repressed and not normally detectable. This lysogenic 

bacteria can be induced to develop partial or complete viruses by the platinum com

pounds, leading to destruction (lysis) of the cell. Other agents such as UV- and X-rays 

and chemicals, including nitrogen mustard and other known anti-tumour agents are 

also known to have this effect [7]. 

Since the platinum complexes in Figure 1.1 were active in inhibiting cell division 

in bacteria, it was suggested that they be tested as anti-tumour agents. This sug

gestion was reinforced by the fact that other anti-tumour agents, for example, alky

lating agents and actinomycin D, also caused elongation and lysis in lysogenic bacte

ria [1). Four compounds were tested initially: cis-[PtCl4(NH3)2], cis-[PtCh(NH3h], 

[PtCh(NH2CH2CH2NH2)] and (PtCl4(NH2CH2CH2NH2)]. All were found to be effec

tive in inhibiting tumour growth [8]. Further testing showed cis-[PtCb(NH3h] to be 

the most potent of the original four compounds [9]. The complex cis-[PtCh(NH3 ) 2], 

cis-dichlorodiammineplatinum(II), cisplatin or cis-DDP as it will be referred to in this 

thesis, was not a new or unknown compound. It had first been synthesised in 1845 and 

was known as Peyrone's Chloride [10,11]. The molecular structural differences between 

the cis and trans complex had been solved by Werner in 1890 (12] and the crystal struc

ture of the cis isomer has been determined by Milburn et al. (Figure 1.2) (13]. However 

it was Rosenberg and associates' work that had shown its significant biological actions. 

Further screening for the anti-tumour activity of cis-[PtC12(NH3)2] was provided 

by the National Cancer Institute of America, which led .to its selection for pre-clinical 

evaluation, and phase 1 clinical trials commenced in 1971 [14]. Despite evidence of a 

broad range of toxic effects,· marked activity against advanced testicular cancer and 

ovarian cancer was observed [15]. The dose-limiting side-effect was kidney damage 

with nausea and vomiting extensive and intense. Due to the toxicity of the treatment, 

doubts were expressed in 1973 as to whether cis-DDP would ever be used in cancer 

therapy [16]. However, in 1977 Cvitkovic et al. discovered that using D-mannitol, 

an osmotic diuretic agent, while hydrating the patient prior to, during and after the 

administration of cis-DDP substantially decreased kidney toxicity [17]. This allowed 

the drug dosage to be increased by 300%. A further advance was made when it was 
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found that administration of the drug as a slow infusion over six to eight hours also 

relieved kidney toxicity without loss of anti-cancer action [18]. 

Studies were conducted at this time showing that cis-DDP would act either addi

tively or cooperatively with a number of other anticancer drugs, giving a substantial 

improvement in the effectiveness of the treatment [19]. Further studies tested a vari

ety of combinations of cis-DDP with other known anti-tumour agents, with substantial 

success obtained in the treatment of testicular and ovarian cancers [18,20]. In 1978 mar

keting approval was obtained in the U.S.A. for the sale of cis-DDP under the tradename 

Platinol, followed closely by approval in the U.K. in 1979 and Japan in 1984 [16,21]. 

The treatment for testicular tumours today involves all patients receiving at least 

two litres of fluid orally (saline solution, dextrose and vinblastine) during the 24 hours 

preceeding the commencement of intravenous fluids. Bleomycin (a naturally occur

ring antibiotic and a chemotherapeutic agent which can induce strand breaks in DNA 

[22]), hydrocortisone and D-mannitol are then administered followed by 100 mg m-2 of 

cis-DDP over 30 to 60 minutes. Further hydration with saline and dextrose solutions 

is then carried out for 24 hours after cis-DDP administration. The use of conventional 

hydration protocols provides adequate protection against nephrotoxicity at cis-DDP 

levels up to 100 mg m-2 [23]. For gynaecological tumours, hydration 24 hours prior 

to cis-DDP administration uses saline and and dextrose solutions but no vinblastine. 

Adriamycin (another antibiotic and chemotherapeutic agent [22]), cyclophosphamide 

and mannitol are then given intravenously followed by 50 mg m-2 of cis-DDP. Post

administration treatment is the same. Patients receive on average four to five courses 

of chemotherapy, once every three weeks [24]. 

Three years ago cis-DDP was the leading and most widely used anti-cancer drug 

with 30 000 patients cured each year in the U.S.A. [25]. As well as testicular and ovarian, 

other types of human cancers sensitive to cis-DDP are head and neck, bladder, lung and 

cervical cancers [14,26]. About ten years ago, testicular cancer was usually fatal [27], 

but now complete remissions are obtained for testicular cancers in more than 85% of all 

treated patients [28], with up to 100% remission rates when post-treatment surgery is 

used to remove residual disease [20] or if the cancer is recognised early [29]. In reality, 

if a given cancer does not return within some specified time, usually about five years, 

the patient is considered cured [27,30]. 

Soon after the first reports about the biological activity of cis-DDP, extensive inves

tigations were initiated in the search for analogs with similar activities and improved 

properties as drugs. The synthesis of a large number of platinum(II) and platinum(IV) 

analogs for anti-tumour testing has revealed a great deal of general information on the 

structure- activity relationships of the platinum complexes [31,32,33,34,35]. The most 

important structural requirements for the anticancer activity of platinum compounds 

include the following. 
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• The complexes should be electrically neutral although the active form may be 

charged after undergoing ligand exchanges in vivo. The suggestion has been made 

that neutrality is necessary for transport of the compound across biological mem

branes to the site of action [6]. In addition, charged species have been found to 

be quite toxic (36]. 

• Two cis monodentate (or one bidentate) anionic leaving groups are required. 

• The cis leaving groups, usually anions, should consist of groups that have inter

mediate binding strength to platinum(II), or for other reasons are easily leaving 

(for example, through enzymatic action). That is, they must be neither too reac

tive (compound reacts immediately with blood constituents and never gets to the 

tumour cells) nor too stable (compound gets to the tumour cells but does nothing 

once it's there) [6]. Platinum complexes which exhibit good anti-tumour activity 

generally possess ligands of intermediate bond strength as leaving groups, such 

as chloride (37]. 

• The amine ligands, either monodentate or bidentate, should be in the cis orienta

tion, be relatively inert and should have at least one N-H group, that is, possess a 

hydrogen bond donor function. All compounds with both amine ligands lacking 

such a property were found to be inactive (28,38]. It has been suggested that 

hydrogen bonds between the amines and polar groups of DNA may play a role 

in the interaction of the drug with DNA [31,39,40]. The activity appears to be 

maximised when the amine ligands are NH3 or primary amines (41]. 

• Most of the platinum complexes which have been found to possess anti-tumour 

activity have had platinum in the +2 oxidation state (35,42]. However, Tobe 

et al. found that the oxidation state of the platinum was not critical for anti

tumour activity (43]. Rosenberg et al. showed that the anti-tumour activities 

of cis-(PtCl4(NH3)2] and (PtCl4(NH2CH2CH2NH2)] were not markedly different 

from those of the well-known platinum(II) analogues (8]. 

• The two chloride leaving groups of the cis-DDP are spaced with atomic centres 

3.4 A apart on the molecule (13]. This is an interesting number as the spacing 

between the steps of the Watson-Crick DNA ladder is also 3.4 A. 

It should be noted here that trans compounds are more chemically reactive than cis 

compounds, the trans-DDP aquating four times faster and ammonating approximately 

30 times faster than the cis isomer (36,44]. This means that trans compounds are likely 

to react faster and with a wider variety of body constituents than the cis isomers. 

There is considerable evidence, mainly from biochemical studies, that DNA is the 

principal target of cis-DDP in vivo and that the interactions of cis-DDP with DNA 

impair its function as a template for further DNA replication (5]. The evidence includes: 
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• Induction of filamentous growth in bacteria 

• Induction of lysis in lysogenic bacteria 

• Preferentialinhibition of DNA synthesis as opposed to RNA and protein synthesis 

• Inactivation of viruses and bacteriophages 

• Different sensitivity of DNA repair proficient and deficient bacteria and cells 

• Correlation between the disease response of cis-DDP treated patients and the 

formation of certain platinum adducts in leucocyte DNA of peripheral blood cells 

[45]. 

Cancer is essentially a problem of abnormal growth. The cancer cells differ in two 

fundamental respects from their normal progenitors. Firstly, the genetic control of 

life span is lost which results in immortality. Secondly, cancer cells are more or less 

unresponsive to feedback mechanisms from neighbouring cells, and as a consequence, 

cell division is no longer modulated by contact inhibition which gives cancer cells the 

potential of uncontrolled proliferation [46]. The specific action of cis-DDP on tumour 

cells is thought to be caused both by the faster division of the cells compared with 

normal cells and by the fact that damage induced by cis-DDP is repaired faster in 

normal cells than in tumour cells [ 4 7]. 

Deoxyribonucleic acid (DNA) is a macromolecule composed of covalently linked 

building blocks, each of which consists of a nitrogenous base, a 2'-deoxy-D-ribose and 

phosphoric acid, that is, a deoxyribose sugar-phosphate backbone and four nucleotide 

bases. The components are joined as shown in Figure 1.3 for two DNA strands. The 

nitrogenous bases are usually the purine heterocycles guanine (G) and adenosine (A), 

and the pyrimidine heterocycles cytosine (C) and thymine (T). There are different 

conformational forms of DNA - these are known as A-, B-, D- or Z-DNA, although 

B-DNA is the most common form. In B-DNA, the GC and AT base pairs are stacked 

in a right-handed double helix and are hydrogen-bonded to one another. This hydrogen 

bonding between complementary bases of two opposite strands (G=C, A=T) and base 

stacking are considered the major forces for duplex formation (Figure 1.4) [48]. Because 

each base pair contains one two-ringed purine (A or G) and one single-ringed pyrimidine 

(Tor C), the width of each base pair is similar, contributing to the smooth, cylindrical 

shape of the double helix. The base pairs are rotated by 36° with respect to each 

adjacent pair, so that there are ten pairs per helical turn, each separated by 3.4 A [49]. 

DNA offers a wide variety of potential metal binding sites to platinum(II) owing to 

its size and chemical complexity [50]. Because platinum is a class B or 'soft' metal, it is 

expected that platinum compounds show a higher affinity for the nitrogen donor sites, 

that is, for the nucleobases rather than the phosphate deoxyribose moiety. Platinum-
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Figure 1.3. Unrolled DNA Double Helix with Watson-Crick Base Pairs. 
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Figure 1.4. Schematic of Watson-Crick G-C and A-T Base Pairs, showing the Atom-Numbering 

Schemes. 

phosphate interactions do occur in certain cases [51,52], but under physiological condi

tions, phosphate's role for coordination is thought to be secondary, possibly important 

for hydrogen bonding [28]. Metal binding to a nucleobase is influenced by a variety of 

factors such as basicity of the donor, steric fitting, interligand interactions and state of 

the metal, for example, charge or hydrolysis state [53,54]. 

The relative biological activities of different cis-DDP-DNA adducts have thus far 

been difficult to determine since most studies have been performed on DNA containing 

all possible cis-DDP adducts. However from in vitro studies, a number of binding pat

terns of cis-DDP to DNA have been established and quantified [55,56,57,58,59,60,61,62]. 

The DNA of living cells appears to form essentially the same adducts [63], but reaction 

with proteins occurs as well. The various adducts at low levels of platinum binding are 

listed as follows [48]. 

• Bifunctional binding to the N(7) positions of two adjace~t guanine bases of one 

strand (50 to 60% of total platinum bound). 

• Bifunctional binding to an adenine and guanine nucleobase on the same strand 

(20 to 30%). 

e Monofunctional binding to a single guanine base (time dependent). 

e Bifunctional binding to two guanines of two different DNA strands ( < 1%). 
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Figure 1.5. Structure of the Major Adduct of cis-DDP with DNA, cis- [Pt(NH3h {d(pGpG)}] (64] 

• Bifunctional binding to two guanines separated by a third nucleobase N ("' 10%). 

• DNA-protein cross-linking ( < 1%). 

These adducts account for more than 90% of the bound platinum. It seems likely 

that only the two major adducts formed by cis-DDP, cis-[Pt(NH3)2 { d(pGpG)}] and cis

[Pt(NH3)z{ d(pApG)}], will be important in inhibiting DNA replication. The structure 

of the most prevalent adduct, cis-[Pt(NH3)2 { d(pGpG)} ], determined using X-ray crys

tallography [64,65], is depicted in Figure 1.5. The distribution of the various adducts, 

plus minor and yet unidentified adducts, depends to some extent on reaction condi

tions (for example, platinum concentration, time of incubation, ionic strength). There 

is evidence that at higher platination levels, duplex unwinding takes place [66], which 

almost certainly renders additional binding sites available to platination. 

It is suggested by structural and spectroscopic studies of the d(pGpG) adduct of 

cis-DDP, as well as by molecular mechanics calculations, that hydrogen bonding be

tween a proton of an NH3 group and a phosphate oxygen may be significant [48]. 
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However, hard chemical evidence for the existence of N(7)-0(6) chelate formation with 

guanine by cis-DDP is lacking at the present time [67]. One aspect that makes such a 

proposition particularly attractive is the involvement of the 0( 6) site of guanine. In the 

field of carcinogenesis by alkylating agents it is suggested that alkylation at the 0( 6) 

site is the most relevant in causing mutation in body cells. This is considered to be a 

necessary step in the transformation of the normal cell into a cancer cell. When this le

sion is not repaired prior to DNA replication, this leads to a mispairing of guanine with 

thymine instead of the correct pairing with cytosine. Further replication leads to the 

replacement of the original GC pair by an AT pair, a base substitution mutation. If the 

cancer cell becomes so because of its inability to repair the 0(6) guanine lesion caused 

by a carcinogen, then it may also be unable to repair the cis-DDP-induced damage [68]. 

However, the normal cells have intact repair mechanisms and can repair the damage 

prior to DNA replication and thus survive. This postulate allows an explanation of the 

selective destruction of cancer cells by the platinum drugs. Both molecular mechanics 

modelling and NMR studies [69,70,71] of short oligonucleotide fragments reveal that the 

trans isomer cannot form such a closed ring chelate involving the N(7)-0(6) positions 

of guanine and this may account for the difference between the biological effectiveness 

of the cis and trans isomers. Other adducts with DNA formed by trans-DDP are more 

efficiently removed in the cell [26]. 

As proposed for other DNA binding drugs [72], the mechanism of action of these 

drugs may be more subtle than just causing a gross inhibition of DNA synthesis and 

subsequent cell death. There are at least a few observations pointing in this direction, 

for example, curious alterations in cell nucleus structure at cis-DDP concentrations not 

affecting DNA synthesis, have been observed [48,73]. However, irrespective of the ques

tions concerning the actual origin of cytotoxicity and antitumour activity, the present 

knowledge strongly supports the idea that initial drug binding to DNA is important 

and probably responsible for the biological effects [48]. 

It has long been a matter of interest to what extent cis-DDP itself or some of its hy

drolysis products are responsible for particular biological effects in vivo. Modelling the 

interactions of cis-DDP with DNA is complicated by questions concerning the biologi

cally active metal species. The issues are further complicated by the unknown nature 

of the distribution of cis-DDP and its hydrolysis products inside and outside the cell, 

and the likelihood that no thermodynamic equilibrium is reached under physiological 

conditions. Moreover, very little is known about the transport properties of the various 

species across the cell membrane, and there is the fact that pH gradients exist both 

within a cell and in an organism as a whole [74]. 

In the earliest biological experiments, an initial insensitivity to cis-DDP, lasting 

about two hours was noted [75,76]. It was suggested that cis-DDP may not itself be 

the active species but is rather converted over a period of time to the actual active form 
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of the drug. Examination of the aqueous chemistry of cis-DDP provides an explanation 

for this behaviour. In water the labile chloride ions are displaced by solvent molecules 

in a stepwise manner as shown in Equations 1.1 and 1.2. 

(1.1) 

cis-(PtCl(NH3h( OH2)]+ ( 1.2) 

The rate constants k1 and k 2 had been measured as 2.5 X 10-5 and 3.3 X 10-5 s-1 

respectively [77,78], and this suggested that the rate-determining step in the reaction 

with DNA was aquation. 

In addition to the solvolyses shown in Equations 1.1 and 1.2, three acid-base equi

libria, Equations 1.3 to 1.5, are possible. 

cis-(PtCl(NH3h(OH2)]+ ? cis-(PtCl(OH)(NH3h] + H+ (1.3) 

cis-(Pt(NH3)2(0H2hJ2+ ? cis-(Pt(OH)(NH3)2(0H2)]+ + H+ (1.4) 

cis-(Pt(OH)(NH3)2(0H2)]+ ? cis-(Pt(OHh(NH3h] + H+ (1.5) 

Assuming that the NH3 ligands are inert, this leads to six monomeric species in equi

librium, the distribution of which depends on pH and chloride ion concentration. In 

addition to these mononuclear species, JL-hydroxo complexes containing one [48], two, 

three or even four bridges (79,80,81,82,83,84,85,86] have been shown to form in solution 

[87,88,89,90] and have been isolated respectively. However, the formation of JL-hydroxo 

compounds under biological conditions is generally considered unlikely [48]. 

Thus it is commonly thought that in blood plasma (pH= 7.4 [91]) where the chloride 

ion concentration is high ("' 103 mM), the predominant species is the neutral dichloro 

complex cis-DDP, which can passively diffuse across cell membranes. Inside the cell, 

the chloride ion concentration drops to about 4 mM [30,48,92], allowing the various 

hydrolysis products to form. According to calculations by Martin [93], the aqua ted 

species amounts to about 33% of the total present inside the cell, yet is present in 

only a few percent in body fluids. Since water is a much better leaving group than 

chloride [94,95], and hydroxo groups are inert to substitution in platinum compounds 

[95], the aqua species are those most likely to react with DNA. These positively charged 

platinum complexes may be electrostatically attracted to the negatively charged DNA 

helix [26]. 

The hydrolysis of cis-DDP is a well studied reaction [33,96,97,98,99,100,101,102,103] 

[104,105,106,107,108,109,110,111,112,78,113], yet there are questions to be resolved be

fore it can be said for certain that these studies on cis-DDP and other biologically active 
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molecules are useful and relevant. A major area of question is whether the reaction 

should be investigated under physiological conditions where there is some doubt as to 

the reaction products, or should it be investigated using stringent reaction conditions 

where the nature of the products can be controlled. In the latter case it is possible 

that the data obtained will be specific but unrelated to the biological situation [41]. 

However, it was thought, for the work presented in this thesis, that it would be easier 

and more useful to extrapolate the data obtained from controlled, specific reactions to 

the biological situations than it would be to attempt to interpret unspecific data with 

a variety of unknown parameters as under 'physiological conditions'. Hence abiological 

conditions have been used extensively in the work presented here. 

The investigations presented here commenced with measurement of the rate con

stants for the forward and reverse directions of the first step of the hydrolysis of cis-DDP 

in acid media (Equation 1.1). As mentioned above, the hydrolysis of cis-DDP is well 

studied yet uncertainties exist about some of the literature data. Table 1.1 shows a 

wide variety in values for the literature rate constants for the forward direction (k1), 

obtained in a variety of media. Many of these hydrolysis studies were made in wa

ter which can be a problem. Unless stringent controls are adopted, water will have 

a natural pH of less than 7 due to dissolved carbon dioxide. This means that the 

concentrations of H+ and QH- are ill-defined and the buffering capacity is unknown. 

Dissolution of cis-DDP in water does not change the pH. Coordinated NH3 groups have 

the potential to act as proton donors, but the extent of this in most coordination com

plexes is small and strong proton acceptors are required. Nevertheless, there are some 

complexes where hydrolysis proceeds via the OH- present at pH = 3 [114], for example, 

[Co(picdien)Cl]+. As the hydrolysis of cis-DDP proceeds (Equation 1.1), the pH will 

drop (Equation 1.3). In this situation the products are the cis-[PtCl(NH3)2(0H2)]+ 

and the cis-[PtCl( OH)(NH3hJ in an ill-defined ratio since, prior to the work presented 

in this thesis, the pKa for Equation 1.3 was unknown. It was found in the course of 

this work to be difficult to obtain reliable rate constants for this reaction in water using 

spectrophotometry as the absorbance versus time data are wavelength dependent due 

to the changing ratio of secondary products as the reaction proceeds, a phenomenon 

noted by others [115]. 

Some studies [108,109] overcame these problems by using acidic media,but unfortu

nately in these titrations, nitric acid, HN03, was the acid used. Nitrate ions are known 

to interfere in other hydrolysis reactions [90,117] and its innocence in the reaction sys

tem of cis-DDP was doubtful. Initially it was thought that the values of k1 reported 

in the literature were valid but that the value for k2 was wrong and should be rede

termined. However, an examination of the literature values shown in Table 1.1 shows 

inconsistencies and uncertainties. It can be seen that the rate constants k1 obtained 

in the presence of HN03 [108,109,116] are significantly higher than those obtained in 
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Table 1.1. Summary of literature rate constants (k1) for the first hydrolysis step of cis- [PtCb(NH3) 2 ] a 

Temperature 105 X k1 

(•c) [K] (s-1 ) 

0.0 [273.2] 

23.0 [296.2] 

25.0 [298.2] 

28.0 [301.2] 

30.0 .[303.2] 

34.0 [307.2] 

35.0 [308.2] 

37.0 [310.2] 

40.0 [313.2] 

45.0 [318.2] 

45.3 [318.5] 

50.0 [323.2] 

0.095 b 

2.38 c 

2.5 d, 2.6 e, 2.3 f, 2.8 b, 2.35 Y, 2.5 h, 2.47 i, 2.85 i, (2.58 ± 0.2 mean), 

3.67 k l, M m n, 3.16 m o 

4.57 j 

6.63 j' 5.08 b, 3.5 p 

7.16 j 

7.58 J, 7.6 d' 10.4 m 0 

11.7 i, 11.0 e, 11.6 q' 4.94 r, 11.0 8 

16.5 i, 18.5 t, 21.2 t, 15.8 t, 19.6 m 0 

33.0 m 0 

33.0 m u 

36 e, 35 h 

arn H2 0, (pH = 4 to 7) with and without added salts and buffers. 
bReference [98] 
cReference [110] 
dReference [78] 
eReference [99] 
'Reference [112] 
YReference [100] 
hReference [113] 
iReference [106] 
J Reference [102] 
k Ambient temperature 
1Reference [107] 

. mrn 0.01 M HN03 (data are underlined) 
nReference [108] 
0 Reference [109] 
PReferences [104] and [105] 
qReference [97] 
rReference [101] 
8 Reference [111] 
tReference [103] 
uReference [116] 
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water alone or in water/NaN03 media [78,110,111,112], as shown in Table 1.1. 

Other studies used buffers, which can also cause problems. These will control the 

product ratio, but if the hydroxofaquo equilibrium constant is unknown, the product 

ratio, while now constant, still cannot be calculated. Use of buffer systems may also 

mean the introduction of spurious or catalytic counter ions in the buffer medium. Plat

inum(II) systems are known to be very susceptible to nucleophilic attack and phosphate 

[90,102,103,115], acetate, citrate, TRIS or other buffer counter ions could easily influ

ence the solvolysis reaction. Nor are these reagents particularly close to the biological 

regime. It was thus decided for the work presented in this thesis to systematically 

study the reactions of cis-DDP and its various hydrolysis products in media where the 

products could be predicted with some certainty. 

In view of these uncertainties it was felt to be worthwhile to investigate not only the 

kinetics of the second hydrolysis step of cis-DDP but also to reinvestigate the kinetics 

of the first step, in HCl04 media using UV-visible spectrophotometry, using the changes 

in absorbance of cis-DDP to monitor the reaction. A natural progression from this was 

to investigate the nature and rate constants for the hydrolysis products of cis-DDP 

and the anation kinetics of these products, under a variety of pH and ionic strength 

conditions and the rate constants of the reactions of these species with a variety of 

ligands, some physiologically relevant and some not. In order to model the biological 

situation as closely as possible, a technique involving the combination of a UV-visible 

spectrophotometer with a pH-stat was used extensively. This enables pH to be kept 

constant while a reaction in progress is being monitored. The possible role of metal 

ions accelerating the hydrolysis reactions of cis-DDP was also investigated. 

Thus, this thesis describes investigations of the solution chemistry of the anticancer 

drug cis-[PtCh(NH3h], or cis-DDP, and its various hydrolysis products, with a view 

to extrapolating the results to the physiological system in vivo, in order to contribute 

to present knowledge of the behaviour of cis-DDP in solution and in vivo. 



CHAPTER 2 

THE KINETICS OF FORMATION AND ANATION OF THE 

cis-DIAMMINE(AQUA)CHLOROPLATINUM(II) CATION IN 

ACIDIC AQUEOUS SOL UTI ON. 

2.1 Introduction. 
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The kinetics of the first hydrolysis step of cis-DDP (Equation 1.1) have been investi

gated in acidic media in both the forward and reverse directions using UV spectroscopy 

to monitor the reactions, to give values for the rate constants k1 and k_t plus activation 

parameters for each and a value for the equilibrium constant K 1 at 25 °C. 

The rate of loss of the first chloro ligand from cis-DD P ( k1 ) to give an equilibrium 

mixture of cis-DDP, cis-[PtCl(NH3)2 (0H2 )]+ and Cl- has been measured spectropho

tometrically in a variety of HC104/NaC104 media over a 22 K temperature range. The 

absorbance versus time data were analysed in terms of first-order kinetics and the effect 

of acid strength and ionic strength on the reaction evaluated. 

In order to measure Lt, the species cis-[PtCl(NH3)2 (0Hz)]+ was generated using 

anion exchange chromatography to remove the released chloride ion. Known amounts 

of chloride ion (as NaCl in HC104) were added to the cis-[PtCl(NH3)2 (0Hz)]+ solution, 

giving rise to a rapid reaction which was followed spectrophotometrically. 

2.2 Experimental. 

2.2.1 Measurement of k1 • 

Measurement of the rate of loss of the first chloride ligand from cis-DDP was carried 

out in 0.1 M HCl04, 1.0 M HC104 and in 0.1 M HCl04 plus 0.9 M NaCl04. In order 

to carry out the measurements, 3.0 ml of the appropriate solution were allowed to reach 

thermal equilibrium in 1.00 em quartz spectrophotometer cells, sitting in a temperature 

controlled(± 0.1 °C), heated cell-block, in the cell compartment of a Varian DMS100 

UV-visible spectrophotometer. 

Preliminary experimental work determined that the reaction could be followed be

tween 345 and 220 nm, in the UV region, with the best wavelengths to collect ab

sorbance data at being 304, 260 and 236 nm, as these were the positions of maximum 
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change in absorbance with time. This initial work also determined the time intervals 

at which data should be collected. 

To the thermally equilibrated electrolyte solution in the spectrophotometer sample 

cell, a small amount ("' 3 mg) of solid cis-DDP was added. Solubility was generally 

rapid and the concentration of cis-DDP of approximately 3 X 10-3 M gave an initial 

absorbance reading of 0.2 to 0.4. As soon as the cis-DDP had dissolved, absorbance 

versus time data were collected at the above wavelengths, at appropriate time intervals 

(dependent on the temperature of the reaction system). Reactions were monitored for 

six to eight half-lives and constant 'infinity' data were usually. obtained. 

The absorbance versus time data obtained for every HC104/NaC104 solution at each 

temperature were analysed in terms of a first-order rate law for each wavelength to give 

values for k1 (Table 2.1). The values obtained for k1 were found to be constant within 

experimental error over more than four half-lives and were wavelength independent. 

Activation parameters associated with k1 were computer calculated from the variation 

of the rate constant with temperature (118] (Table 2.7). 

2.2.2 Measurement of k_1 • 

The first step was the preparation of the solution of cis-[PtCl(NH3) 2(0H2)]+ in 

0.1 M HC104 which was essentially free of the chloride ions lost initially. A solution 

of cis-DDP (50 mg) in 0.1 M HC104 (50 ml) was allowed to aquate for six to eight 

half-lives, either overnight at room temperature or two hours at 40 °C and then several 

hours at room temperature. 

Samples of the resulting equilibrium system (10 ml) were passed slowly (0.5 ml per 

minute) through a short ( rv 4 em long by 0.5 em wide) column of Amberlite IRA-400 ion 

exchange resin in the perchlorate form, that had been pre-washed with 0.1 M HCl04 

at room temperature. On passing the cis-[PtCl(NH3)2(0H2)]+ solution through the 

column, the first 4 ml of effluent was discarded as this was most likely to contain 0.1 M 

HCl04 only. An approximate total of 8 ml of 'clean' solution were collected, the last 

portions obtained by addition of a small volume of 0.1 M HC104 to the column once 

the sample had passed through. Preliminary experiments carried out using 0.002 M 

HCl in 0.1 M HC104, showed that this anion exchange technique removed more than 

95% of the ionic chloride ions present. 

Solutions of NaCl (0.25, 0.35, 0.40, 0.50, 0.60, 0.75 and 0.90 M) in HCl04 of 

sufficient concentration to give a final ionic strength of 1.0 M were prepared. In all 

cases, the initial chloride ion concentration was greater than ten times that of the 

platinum concentration. Equal volumes of the chosen NaCl/HC104 solution (1 ml) and 

the cis-[PtCl(NH3)2(0H2)]+ solution (1 ml) were placed respectively in one arm each 

of a Y-shaped rapid mixing device [119], which was then thermally equilibrated in a 

water bath at a chosen constant temperature. The sample 1.00 em spectrophotometer 
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cell was then mounted on top of the mixing device and the system was inverted, rapidly 

mixing the two solutions. 

The rapid absorbance changes resulting from the subsequent reaction were moni

tored between 345 and 220 nm using UV spectroscopy, with absorbance data collected 

at 305, 260 and 235 nm. Due to the speed of these reactions, the sample and reference 

cells were held in a water-cooled jacketed cell holder inside the cell compartment of the 

spectrophotometer. This cell holder had water pumped through it from a water bath, 

which was kept at a low, constant temperature by the combined use of a heater unit 

and a refrigeration unit. 

The absorbance versus time data obtained for every NaCl/HC104 solution at each 

temperature were analysed in terms of a first-order rate law, for each wavelength, to give 

kobs (s-1 ) (Table 2.4). Values of k-1 (M-1 s-1 ) were obtained by using the expression 

(2.1) 

The activation parameters associated with k_ 1 (Table 2.4) were computer calculated 

from the variation of the rate constant with temperature, as with k1 [118]. 

2.3 Results and Discussion. 

The ·hydrolysis of cis-DDP is a well studied reaction. The rate of hydrolysis in 

water has been measured using conductivity [33,96,97,98,99], high-performance liq

uid chromatography (HPLC) [104,105,106,107], spectrophotometry [100,101,102,103], 

chloride ion titration [108,109], chloride ion specific electrode [111], 36Cl- ion exchange 

[78,112], or hydrogen ion titration [78,112,113]. The latter technique can be used as, 

during the course of the reaction, the pH decreases [99] due to the reaction shown in 

Equation 1.3. Acidic media would prevent the formation of any hydroxo species (by 

reversal of Equation 1.3), but these conditions were used only when the reaction was 

followed using chloride release titration [108,109]. Unfortunately in these titrations, 

nitric acid, HN03, was the acid used. The problems with this acid have already been 

outlined in Chapter 1, as have the problems associated with the use of water and with 

the use of buffers as reaction media. 

Thus it was decided to systematically study the rate of hydrolysis of cis-DDP in 

media where the products could be predicted with some certainty. The acid hydrolysis 

of cis-DDP was investigated using HC104 /NaC104 media as the background electrolyte 

since these are both UV transparent and the perchlorate ion has only weak nucleophilic 

properties towards cis-DDP [90]. By investigating this reaction in acidic conditions, it 

can confidently be assumed that the influence of cis-[PtCl(OH)(NH3h] on the reaction 

rate can be reduced to zero and only the cis-[PtCl(NH3)2(0H2)]+ and chloride ions 

will be produced. 
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Figure 2.1. Spectrophotometric scans for the acid hydrolysis of cis- [PtCh (NH3 )2 ] (0.1 M HC10~; 

43 •c; 5 minute intervals) 

The absorption spectra of cis-DDP dissolved in HC10 4 (0.1 to 1.0 M) change slowly 

with time at 25 °C. The cis-DDP has an absorption maximum at 304 nm ( E = 125 

M-1 cm-1 ) (obtained from Figure 2.1) which decreases as the reaction proceeds and a 

minimum at 246 nm ( E = 44 M-1 cm- 1) which increases as the reaction proceeds. Two 

isosbestic points are formed and maintained at 282 ± 2 nm (E = 103 M-1 cm-1 ) and 

242 ± 2 nm ( E = 61 M-1 cm-1 ) (Figure 2.1). The same isosbestic points are developed 

in the reverse reaction when chloride ions are added to the cis-[PtCl(NH3h(OH2)]+ 

(Figure 2.2). The maintenance of an isosbestic point in the absorption spectral profile 

of a reacting compound gives no information on the number of species being produced. 

A single compound producing a single compound will maintain an isosbestic point, but 

so will a single compound producing two compounds in a constant ratio. The presence 

of a well-maintained isosbestic point indicates that a reaction sequence A -+ B -+ C is 

unlikely . . 
The absorbances of cis-DDP and cis-[PtCl(NH3 ) 2(0H2)]+ at 304, 260 and 236 nm 

for the acid hydrolysis reaction, are sufficiently different to enable accurate rate con

stants, k1, to be calculated according to the first-order rate law [120,121]. 

kt = ln (Aoo- Ao) 
At- Ao 

(2.2) 

where k is the rate constant k1, Ao is the absorbance at timet = 0, A00 is the absorbance 
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Figure 2.2. Spectrophotometric scans for the anation of cis- (PtCl(NHJ )2 ( 0 H2)] + by chloride ions 

(0.03 M Cl-; Jl = 0.1 M, HC104 , NaCl; 30 °0; 3 minute intervals) 

at time t ='infinity' and At is the absorbance at time = t. The values for k1 obtained 

in this way over the 22 K temperature range are listed in Table 2.1. 

It must be noted that the acid hydrolysis reaction of cis-DDP (Equation 1.1) is 

in fact reversible and proceeding to equilibrium so simple first order kinetics are not 

strictly applicable to this A .= B + C system [98,110,111,121], but most investigators 

have ignored the contribution from the reverse reaction [109]. The data presented 

here shows that the equilibrium (Equation 1.1) is substantially (greater than 00%) to 

the cis-[PtCl(NH3 ) 2(0H2)]+ species at the cis-DDP concentrations used (Table 2.2). 

See Appendix B for method of calculation of the equlibrium concentrations of the 

platinum(II) species. 

Inspection of the data shows that k1 is independent of hydrogen ion concentration 

and ionic strength in the measured range (0.1 to 1.0 M). The hydrogen ion indepen

dence is normal for complexes of this type with strongly acidic leaving groups [122]. 

The ionic strength independence is is agreement with the Debye-Hiickel theory for a 

reactant with zero charge [120,121], where it is anticipated that for a reaction involving 

only neutral molecules, the ionic strength effects would be small except at high ionic 

concentrations. 

A comparison of the data obtained in HC104 /NaC104 media with those in Table 1.1 

shows that the k1 values obtained in acidic conditions are approximately two to three 
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Table 2.1. Spectrophotometrically determined first-order rate constants (kt) for the first step in the 

acid hydrolysis of cis- [PtCb(NH3)2]. a 

0.1 M HCl04 1.0 M HCl04 0.1 M HC104+ 0.9 M NaCl04 

104 x kt (s-1 ) 104 X k1 (s-1 ) 104 X kt (s-1
) 

obs. T(°C) calc. b obs. T(°C) calc. b obs. T(°C) calc. b 

1.19±0.15 (29.9) 1.24 1.25±0.08 (30.1) 1.12 1.74±0.29 (30.5) 1.51 

1.82±0.09 (34.1) 1.88 1.64±0.06 (33.9) 1.70 2.03±0.19 (34.8) 2.34 

2.20±0.67 (34.9) 2.03 1.74±0.15 (35.0) 1.91 

2.47±0.04 (36.7) 2.41 2.29±0.21 (37.2) 2.41 2.74±0.12 (36.9) 2.87 

3.21±0.20 (39.9) 3.27 3.33±0.90 ( 40.1) 3.28 3.38±0.27 ( 40.1) 3.93 

4.43±0.04 ( 43.0) 4.35 4.48±0.75 ( 42.9) 4.37 4.60±0.11 (42.9) 5.14 

5.21±0.30 ( 44.9) 5.17 5.47±0.26 (44.7) 5.25 6.45±0.17 ( 45.0) 6.26 

9.54±0.63 (50.1) 8.22 8.81±0.09 ( 49.8) 8.71 11.2±0.37 (50.2) 10.1 

11.2±0.79 (52.5) 10.5 12.0±0.34 (53.2) 12.1 13.8±0.11 ( 53.1) 13.1 

aData are the mean plus or minus the standard deviation from greater than 15 values at three 

wavelengths (304, 260 and 236 nm). 
bCalculated from the activation parameters cited in Table 2.7. 

Table 2.2. Equilibrium concentrations (mM) for the first acid hydrolysis reaction of cis- [PtCb(NH3 )2] 

(Equation 1.1) in aqueous HCI04 (p. = 1.0 M) at 25.0 °C using Kt = 1.01 X 10-2. 

Initial concentration (mM) Equlibrium concentrations (mM) 

cis- (PtCb (NH3)2j cis- (PtCb (NH3 )2] cis- (PtCl(NH3 )2 (OH2) t = Cl-

100 73 27 

10 4 6 

1.6 

1.0 

0.2 

0.1 

1.4 

0.9 



2.3. RESULTS AND DISCUSSION. 21 

Table 2.3. Spectrophotometrically determined rate constants (kl) for the first hydrolysis step of 

cis-[PtCh(NH3)2) in a variety of acidic media. 

Temperature Solvent 104 X kt 

(oC) (K] (s-1) 

37.2 (310.4] 0.1 M HTF 2.20±0.14 

37.5 (310.7] 0.1 M HAc 2.46±0.07 

38.1 (311.3] 0.1 M HTS 2.42±0.06 

37.6 (310.8] 0.1 M HN03 3.27±0.02 

37.8 (311.0] 0.05 M H2S04 2.69±0.06 

37.5 (310.7] 0.01 M HN03 3.24±0.01 

37.1 [310.3] 0.05 M Tartaric Acid 2.75±0.59 

37.3 [310.5] 0.05 M Malonic Acid 2.46±0.37 

37.2 (310.4] 0.05 M H2C204 2.80±0.08 

36.7 (309.9] 0.1 M HCl04 2.47±0.05 

37.2 (310.4] 1.0 M HCl04 2.29±0.24 

36.9 (310.1] 0.1 M HCl04 + 0.9 M NaCl04 2.74±0.15 

times greater than those previously obtained in water (pH = 4 to 7), indicating that 

the cis-[PtCl(OH)(NH3)2] species has been eliminated from the reaction system used 

here. It was thought initially from the literature that the H+ or N03- ions may have 

been having an acceleratory effect on the reaction rate (Table 1.1). 

The rate constant, kll in 0.1 M HN03 was measured (104k1 = 3.3 ± 0.4 s-1 at 37.6 

°C) (Table 2.3) and found to be slightly higher than that determined in 0.1 M HC104 

(104k1 = 2.47 ±0.04 s-1 at 36.7 °C). However, comparison is difficult since it is thought 

that the product of the reaction in HN03 is not the cis-[PtCl(NH3h(OH2)]+ species, 

as nitrate is known to coordinate to platinum(II) aqua complexes [90]. Comparison of 

rate data at "'37.5°C in 0.1 M trifl.uoroacetic acid, 0.1 M acetic acid, 0.05 M H2S04 

and in 0.05 M oxalic, malonic and tartaric acids also shows that the rate constants 

are very similar to the data in 0.1 M HC104 (Table 2.3), but once more, comparison 

does not give much useful information as again, the final product in all cases is not 

the cis-[PtCl(NH3h(OH2 )]+ species. These preliminary data show that the effect of 

nitrate ions should be investigated further in future work. 

The variation of k1 with temperature allows calculation of the activation parame

ters associated with the forward reaction (Equation 1.1 ). The activation parameters 

associated with previous studies of this reaction are summarised in Table 2.7. Since 

several of these studies used only a very narrow temperature range, it is difficult to 

make comparisons between the earlier data, and the data presented here. However, the 

values of ~H';l: and D.Si= obtained from this work do not agree too badly with those 

values obtained in water. 

An increase in temperature leads to an increase in reaction velocity and hence in 

rate constants. Arrhenius first pointed out that the variation of rate constants with 

temperature can be represented by Equation 2.3, an equation similar to that used for 
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equilibrium constants, namely the Arrhenius Equation 

(
-Ea) k = PZexp RT (2.3) 

where k is a general rate constant, Ea is the energy of activation, R is the gas constant, 

Tis the absolute temperature, Z is the collision rate between reactant molecules and P 

is the probability factor which is inserted to allow for the disparity between calculated 

and observed values of k [123]. The logarithmic form of this equation is 

Ea 
lnk = lnPZ- (RT) (2.4) 

This equation shows a linear relationship between ln k and 1/T, the slope being - Ea/R 

and the intercept on the ln k (y) axis is ln PZ. 

If there is a range of known rate constants, each at a known temperature, the 

activation energy Ea and PZ may be determined directly. Additionally, the enthalpy 

of activation, ~H#, and the entropy of activation, ~S=F, may be calculated from the 

values of Ea and PZ [123]. If Equation 2.4 is integrated between the limits k = k1 at 

T = T 1, and k = k2 at T = T 2 then 

(2.5) 

that is, as soon as two values of k are available at two different temperatures, Ea may 

be evaluated; or, when Ea and a value of k at some one temperature are known, k at 

another temperature may be calculated, which is how we obtain calculated values for 

k1 (and k-1) at 25.0 °C. 

An alternative approach to reaction kinetics is transition-state theory. This postu

lates that molecules, before undergoing reaction, must form an activated complex in 

equilibrium with the reactants, and that the rate of any reaction is controlled by the 

concentration of the complex present at any instant. The activated complex is assumed 

to be endowed with certain properties of an ordinary molecule and to possess some, 

although temporary, stability. On the basis of these ideas it was shown [124] that a 

rate constant k could be given by 

(2.6) 

where N is Avogadro's number, his Planck's constant and ~G=F is the free energy of 

activation. Since the activated complex is in equilibrium with the reactants, thermo

dynamics can be used and we can write 

(2.7) 

Equation 2.6 can thus be written as 
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RT (~S#) (-~H#) k = Nh exp R exp RT (2.8) 

since ~H#, the enthalpy of activation can be taken as being identical to Ea. Equa

tion 2.8 is of the same form as Equation 2.3 if ~H# is approximated to Ea., hence 

RT (~S#) PZ~ Nh exp R (2.9) 

For a reaction in solution [121,123] 

Ea.= ~H# + RT (2.10) 

since for such a reaction the energy of activation, Ea., is greater than ~H#[125]. Hence 

from the rate constants over a range of temperatures, the activation energy Ea., ln PZ, 

the rate constant k1 at 25.0 °C, the enthalpy of activation ~H# and the entropy of 

activation ~S# can be calculated (Table 2.7). The entropy of activation is a measure 

of the total entropy changes taking place in the reactants and the solvent on formation 

of the activated complex and, as such, its sign and magnitude are determined chiefly by 

the charge of the activated complex relative to the charge of the reactants. For reactions 

between oppositely charged ions, the activated complex will have a lower charge than 

the reactants and, as a consequence, will be less solvated (that is, less 'ordered'). Since 

the formation of the activated complex is accompanied by an increase in 'disorder', the 

~S# value will be positive. For a reaction between ions of like charge, ~S# will be 

negative. 

For the determination of k_1 (reverse of Equation 1.1), the cis-[PtCl(NH3)2(0H2)]+ 

species was isolated in chloride ion free 0.1 M HC10 4 using anion exchange chro

matography. This technique has seldom been used in previous studies to obtain the 

cis-[PtCl(NH3)2(0H2)]+ species [78]. Methods used most commonly have been to incu

bate the cis-DDP with a stoichiometric amount of AgN03 solution [126], or with N aN03 

solution [127], leaving cis-DDP to aquate on standing in D20 at pH = 3 [103], or even 

by dissolving cis-DDP in solutions containing varying amounts of Na.Cl and incubating 

overnight, the resultant solution containing 8 to 60% of the cis-[PtCl(NH3h(OH2)]+ 

species [128]. However the anion exchange method is preferred here as an almost chlo

ride ion free solution can be obtained, hence we know accurately the concentration of 

chloride required to produce a second-order rate constant, without the interference of 

the extraneous chloride ion. 

Addition of controlled amounts of excess chloride ions to the chloride ion free so

lutions of cis-[PtCl(NH3)2(0H2)]+ produces varying amounts of cis-DDP, the extent 

of the reaction depending on the chloride ion concentration used. Due to the speed 

of this reaction, only a restricted range of chloride ion concentrations could be used. 

In all cases, the initial chloride ion concentration was greater than ten times that of 
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the initial platinum(II) species concentration, so that pseudo-first-order kinetics could 

be obtained for k-1· The pseudo-first-order rate constants ( kobs, s-1 ) obtained for a 

range of chloride ion concentrations are listed in Table 2.4. These rate constants were 

then used to obtain values for the second order rate constants (k-1, M-1 s- 1 ) using 

Equation 2.1 

Reactions which are not truly first order, but which show first-order kinetics under 

special conditions are called pseudo-first-order reactions (129]. The pseudo-first-order 

rate nature of a reaction is explainable by the fact that the concentration of one of the 

reactants is present in such excess that its concentration practically remains constant 

during the course of the reaction (120,124]. Under these conditions, the second-order 

rate equation for the reaction becomes that of a first-order reaction. It is evident 

however that the new rate constant, kobs, for this reaction is not independent of the 

concentration, as is the case with first-order rate constants, but may vary with the 

concentration of the reagent present in excess, in this case Cl-, as the latter is changed 

appreciably. When this is the case, the true rate constant k_1 (M-1 s-1 ) can be 

obtained from kobs (s-1 ) by dividing the latter by the concentration of the reagent 

present in excess, that is, [Cl-], and Equation 2.1 is obtained (124]. 

The validity of using this expression for this reaction can be justified because of the 

constancy of the k_ 1 values obtained using this method over a range of chloride ion 

concentrations, the plots of kobs versus chloride ion concentration are linear and pass 

through the origin at (Cl-] = 0 (see Figure 2.3), and the plots of ln k-1 (where L1 

is obtained over a chloride ion concentration range of 0.025 to 0.9 M) versus 1/T are 

linear and give sensible values for the activation parameters (Table 2.4). The data for 

L1 are in agreement with those previously obtained (indirectly) in water (Tables 2.5 

and 2.6). A value for k_1 = 6.7 X 10-3 M-1 s-1 was reported in the literature (130] at 

25 °C but at an unspecified ionic strength. However, this value is in good agreement 

with the value of k_1 = 6.3 X 10-3 M- 1 s-1 at 25 °C and J.L = 1.0 M obtained in this 

work. 

The equilibrium constant J(1 for Equation 1.1, is obtained from the expression 

(2.11) 

This expression is valid for a simple, one-step reaction such as we have here. Combining 

the temperature dependence expressions for k_ 1 = 2.104 X 1011 exp ( -77·~¥ 103 ) and 

k 1 = 4.413 X 1010 exp ( -84·~~x 1 Q3) (both at J.L = 1.0 M, HC104 ) in Equation 2.11 gives 

the temperature dependence of the equilibrium constant 1(1 in the form 

-ln J(1 = 7.5~~ 103 + 1.562 (2.12) 

The temperature dependence expressions for k 1 and k-1 are from the Arrhenius Equa

tion (Equation 2.3) and from the computer calculations done to determine activation 
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Table 2.4. Spectrophotometrically determined chloride ion anation rate constants ( k-1) for 

Temperature 

(oC) (K] 

10.0 [283.2] 

15.0 (288.2] 

20.0 [293.2] 

25.0 (293.2] 

30.0 [303.2] 

[Cl-] i c 104 X kobo d 

(M) 
0.25 3.48±0.52 

103 X k-1 e 

(M-1 s-1) 

1.39±0.21 

0.35 4.07±0.39 1.17±0.11 

0.40 5.36±0.93 1.34±0.23 

0.50 5.96±0.81 1.19±0.16 

0.60 7.39±0.86 1.23±0.14 

0.75 8.04±1.49 1.07±0.20 

0.90 10.33±1.26 1.15±0.14 

0.25 

0.35 

0.45 

0.60 

0.75 

0.90 

0.10 

0.90 

0.05 

0.125 

0.15 

0.20 

0.25 

0.05 

0.10 

0.125 

4.57±0.52 

6.91±0.77 

9.51±0.83 

13.47±1.93 

15.50±0.94 

22.30±1.50 

3.63±0.44 

31.2 ±2.3 

3.88±0.27 

7.63±0.40 

9.36±0.50 

12.6 ±0.8 

14.7 ±1.2 

5.44±0.34 

10.6±0.20 

12.6±0.70 

1.83±0.21 

1.97±0.22 

2.11±0.81 

2.24±0.32 

2.07±0.12 

2.47±0.16 

3.63±0.44 

3.46±0.25 

6.76±0.54 

6.34±0.33 

6.24±0.33 

6.30±0.40 

5.88±0.48 

10.9±0.7 

10.6±0.2 

10.1±0.6 

103 X k-1 (mean) 

(M-1 s-1) 

1'.22±0.11 

2.11±0.22 

3.54±0.34 

6.31±0.32 

10.5±0.4 

103 X k-1 (calc.) f 

(M-1 s-1) 

1.20 

2.12 

3.68 

6.26 

10.5 

aThe concentration of cis-(PtCl(NH3)2(0H2)]+ ~ 1.6 X 10-3 M. 
bionic strength adjusted to 1.0 M using NaCl and HCl04. 
clnitial Cl- concentration ~ 10 x (Pt] 
clSpectrophotometrically determined pseudo-first-order rate constant. Mean of data calculated at 

.X = 260 and 305 nm. 
•calculated using Equation 2.1 
'Calculated from the activation parameters Ea = 77.2 kJ mol-1 , b.SiJ! = -36.3 J K-1 mol-1 
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Figure 2.3. Plots of kob• versus [ Cl- J for the chloride anation cis- [PtCl(NH3)2 (OH2) J + ( L1) 

(reverse of Equation 1.1). 

Table 2.5. Summary of data. for the equilibrium constants (K!) associated with the first hydrolysis 

step of cis- [PtCb (NH3 )2] (Equation 1.1) in water. 

Added electrolyte Temperature 105 
X k1 103 X L1 103 X K1 Reference 

(oC) (s-1) (M-1 s-1) 

None 0 0.095 0.23 4.1 [98] 

25 2.8 7.3 3.7 (98] 

30 5.08 13.5 3.8 (98] 

0.2_M KN03 25 2.58 6.4 4.05 (108] 

0.318 M KN03 25 2.58 7.1 3.63 (112] 

35 7.59 17.3 4.37 (112] 

0.318 M Na2so. 25 2.5 7.6 3.3 (78] 

0.318 M Na2so. 35 7.6 19.5 3.9 (78] 

/J= 0.3 M 50 39 120 3.3 (100] 
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Table 2.6. Forward (k1) and reverse (k-1) rate constants and equilibrium constants (K1) for the first 

step of the acid hydrolysis of cis-[PtCb(NH3)2] in HCl04 (1-l = 1.0 M). 

Temperature T 105 X k1 a 103 
X k-1 b 103 X J(l c d 

(•C) (K] (s-1) (M-1 s-1) 

10.0 [283.2] 1.03 1.20 8.58 

15.0 [288.2] 1.94 2.12 9.15 

20.0 (293.2] 3.54 3.68 9.62 

25.0 (298.2] 6.32 6.26 10.1 

30.0 [303.2] 11.1 10.5 10.6 

35.0 (308.2] 19.2 17.4 11.3 

40.0 [313.2] 32.6 28.1 11.6 

45.0 [318.2] 54.3 44.8 12.1 

50.0 (323.2] 89.2 70.3 12.7 

a calculated from the expression (1.0 M HCl04) kl = 4.413 X 1010 exp ( -84 ·~;,xl0 3 ) (Tables 2.1 

and 2.7) 

bCalculated from the expression k-1 = 2.104 x 1011 exp ( -77.~\.x 103 ) (Table 2.4) 

ccalculated from Equation 2.11 which is equivalent to Equation 2.12. 
dThe variation of K 1 with temperature indicates that the forward reaction is endothermic and from 

c, t.H•298.2 = 7.52 kJ mol-1 (cf. t.H•2gs.2 = 14.2 kJ mol-1 in water (112]). Other thermodynamic 

parameters associated with the forward reaction are t.G•298.2 = 11.4 kJ mol-1 and t.S~ 298 . 2 = -13 

J K-1 mol-1. 

parameters for k1 and k_b the activation energies Ea and values for PZ for both k1 

and k_l. were obtained, and these values inserted into Equation 2.6 for each of k1 and 

k_l (Table 2.6). 

The van't Hoff equation (Equation 2.13) provides a way of measuring the enthalpy 

of a reaction without using a calorimeter, where m = 298.2 K. 

1 T/'- ~H!n 
n 11 - RT (2.13) 

From plots of ln ](1 versus 1/T, the reaction enthalpy can be determined since the 

slope of this graph will be - ~H!n/R [120]. Thus ~H~ 298.2 for the endothermic for

ward reaction is calculated to be 7.52 kJ mol-1 (~H!n is greater than zero for an 

endothermic reaction). The equilibrium constant ](1 gets larger as the temperature 

increases therefore the equilibrium shifts towards the reaction products, since for an 

endothermic reaction, a rise in temperature favours the products [120]. This variation 

of K1 with temperature (Table 2.6) is small and rather more precisely established than 

has been possible from previous studies (Table 2.5). 

Other thermodynamic parameters associated with the forward reaction were calcu

lated. From the general expression 

~G!n = -RTlnK (2.14) 

where m 298.2 K and J( J( b ~ G~ 298.2 = 11.4 kJ mol-l, and for the reverse 
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reaction, Ll G-e 298.2 = -11.4 kJ mol-1 (calculated using the expression J( 1
1 = 1 J J( 1). 

This negative value for ~G-e 298.2 for the reverse reaction means that the overall reaction 

has a natural tendency to move spontaneously from products to reactants, that is, the 

reaction of cis-[PtCl(NH3)2(0H2)]+ plus chloride ions (k_ 1 ) is the spontaneous reaction, 

not the forward reaction (k1). This is reinforced by the fact that ~H-e 298 . 2 = -7.52 

kJ mol-1 for the reverse anation reaction shows that this reaction is exothermic and 

exothermic reactions are usually the spontaneous reactions [131], although there are 

exceptions to this. Using the expression 

(2.15) 

for the forward reaction, a value of ~s-e 298 . 2 = -13 J K-1 mol-1 was obtained, and 

for the reverse reaction, .6.8-e 298.2 = 13 J K-1 mol-1 • Since the forward reaction is 

endothermic, the principal driving force is the increasing entropy of the system, because 

the entropy of the surroundings decreases as enthalpy is sucked into the system. The 

effect of the unfavourable change in their entropy is reduced if the temperature is raised 

and so the reaction can proceed more strongly towards the products [120]. 

2.4 Conclusions. 

Determination of the rate constant k1 was carried out in HC104/NaC104 media, 

where the acidic conditions removed any influence of the cis-[PtCl(OH)(NH3h] species 

on the rate constants. The use of perchlorate electrolytes to remove any acceleratory or 

binding effects that electrolytes such as nitrate ion might have also removes uncertain

ties inherent in previous literature values of k1 • The rate constant k_ 1 was obtained 

from solutions of cis-[PtCl(NH3)2(0H2)]+ free of background chloride ions and was 

found to agree with a value obtained recently in the literature [130]. Calculation of the 

equilibrium constant !(1 was thus possible and at 25 °C, the value of !(1 = 1.01 X 10-2 

is larger than values reported in the literature (Table 2.5). 

Knowledge of the equilibrium constant !(1 meant that the equilibrium hydrolysis 

product concentrations (J.L = 1.0 M, HCl04) for various initial cis-DDP concentrations, 

in the absence of added chloride ion could be calculated at any temperature (Table 2.2). 

The method of calculation of these equilibrium concentrations of platinum(II) species 

is given in Appendix B. 
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Table 2.7. Summary of the kinetic parameters obtained at 25° C for the first hydrolysis step of 

cis- [PtCb(NH3)2]. 

Solvent 105 X k1 AH"" AS"" AV"" Reference 

(s-1) (kJ mol-1) (J K-1 mol- 1 ) (cm3 mol- 1 ) 

H20 2.8 83 -58 (102) 

H20 2.8 90 -25 (98) 

H20 2.6 81.5 -58 (99) 

H20 2.5 82.3 -59 (112) 

0.001 M HN03 -9.5±1.2 a [116) 

0.01 M HN03 3.2 91 -25 [109) 

0.1 M HCl04 7.56 73.7±3 -76.5±5 this work 

0.1 M HCl04 8.51 76.2±3 -67.3±6 this work 

+ 0.9 M NaCl04 

1.0 M HCl04 6.32 82.3±1.9 -49.4±4 this work 

a At 43.5 °C. 





CHAPTER 3 

THE KINETICS OF CHLORIDE ANATION OF THE 

cis-DIAMMINEDI(AQUA)PLATINUM(II) CATION AND OF 

THE BASE HYDROLYSIS OF 

cis-DICHLORODIAMMINEPLATINUM(II) AND 

cis-DIAMMINE(CHLORO)HYDROXOPLATINUM(II). 

3.1 Introduction. 

31 

In Chapter 2 the results of the investigation of the first step of the acid hydrolysis 

reaction of cis-DDP (Equation 1.1) in both directions to give the rate constants k1 and 

k_ 1 and hence the equilibrium constant K1, were presented. The second step of this 

hydrolysis reaction (Equation 1.2) thus came under scrutiny, in order to determine the 

rate constants for the forward, k2, and reverse, k_2, directions of this step, and the 

equilibrium constant ]( 2 for this process. 

Thus described in this chapter are the quantitative numerical data for the rate and 

equilibrium processes associated with Equation 1.2. However, in order to gain entry 

into this area to investigate these processes, the overall rate constant (kt?H) for the base 

hydrolysis of cis-DDP (Equations 3.2 and 3.3) also had to be measured, and rate data 

for this process are also presented. Also described in this Chapter is the rate of loss of 

the chloro ligand from cis-[PtCl(OH)(NH3h], (kbH, s-1 ) to give cis-[Pt(OH)2 (NH3)2 ] 

(Equation 3.3). 

3.2 Experimental. 

3.2.1 Base Hydrolysis Kinetics - Determination of kb1-I· 

Standard solutions of sodium hydroxide (0.1 M) were prepared from VOLUCON 

ampoules. More concentrated solutions were prepared from weighed amounts of solid 

sodium hydroxide pellets. All solutions were adjusted to the appropriate ionic strength 

using weighed amounts of NaC104 .H2 0 or NaCl. Three ml of the appropriate sodium 

hydroxide solution were allowed to reach thermal equilibrium in the 1.00 em spectropho

tometer cell and placed in the temperature controlled(± 0.1 °C) cell compartment of 

the spectrophotometer. Small samples ("' 3 mg) of solid cis-DDP were added and 
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after dissolution, repeat scan or repeat fixed wavelength data collection modes were 

started between 345 and 220 nm, with absorbance data collected at 304, 260 and 236 

nm. The reaction was monitored until no further change in absorbance with time 

was observed (approximately six to eight half-lives). First order rate constants (kb2H) 

were calculated from the absorbance versus time data as in Chapter 2 (Equation 2.2; 

Tables 3.1 and 3.2), and hence activation parameters were computer calculated using 

Equations 2.3 to 2.10 (Table 3.4). 

3.2.2 Determination of k'fm· 

A sample of cis-DDP (50 mg) was allowed to hydrolyse in 0.01 M NaOH (45 ml) 

for approximately eight half-lives (about 48 hours at room temperature). To this so

lution was added 5 ml of 0.2 M HC104 , and the now acid solution ( [H+] = 0.011 

M) was allowed to anate at room temperature for a further 48 hours, to give approxi

mately 98% cis-[PtCl(NH3)z(OHz)]+ and 2% cis-[Pt(NH3)z(OHz)2]
2+. Samples of this 

solution (2.0 ml) and 1.0 ml of 0.3 M NaOH solution were thermally equilibrated at 

the appropriate temperature in a temperature controlled water-bath. On mixing in 

the 1.00 em spectrophotometer cell the cis-[PtCl(OH)(NH3)2] species was generated 

(>-max = 267 nm) in 0.1 M NaOH and the subsequent chloride release kinetics were 

monitored spectrophotometrically at 304, 255 and 250 nm (Figure 3.2). The resulting 

absorbance versus time data were used to obtain the kbH data reported in Table 3.3. 

3.2.3 Determination of k_ 2 • 

Stock solutions of cis-[Pt(OH)2(NH3)2] (3.33 X 10-3 M) were prepared by allowing 

cis-DDP (50 mg) to hydrolyse for more than six half-lives at room temperature in 0.01 

M NaOH (50 ml). One ml samples of each of cis-[Pt(OH)z(NH3)2 ] and NaCl/HC10 4 

solution (p, = 2.0 M) were placed respectively in the seperate arms of the glass Y

shaped rapid mixing device [119], and the arms were immersed in the temperature 

controlled water bath. A dry 1.00 em quartz spectrophotometer cell was mounted on 

top of the mixing device and on inversion, the two solutions were rapidly mixed. 

The cell was placed in the temperature controlled .cell compartment of the spec

trophotometer, the mixing device was removed from the cell, and repeat fixed wave

length data for the subsequent reaction were recorded. The wavelengths chosen to 

monitor the reaction (240 and 280 nm) correspond to the isosbestic points measured 

for k_1 (Chapter 2). Rate constants from reactions with half-lives as short as 42 seconds 

could be determined using this procedure. The temperature of the cell compartment 

was controlled using a water-cooled, jacketed cell-holder with the temperature of the 

water kept low and constant by the simultaneous use of a refrigeration unit and a heater 

unit in the water tank, as in Chapter 2. 

The initial chloride concentrations chosen were always greater than ten times that of 
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the concentration of the cis-[Pt(NH3)2(0Hz)2]2+ and pseudo-first-order rate constants 

(kobs, s-1 ) were calculated using the absorbance versus time data at each wavelength 

and temperature (Table 3.9). The second-order anation rate constants (k_ 2 , M-1 s-1 , 

Equation 1.2, Table 3.9) were calculated using Equation 3.1 as plots of kobs versus the 

chloride ion concentration were linear and passed through the origin (Figure 3.7). 

(3.1) 

3.2.4 Determination of K 2 • 

Stock solutions of cis-[Pt(OH)2(NH3)2] (3.2, 1.3 and 0.53 mM) were prepared by 

hydrolysis of the appropriate amount of cis-DDP in 0.01 M NaOH. Samples (2.0 ml) 

were acidified with 1.0 ml of 1.5 M HCl04 and the mixture allowed to anate at room 

temperature for 48 hours and then for three hours at 25°C, before recording the UV 

absorption spectrum. 

Kn~wledge of the molar absorptivity coefficients (~:)of the cis-[Pt(NH3)z(OH2)2]2+ 
and cis-[PtCl(NH3)2(0H2)]+ species (Table 3.6) at any wavelength (Figure 3.6) allowed 

the calculation of ](2 (Table 3.7). 

3.3 Results and Discussion. 

Previous studies on the base hydrolysis of cis-DDP have shown that cis-DDP hy

drolyses in base to give cis-[Pt(OH)z(NH3)2] and two chloride ions [98,100,108,113]. 

However, speculation has arisen as to how the reaction proceeds. A two-step process 

was favoured by some studies - Grinberg and Korableva thought that the reaction was 

a two step process and that Equation 3.2 was the slow step and Equation 3.3 was much 

faster [113]. They based this assumption on the observation that the alkaline hydrol

ysis of cis-DDP involved essentially the simultaneous replacement of both coordinated 

chlorides. However, since simultaneous replacement was scarcely possible, they inter

preted this as meaning that the rate of replacement of the second chloride in cis-DDP 

(Equation 3.3) had to be considerably greater than that of the first (Equation 3.2). 

Thus the first step was said to be the slowest and therefore rate-determining. 

cis-[PtClz(NH3)2] + OH

cis-[PtCl(OH)(NH3)z] + OH-

cis-[PtCl(OH)(NH3)2] + Cl

cis-[Pt(OH)z(NH3)2] + Cl-

(3.2) 

(3.3) 

The rate constant for the overall process ( kb2H, s-1) had been measured previously 

prior to this investigation and the literature values were kb2H = 2.35 X 10-5 s-1 [132] 

or kb'1-I = 1.3 X 10-5 s-1 [113] both at 25°C. A value for kbH has also been deter

mined, kbH = 2.2 X 10-5 s-1 at 25°C [108]. Comparison of these literature values 
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Table 3.1. Spectrophotometrically determined rate constants (kb2H, s-1 ) for the hydrolysis of 

cis-[PtCh(NH3)2 ] in NaOH solution ([oH-] variation).a 

Temperature ( OH-] variation, J.L = 1.0 M (N aCl04) 

(°C) [K] (oH-] = 0.01 M (oH-] = 0.1 M 

obs. calc. b obs. calc. b 

25.0 [298.2] 0.233 0.155 

35.3 [308.5] 0.691 0.720 0.554 0.535 

45.1 [318.3] 2.18 1.93 1.64 1.69 

55.2 [328.4] 4.97 5.13 5.02 4.84 

~H;o! (kJ mol-1 ) 80.7 ± 7.3 90.3 ± 7.0 

~S;o!(J K-1 mol-1 ) -63.1 ± 14 -34.3 ± 14 

Temperature [oH-] variation, J.L = 0.1 M (NaCl04) 
(oC) [K] [oH-) = 0.01 M [oH-) = 0.1 M 

obs. calc. b obs. calc. b 

25.0 [298.2] 0.164 0.329 

35.4 (308.6] 0.578 0.578 0.908 0.884 

37.3 [310.5] 0.792 0.713 1.14 1.03 

40.1 [313.3] 0.959 1.00 1.25 1.38 

43.0 [316.2] 1.38 1.39 1.79 1.70 

45.3 [318.5] 1.95 1.77 2.60 2.10 

50.0 [323.2] 2.74 3.04 3.50 3.16 

55.3 [328.5] 4.47 5.08 5.79 4.87 

60.0 [333.2] 9.94 8.28 5.99 6.90 

~H;o!(kJ mol-1 ) 90.0 ± 4.1 69.5 ± 8.8 

~S;o!(J K-1 mol-1 ) -34.6 ± 8.2 -97.5 ± 18 

ak~H (obs.) data plus or minus 10%. 
bCalculated from the cited activation parameters. 

[oH-] = 1.0 M 

obs. calc. 

0.337 

0.991 0.995 

2.63 2.61 

6.74 6.77 

78.6 ± 0.6 

-66.9 ± 1.2 

b 

[ oH-] variation, J.L = 0.01 M 

[oH-) = 0.01 M 

obs. calc. 

0.145 

0.560 0.560 

0.848 0.719 

0.846 0.941 

1.44 1.42 

1.66 1.84 

3.56 3.06 

6.26 5.74 

9.90 9.68 

96.5 ± 4.8 

-13.8 ± 10 

b 

of k~?H and k6H shows that they are very similar and hence suggests that the two 

steps (Equations 3.2 and 3.3) have similar rates. If the rate of the second step (Equa

tion 3.3) were rapid as suggested by Grinberg and Korableva [113], there would be an 

efficient chloride release pathway for the second chloride ion in the pH regime where 

cis-[PtCl(OH)(NH3hJ could be generated, for example, in blood plasma (pH = 7.4 

[91]), so the rate of this step could have considerable importance. 

The overall rate of base hydroiysis of cis-DDP (k~H) was also measured quantita

tively in the presence of chloride ions in order to determine the effect, if any, of the 

chloride ions on the reaction. The rate was measured in basic solution (0.01 M NaOH) 

with ionic strength controlled by the addition NaCl (0.09 - 0.99 M, f.L = 0.1 and 1.0 

M). The values of k52H obtained (Tables 3.1 and 3.2) showed that the presence of 

chloride ions did not effect the rate or extent of base hydrolysis of cis-DDP at all, a 

result which gives rise to some speculation as to how cis-DDP behaves in vivo. 

The pH of blood plasma is maintained at about 7.4 [91]. At this pH at least 

some of the administered cis-DDP in the blood stream would be reacting via the base 



3.3. RESULTS AND DISCUSSION. 35 

Table 3.2. Spectrophotometrically determined rate constants (kgH, s-1
) for the hydrolysis of 

cis-[PtCl2(NH3)2] in NaOH solution (ionic strength (it) variation).a 

Temperature Ionic strength variation (NaCl04), [oH-] = 0.01 M 

(°C) (K] it= 0.01 M it= 0.1 M it = 1.0 M 
~--------------~-

calc. b calc. b b obs. obs. obs. 

25.0 [298.2] 0.145 0.164 

35.3 [308.5] 0.560 0.560 0.578 (0.577) c 0.578 0.691 (0.631) c 

45.2 (318.4] 1.66 1.84 1.95 (1.49) c 1.77 2.18 (1.64) c 

55.1 [328.3] 6.26 5.74 4.47 (4.80) c 5.08 4.97 (4.88) c 

t.H;i (kJ mol-1 ) 96.5 ± 4.8 90.0 ± 4.1 80.7±7.3 

l:.S;i ( J K- 1 mol-1 ) -13.8 ± 10 -34.6 ± 8.2 -63.1 ± 14 

Temperature Ionic strength variation (NaCl04), [oH-] = 0.1 M 

(•c) (K] it= 0.1 M Jt = 1.0 M 

obs. calc. b obs. 

25.0 [298.2] 0.329 

35.4 (308.6] 0.908 0.884 0.554 

45.2 (318.4] 2.60 2.10 1.64 

55.3 [328.5] 5.79 4.87 5.02 

t.H;i (kJ mol-1 ) 69.5 ± 8.8 90.3 ± 7.0 

l:.S;i ( J K- 1 mol-1 ) -97.5 ± 18 -34.3 ± 14 

a kb2
H ( obs.) data plus or minus 10%. 

bCalculated from the cited activation parameters. 
eN aCl used to control the ionic strength. 

calc. b 

0.155 

0.535 

1.69 

4.84 

calc. 

0.233 

0.720 

1.93 

5.13 
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hydrolysis pathway, and from these results it can be seen that a chloride ion concen

tration of around 103 mM, as is said to be the concentration present in blood plasma 

[48,92,97), would play no part in the base hydrolysis. That is, as well as inside the 

cell as is commonly thought, the hydrolysis reaction of cis-DDP could occur outside 

the cell in the blood plasma. The pH and chloride ion concentrations are such that, 

in blood plasma, the final products would be a mixture of cis-[Pt(OH)(NH3)2(0H2)]+, 

cis-[PtCl(OH)(NH3)2) and cis-[Pt(OH)2(NH3h). Both the cis-[Pt(OH)2(NH3)2) and 

cis-[PtCl(OH)(NH3h) are relatively inert to substitution but since both are neutral in 

charge, they should therefore be capable passage through the cell wall with the same 

ease as cis-DDP. However, the cis-[Pt(OH)(NH3)2(0H2)]+ or cis-[PtCl(NH3)2(0H2)]+ 

ions would be the active reagents for attack by polar groups in the DNA target 

molecule. The rapid protolytic equilibria between the cis-[PtCl(OH)(NH3)2) and the 

cis- [PtCl(NH3 h ( 0 H2) ]+ would allow facile transport of platinum( II) species to sui table 

DNA sites. Additionally, since the cis-[Pt(OHh(NH3)2) species is thought to be the 

toxic or nausea-initiating substance [97) (the monomeric, dimeric and trimeric hydroxo 

species are all toxic, but the dimeric species especially so [33]) then this may account 

for the rapid nausea felt by patients when cis-DDP is administered. 

The UV absorption spectrum of cis-DDP dissolved in an aqueous NaOH solution 

(0.1 to 1.0 M) changes slowly and smoothly with time, with an isosbestic point at 

276 nm (Figure 3.1). It was observed that this isosbestic point drifted slightly as the 

hydrolysis proceeded, and this suggests that the reaction is biphasic (Equations 3.2 

and 3.3) but with the two steps having similar rate constants. If this is the case, 

reactions 3.2 and 3.3 will have similar isosbestic points. 

From absorbance versus time data, collected at 304, 260 and 236 nm, first-order 

rate constants (k~?H, s-1 ) were calculated according to Equation 2.2. Analysis of the 

data at these three different wavelengths gave the same first-order rate constants with 

there being no evidence for consecutive reactions, which is in agreement with the results 

from the chloride release titration data of Grinberg and Korableva [113). The values 

for k62H obtained using Equation 2.2, over a 35 K temperature range, are shown in 

Tables 3.1 and 3.2. The overall hydrolysis rate constant, k62H, is almost independent 

of the concentration of hydroxide ions, the ionic strength and the background chloride 

ion concentration in the range 0.01 to 1.0 M NaOH. 

The direct measurement of ktm was made using cis-[PtCl(OH)(NH3)2) generated 

from cis-[PtCl(NH3h(OH2)]+, using the method outlined. The chloride release reaction 

can be monitored spectrophotometrically and the development of a sharp isosbestic 

point at 27 4 nm (close to but not identical with the isosbestic point generated in the 

base hydrolysis of cis-DDP) was observed (Figure 3.2). Using the first-order rate law 

(Equation 2.2), values for the rate constant kt>H were calculated over a 35 K temperature 

range at all three wavelengths, and are shown in Table 3.3. These values of kbH are 
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e. ea~L-----1---+---1----+-----1 
22U 245. 

Figure 3.1. Spectrophotometric scans for the base hydrolysis of cis-[PtCh(NH3)2 ]' in 0.01 M NaOH 

at 60.0 °C (2 minute intervals). The absorbance at 300 nm decreases with time and the rather broad 

cross-over area is centred at 276 nm. 
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Figure 3.2. Spectrophotometric scans for the hy.drolysis of cis- [PtCI(OH)(NH3 ) 2 ] in 0.1 M N aOH 

at 60.1 °C (3 minute intervals). The absorbance at 300 nm decreases with time. 

slightly smaller than those obtained for k62H but the activation parameters are similar 

(Table 3.4). Although k62H and k6H are comparable in magnitude (Table 3.5), the 

reaction pathway depicted in Figure 3.3 is still a potential hydrolysis route in regions of 

high pH as k62H and, by inference, kbH are not inhibited by the presence of background 

chloride ions. 

The rate of base hydrolysis of cis-DDP is independent of the hydroxide ion concen

tration, and is much slower than the rate of acid hydrolysis. For platinum(II) complexes, 

there is generally poor correlation between the basicity and general nucleophilic char

acter of reagents and their rates of substitution in the platinum(II) complexes. The 

hydroxide ion, which is such a powerful reagent for organic halides and for cobalt(III) 

ammines is comparatively ineffective towards platinum(II) complexes [133]. However, 

there is close agreement bet:ween the activation parameters for acid hydrolysis (Ta

ble 2. 7) and base hydrolysis (Figure 3.4, Table 3.4), which suggests that water is the 

attacking nucleophile in both situations, an idea also put forward by Grinberg et al. 

[113]. It is postulated that the observation that base hydrolysis is about three times 

slower than acid hydrolysis at all temperatures could be due to the stabilisation of the 

transition state of the reaction, according to Figure 3.5. 

Water and hydroxide ions have much the same nucleophilicity (the degree of attrac

tion of a group towards a positively charged centre), that is, both water and hydroxide 
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fast (?) 

cis-PtCI(NH3h(OH2)+ + Cl. 

H pKa == 6.3 

cis-PtCI(OH)(NH 3)2 

Figure 3.3. Potential hydrolysis route of cis- [PtCb(NH3 )2 ] in regions of high pH. 
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Table 3.3. Spectrophotometrically determined rate constants (k6H) for the hydrolysis reaction of 

cis-[PtCl(OH)(NH3)2 ] (Equation 3.3) (1-' = 0.1 M, NaOH). 

Temperature 105 X k6H (s-l) 

(oC) [K) obs. calc. a 

25.0 [298.2) 1.43 

35.2 (308.4) 4.27 ± 0.01 4.37 

39.8 [313.0) 7.54 ± 0.12 7.06 

45.1 [318.3) 11.3 ± 0,02 12.1 

50.1 (323.3) 20.7 ± 0.81 19.7 

54.9 [328.1) 30.3 ± 0.08 31.0 

60.2 (333.4) 52.0 ± 0.06 50.6 

acalculated from the activation parameters: Ea = 86.8 ± 5.2 kJ mol-1 , lg PZ = 10.3595, 6S;< = 
-55± 10 J K-1 mol-1 

Table 3.4. Activation parameters for the base hydrolysis of cis- [PtCb (NH3 )2 ] at 298.2 K. a 

{I 10• kb2H(calc.) Ea 6H;< 6S;< 

(M) (s-1 ) (kJmol-1 ) (kJmol-1 ) (JK-1 mol-1 ) 

0.01 0.145 99.4±4.8 97.0±4.8 -12±10 

0.10 b 0.190 86.8±3.8 84.4±3.8 -52±8 

l.Oc 0.216 86.0±5.1 83.5±5.1 -54±10 

0.10 d 0.143 86.8±5.2 84.3±5.2 -55±10 

ak62H independent of [oH-] and [ct-] in the range 0.01 to 1.0 M. 
bAll data at {I = 0.1 M (N aCl04) combined. 
cAll data at {I= 1.0 M (NaCl04) combined. 
dk6Hdata (Table 3.3). 
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3.3. RESULTS AND DISCUSSION. 

Table 3.5. Relative chloride release labilities for cis- [PtCh (NH3 )2] and its hydrolysis products. a 

Complex 

cis- (PtCh (NH3 )2 ] 

cis- (PtCh(NH3)2j 
cis- [PtCl(NH3)2 (OH2)] + 
cis- [PtCl(OH)(NH3)2] 

Chloride release rate constant (25 °C) Rate ratio relative to 

cis-[PtCl2(NH3)2 ] in base 

kb2H = 2.41 X 10-5 s-1 1.0 

k1 = 6.32 x 10-5 s-1 2.6 

k2 = 2.5 x 10-5 s-1 b 1.03 

k~lH = 1.43 X 10-5 s-1 0.6 

41 

asuch a comparison should be treated with caution as these rate ratios will only be valid if the 

activation parameters associated with the chloride release rate constants are similar. If they are not, 

the relative order of reactivity could easily change with temperature. 
bThe extent to which this complex will aquate is highly chloride ion dependent (see Table 3.8). 

ACID 
products 

BASE 
----- products 

Figure 3.5. Possible stabilisation of the transition state in the base hydrolysis of cis- ( PtCh (NH3)2 ]. 
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ions are relatively poor nucleophiles towards platinum(II) [134]. This is thought to show 

how important 11'-bonding is in the stabilisation of the five-coordinate transition state 

as shown in Figure 3.5. The hydroxide ion cannot accomodate d-orbital electrons from 

the platinum. In fact, the interaction of the filled p-orbitals of the hydroxide ion and 

the filled d-orbitals of the metal is expected to be one of repulsion, which may account 

for the low reactivity of the hydroxide ions towards platinum(II) [133]. Another trend 

is to relate reactivity with the degree of softness or 'polarizability' of the nucleophile 

[135]. A 'soft' acid has a large size, small charge and has valence electrons which are 

easily distorted or removed (that is, it is easily polarized); similarly a 'soft' base is one 

which is easily polarized. According to the principle of Hard and Soft Acids and Bases 

[136], hard acids prefer to coordinate to hard bases and soft acids prefer to coordinate 

with soft bases. It is to be expected then that platinum(II), a soft acid, should react 

rapidly with soft bases. However, the hydroxide ion is defined as a 'hard' nucleophile 

and would therefore be more effective towards a 'hard' substrate, therefore reaction be

tween the two is not expected to be rapid. The polarizability of the nucleophile makes 

a large contribution to its reactivity towards the class (b) metal of the platinum(II) 

complexes. 

The base hydrolysis of cis-DDP to give cis-[Pt(OHh(NH3)2] and two free chloride 

ions as products is an irreversible reaction and this gives access to the reaction chem

istry of the cis-[Pt(NH3)2(0H2)2]2+ species as it is rapidly generated on acidification 

of the cis-[Pt(OHh(NH3hl· Subsequently, the cis-[Pt(NH3h(OH2h]2+ anates slowly 

(complete in hours at room temperature) with the background chloride ions present 

to give an equilibrium mixture of cis-[PtCl(NH3)2(0H2)]+ and cis-[Pt(NH3h(OH2)2]2+ 

plus chloride ions. The composition of this equilibrium mixture can be determined spec

trophotometrically to give J(2 (Equation 1.2). The UV absorption spectra of cis-DDP, 

cis-[PtCl(NH3h(OH2)]+ and cis-[Pt(NH3)2(0H2hl2+ in 1.0 M HCl04 are shown in 

Figure 3.6. 

The molar absorptivity coefficients of these three species were determined using 

UV spectroscopy, from weighed samples of cis-DDP, from using chromatographic tech

niques to isolate cis-[PtCl(NH3)2(0H2)]+ (Chapter 2) and from using base hydrolysis 

of cis-DDP followed by acidification to generate cis-[Pt(NH3)2(0H2h]2+. Internal con

straints are enforced on the system by the positions and intensities of the isosbestic 

points generated in the acid hydrolysis and anation reactions of cis-DDPand its hydrol

ysis products. The data represented by Figure 3.6 are given in Table 3.6. 

In order to obtain the equilibrium constant ](2 , the UV absorption spectra of the 

equilibrium mixtures of cis-[PtCl(NH3)2(0H2)]+, cis-[Pt(NH3h(OH2hl2+ and chloride 

ions generated above, had to be analysed. The starting point is Beer's Law 

A= Eel (3.4) 
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Figure 3.6. The UV absorption spectra (340- 220 nm) of the species cis-[PtCb(NHJh] (-- -), 

cis-[PtCl(NH3)2(0H2)j+ (--)and cis-[Pt(NH3)2(0H2)2j
2+ (+++)in HCl04 solution. 

Table 3.6. Molar absorptivity coefficients (f) for cis- [PtCb(NHJ)2] and its hydrolysis products in 

aqueous solution at room temperature. a 

Complex Solvent 

cis-[PtCb(NHJ)2jb c 

cis- [PtCl(NHJ)2 (OH2) j + 

cis- [Pt(NHJ)2(0H2)2 ]2+ 

cis- [PtCl(OH)(NHJ )2 ] 

cis- [Pt(OH)2(NHJ )2] 

0.9% NaCl 

1M HCl04 

1M HCl04 

pH= 2 a 

0.1 M NaOH 

0.1 M NaOHe 

-X max 

301(131) 

263(113) 

253(128) 

"' 255("" 145) 

246(27) 

242(59) 

231(79) 

267(150) 257(146) 

320(27) ,304(34),295( 45) '270( 100),245( 490) 

alsosbestic points associated with Equation 1.1 are 280(103) and 240(61) nm and those associated 

with Equation 1.2 are 267(111) and 235(84) nm at p. = 1.0 M (NaCl, HCl04). 
bReference (137]. 
cThere is a marked shoulder at about 280 nm in the UV spectrum of this complex (Figure 3.6). 
dExtrapolated from Figure 1 of Reference (138]. 
eThis complex has only a continuous absorbance, increasing with wavelength in the 350 to 230 nm 

region (Figure 3.1). 
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where A is the absorbance, f. is the molar absorptivity, c is the concentration and l 

is the path length of the cell (1.00 em in this case). For an equilibrium mixture such 

as we have here, the absorbance obtained will be due to a combination of the species 

present in solution, that is 

(3.5) 

where Ae(A) is the absorbance of the equilibrium mixture at any wavelength (A), 

f.DA(A) and f.CA(A) are the molar absorptivities of the cis-[Pt(NHa)2(0H2)2]2+ and 

cis-[PtCl(NHa)2(0H2)]+ species respectively, at that wavelength. The equilibrium 

concentrations of the cis-[Pt(NH3 ) 2(0H2)2]2+ and cis-[PtCl(NHa)2(0H2)]+ species are 

represented respectively by CDA and ccA· Equation 3.5 combined with Equations 3.6 

and 3.7 

CDA + CCA 

2(Ptjt- CCA 

are sufficient to calculate J( 2 at any wavelength as 

(3.6) 

(3.7) 

](
2 

= CDA[Cl-]e (3.S) 
CCA 

and the Ae(A), f.DA(A), f.CA(A) and [Pt]t are known. This method becomes unreliable 

in regions where fDA(A) f'V f.cA(A), that is, close to isosbestic points. 

Pairs of Ae(A) data are required to calculate K2, where f.DA(A) is approximately 

equal to f.cA(A) (Figure 3.6). Using Equation 3.5 as a basis, a pair of simultaneous 

equations is obtained. 

fDA(A1)cDA + f.CA(A1)ccA 

f.DA(A2)CDA + f.cA(A2)ccA 

(3.9) 

(3.10) 

Using the constraint that f.cA(A1) = f.CA(A2), these simultaneous equations rear

range to give 

(3.11) 

or 

Ae(A1)- Ae(A2) 
CDA = 

· f.DA(A1)- f.DA(A2) 
(3.12) 

and since Ae(A1), Ae(A2), f.DA(A1) and f.DA(A2) are all known, CDA can be calculated. 

Since (Pt]t is also known, Equation 3.6 can be used to calculate ccA and then Equa

tion 3.7 to calculate [Cl-Je· Thus values for CDA, ccA and [Cl-Je can be inserted into 
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Table 3.7. Estimates of k2, k-2 and K2, the rate and equilibrium constants associated with the second 

step of the acid hydrolysis of cis-[PtCh(NH3)2] (Equation 1.2) at 25.0 •c. 
Solvent L2 k2 K2 Reference 

(M-1 s-1) (s-1) 

H20 3.3 X 10-5 4 X 10-5 (78] 

H20 1.11 X 10-4 [112] 

H20 2.5 X 10-5 (139] 

1.0 M HCl04 9.1 X 10-2 2.5 x lo-s 2.7xl0-4 this research 

? 8.9 x 1o-2 (130] 

Table 3.8. Equilibrium concentrations (mM) of cis-[PtCI(OH)(NH3)2], cis-[Pt(NH3h(OH2)2 ]2+ and 

Cl- in aqueous HC104 at 25 •c using K2 = 2. 7 X 10-4 . 

Initial concentration (mM) 

cis- [PtCl(NH3)2 (OH2)] + 
100 

10 

1 

0.1 

0.01 

Equlibrium concentrations (rnM) 

95 (95) a 5 

8.5 (85) 1.5 

0.6 (60) 0.4 

0.022 (22) O.D78 

0.0003 (3) 0.0097 

aNumbers in parentheses are the percentage of cis-[PtCI(NH3)2(0H2)]+ 'undissociated' at equilib

rium. 

Equation 3.8 to yield a value for K 2 • This procedure using simultaneous equations is 

less reliant on the instrument zero. 

Previous estimates of J( 2 obtained in water [78,112] are similar to the values ob

tained for K2, k_ 2 and k2 from this work (Table 3.7). A value of K 2 = 2.7 X 10-4 

(J-L = 1.0 M) for the equilibrium constant associated with Equation 1.2 puts consider

able restraint on the extent to which the reaction proceeds. The data in Table 3.8 shows 

that a solution of 1.0 X 10-3 M cis-[PtCl(NH3)2(0H2)]+ will aquate only to the extent 

of about 40% completion before equilibrium is reached. In the presence of additional 

chloride ions, the extent of reaction will be even smaller. Accurate spectrophotometric 

measurement of k2 could not be made despite being able to produce chloride ion free 

solutions of cis-[PtCl(NH3)2(0H2)]+ (Chapter 2) because of the small spectrophoto

metric changes associated with the incomplete chloride release in the reaction. 

In principle, the spectrophotometric changes with time or the change in free chlo

ride ion concentration with time data for the acidified cis-[Pt(OH)2(NH3)2] plus two 

free chloride ions, could be analysed using second-order equations for the reaction sys

tem [121], to give the anation rate constant (k_ 2). It was preferred however, that 

k-2 be determined under pseudo-first-order conditions, by deliberate addition of extra 

chloride ions (the concentration of which was always greater than ten times that of 

the initial platinum(II) species concentration) on acidification of cis-[Pt(OH)2(NH3hl· 

Under these conditions the subsequent reaction proceeded in two steps (the reverse of 



46 CHAPTER 3. KINETICS OF CIS..DIAMMINEDI(AQUA)PLATINUM(II) CATION. 

16 

8 

4 

o.o4 [cr-].M 0.08 0.12 

Figure 3.7. Plots of kob• versus (cl-] for the chloride anation reaction of cis-(Pt(NH3)2 (0H2 ) 2 ]
2+ 

(L2) (Equation 1.2), at temperatures (reading upwards) 10.5, 14.9, 19.7, 25.0 and 30.0 °C. 

Equations 1.1 and 1.2) with cis-[PtCl2(NHahl being the final product at high chloride 

ion concentrations. 

The rate constants of the first step of the reversal ( k_ 2 in Equation 1.2) was de

termined spectrophotometrically by monitoring the reaction at the isosbestic points at 

240 and 280 nm for the second step of the anation (the isosbestic points of the k_ 1 

reaction, Figure 2.2). By monitoring the reaction at these points, any contribution to 

the absorbance data from the second reaction (k_ 1) is removed. Values for kobs (s-1 ) 

(Table 3.9) were calculated from the absorbance versus time data at these wavelengths 

over a 20 K temperature range, and plots of kobs versus (Cl-) were linear (Figure 3.7). 

From values of kobs, using Equation 2.1, values of L2 (M- 1 s-1 ) were calculated (Ta

ble 3.9). While this work was in progress, a value of k_ 2 = 8.9 X 10-2 M- 1 s-1 at 

25 °C was reported in the literature [130] but the ionic strength was unspecified. This 

literature value is in good agreement with the value of k_ 2 = 9.1 x 10-1 M-1 s-1 at 

25 o C and J.L = 1.0 M, obtain~d from the work presented here . 

. Knowledge of values of ](2 and k_ 2 at the same temperature and ionic strength 

conditions means that an estimate of k2 , the rate constant associated with the forward 

reaction of Equation 1.2, can be made. Substitution of the known values of ](2 and 

k-2 into Equation 2.11 gives a value of k2 = 2.5 X 10-5 s-1 at 25 °C, J.L = 1.0 M. 

This value agrees with one value of k2 in the literature (139) and is the same order of 

magnitude as another reported value (78) (Table 3.7). In comparison with the value 

of k1 = 6.3 X 10-5 s- 1 at 25 °C (Chapter 2), it can be seen that k2 is approximately 
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Table 3.9. Spectrophotometrically determined chloride anation rate constants (k-2 ) for the anation 

reaction of cis-[Pt(NH3)2(0H2)2 ]
2+ (Equation 1.2) at 11- = 1.0 M (HC104 ).abc 

[el-L d 10.5 •c [283.7 K) 14.9 •c [288.1 KJ 19.7 •c [293.o KJ 

103 
X kob• 102 X k-2 e 103 

X kob• 102 X k-2 e 103 
X kob• 102 X k-2 e 

(M) (s-1) (M-1 s-1) (s-1) (M-1 s-1) (s-1) (M-ls-1) 

0.04 0.871±0.13 2.18±0.31 1.37±0.13 3.43±0.33 2.28±0.29 5.70±0.72 

0.05 1.07±0.08 2.14±0.16 1.45±0.31 2.90±0.62 2.78±0.22 5.56±0.44 

0.06 1.11±0.16 1.85±0.23 1.82±0.21 3.03±0.35 3.28±0.56 5.47±0.94 

0.08 1.43±0.16 1.79±0.20 2.50±0.64 3.13±0.80 4.73±0.91 5.91±1.14 

0.10 2.08±0.34 2.08±0.34 3.13±0.72 3.13±0.72 6.19±0.89 6.19±0.89 

Mean 2.00±0.16 Mean 3.18±0.23 Mean 5.82±0.29 

Calc. f 2.03 Calc. f 3.25 Calc. f 5.40 

[cl-]/ 25.o •c (298.2 KJ 3o.o •c [303.2 KJ 

103 
X kob• 102 X k-2 e 103 

X kob• 102 X k-2 e 

(s-1) (M-1 s-1) (s-1) (M-1 s-1) 

0.04 3.57±0.45 8.93±1.15 6.14±0.46 15.4±1.15 

0.05 4.50±0.30 9.00±0.60 7.17±1.02 14.3±2.04 

0.06 6.34±0.22 10.6±0.37 8.46±1.19 14.1±1.99 

0.08 7.33±0.91 9.16±1.14 12.1±1.78 15.1±2.22 

0.10 9.34±1.32 9.34±1.32 13.9±0.89 13.9±0.89 

Mean 9.28±0.70 Mean 14.4±0.60 

Calc. f 9.09 Calc. f 14.3 

aReaction monitored at 240 and 280 nm as these are the isosbestic points for the k_1 reaction. 
bThe concentration of the cis- [Pt(NH3)2(0H2)2] 2+ is,... 1.6 X 10-3 M. 
clonic strength adjusted to 1.0 Musing NaCl and HCl04. 
dlnitial [C1-]10x ~ [Pt) initial. 
ecalculated from Equation 3.1 
f Calculated from the activation parameters: Ea = 72.75 ± 1.2 kJ rnol-1, 6.S¢ -29.2 ± 2.4 

J K-1 mol-1 and logPZ = 11.7034, i.e. k_2 = 5.051 x 1011 exp (-72.7 x 103/RT). 
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Table 3.10. Rate data for the loss of the first chloro ligand in the acid hydrolysis of some chloroam-

mineplatinum{II~ complexes at 25 °C. 

Complex Solvent 105 X k Reference 

(s-1) 

PtCl42- H20 3.9 (36] 

PtCh(NHa)- a H20 5.6 (36] 

cis- [PtCh (NHa)2] H20 2.5 (36] 

1M HCl04 6.3 Chapter 2 

trans- [PtCb(NHa )2] H20 9.8 [36] 

PtCl(NHa)3 + H20 2.6 [36] 

cis- [PtCl(NHa)2(0H2)] + 1M HCl04 2.5 This Chapter 

PtCb(en) H20 3.4 (140] 

PtCl(en)(OH2)+ H20 4.4 (140] 

a Replacement of cis chloro ligand. 

two and a half times smaller than k1, the rate constant associated with the forward 

reaction of Equation 1.1. 

The variation of acid hydrolysis rate with charge is quite marked with cobalt(III) 

and chromium(III) complexes, for example, the rate constants for the loss of the first 

chloroligand from cis- [CoCl(en) 2 (NH3)]2+ and cis- [CoCh(en) 2 ]+ are, respectively, 

6.7x 10-6 s-1 and 2.5x 10-4 s-1 , at 25 °C and pH= 1 (37). However this is not the case 

for platinum(II) complexes (Table 3.10), where the rate constants for some platinum(II) 

complexes having different charges are shown. In this series of complexes, the charges 

on the reactant platinum(II) complexes go from -2 to +1 and yet the rate constants 

change by only a factor of about three, which is quite a small effect. The breaking 

of a Pt-Cl bond should become more difficult as the charge on the complex becomes 

more positive, however, the formation of a new bond should become more favourable. 

The small effect of charge of the complex on the reaction rate suggests that both bond 

making and bond breaking are important, as is characteristic in an Ia process [134). 

Thus, this lack of variation between rate constant and charge is used as evidence for 

an associative mechanism operating in the aquation reactions of platinum(II) systems 

[36,37 ,125). 

3.4 Conclusions. 

The rate and equilibrium data for the cis-[PtCh(NH3)2) system and its hydrol

ysis products are summarised in Figure 3.4. This reaction scheme would be com

plete if the equilibrium constant !(3 for the reaction of cis-[PtCl(OH)(NH3) 2] to give 

cis-[Pt(OH)(NH3)2(0H2 )]+ plus chloride ions was known. Later on in this thesis this 

question is addressed (Chapter 5). 

An important feature to note from this work is that although the rate constants k1 
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(Chapter 2) and k2 have similar values (same order of magnitude), the acid hydrolysis 

of cis-DDP is unlikely to proceed beyond cis-[PtCl(NH3)2(0H2 )]+. The presence of 

released background chloride ions and a small value of K 2 means that appreciable 

amounts of the cis-[Pt(NH3)2(0H2 ) 2]2+ species cannot be formed. In the absence of 

background chloride ions, the acid hydrolysis of 1 X 10-3 M cis-[PtCl(NH3)2 (0H2 )]+ 

will only proceed to about 40% completion (Table 3.8). 

The situation is quite different for the base hydrolysis of cis-DDP since there is 

no competing equilibrium, so complete chloride release occurs even in the presence of 

excess chloride ions, and cis-[Pt(OH)2(NH3)2] is the stable end product. 

At this stage the hydrolysis product responsible for the antitumour activity of 

cis-DDP in vivo cannot conclusively be identified. The most abundant hydrolysis prod

uct in vivo may not be the most reactive and there is also the possibility of 'substrate 

milking' of the equilibrium systems shown in Figure 3.4 to complicate things further. 

This 'substrate milking' could drive the reaction to completion via an hydrolysis prod

uct present in only very small concentrations. 

Base hydrolysis of cis-DDP in blood plasma, which has a pH of 7.4 [91], could be 

a real possibility. The equilibrium end products would then be approximately 50% 

cis-[Pt(OHh(NH3h] and 50% cis-[PtCl(OH)(NH3)2 ]. Therefore, currently accepted 

mechanisms of action of cis-DDP in vivo, where cis-DDP remains unchanged in blood 

plasma due to high chloride ion concentration preventing hydrolysis, could well be 

invalid if the pH is high enough to allow base hydrolysis to occur. Experiments designed 

to probe these aspects of the hydrolysis reaction are described in Chapter 4. 
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CHAPTER 4 

HYDROLYSIS KINETICS AT PHYSIOLOGICAL pH. 

4.1 Introduction. 

The hydrolysis kinetics of cis-DDP have been measured in both acidic (Equa

tions 1.1 and 1.2 and Chapter 2) and basic media (Equations 3.2 and 3.3, Chapter 3), 

that is, at both extremes of the pH scale. 

In acidic solution an equilibrium is established (Equation 1.1 ), but because of the 

small equilibrium constant, ](2 , associated with Equation 1.2, the reaction does not pro

ceed further to Equation 1.2 to produce significant amounts of cis-[Pt(NH3 ) 2(0H2 ) 2 ]
2+. 

Another important feature is that the extent of acid hydrolysis in Equations 1.1 and 1.2 

is dependent on the amount of chloride ion present. In basic solution however, irre

versible hydrolysis occurs (Equations 3.2 and 3.3) and both chloro ligands are lost. Base 

hydrolysis also proceeds to completion independent of the chloride ion concentration 

present (Chapter 3). 

However, what happens in between these two extremes of pH, and when, was un

known so it was decided to investigate the pH - rate profile of cis-DDP in between the 

extremes, that is, in the pH range 4 to 9. Initially buffers were looked at as a means of 

controlling pH but due to interactions of the buffers with the platinum(II) hydrolysis 

products, the use of a pH-stat in combination with the UV- visible spectrophotometer 

was considered to be a more useful technique. 

4.2 Experimental. 

4.2.1 Measurements of Rate Constants at Constant pH. 

A total of 50 mg of solid cis-DDP was dissolved in approximately 5 ml of dimethyl

formamide (DMF) solvent, and this solution was added to 70 ml of 0.2 M N aCl04 

(NaC10 4 ; NaCl, J-t = 0.2 M when studies on the effect of chloride ions on rate were 

carried out). The N aC104 solution was placed in the temperature controlled ( 45.0 ± 0.1 

°C) reaction vessel of the Radiometer pH-stat (TTTlc) (coupled to a Radiometer Titri

graph (SBR2) ), a double walled glass vessel thermostatically controlled by circulating 

water from a water bath containing a pump/heater unit and a refrigeration unit, and 
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the solution was peristaltically pumped (100 ml per minute) through a 2.00 em quartz, 

flow-through spectrophotometer cell in the cell compartment of the Varian spectropho

tometer. The glass (G202c) and calomel (TS-1) electrodes were standardised with 0.01 

M disodium tetraborate ('borax'), Na2B4 0 7 .10H20 (at T = 45 °C, the pH of 0.01 M 

borax solution is 9.038). 

The electrodes were placed in the reactant solution and the pH adjusted to just 

above the set pH by the addition of dilute acid or base. As the hydrolysis proceeded, 

above pH = 5, the pH dropped and when the set pH was reached, the pH~stat system 

was activated by the automatic addition of 0.05 M NaOH solution from a syringe 

through a stainless steel needle. When constant pH was satisfactorily maintained, 

the repeat scan/fixed wavelength modes of the spectrophotometer were activated to 

monitor the absorbance changes with time associated with the subsequent reactions. 

The experimental set-up used is shown schematically in Figure 4.1. 

The concentrations of the solutions used were such that 6.66 ml of 0.05 M NaOH 

was required if two moles of hydroxide ions were used per mole of platinum(II). Thus, 

the proportion of N aOH uptake and the rate of change in absorbance with time were 

measured simultaneously. Preliminary control experiments showed that the system 

behaved identically if the DMF was not present. 

When each kinetic run was completed, 0.877 g of solid NaCl was added to the re

action solution to give a chloride ion concentration of 0.2 M. The solid NaCl dissolved 

quickly in the solution as the reaction vessel contained a magnetic flea and was posi

tioned on top of a magnetic stirrer. The repeat scan function of the spectrophotometer 

was then reactivated and the absorbance changes associated with the subsequent re

action were recorded. Constant pH was maintained by the periodic, manual addition 

of 0.1 M HC10 4 • Under these conditions, any aquo ligands coordinated to the plat

inum(II) were rapidly replaced by the chloride ions. The results are summarised in 

Table 4.1. 

4.2.2 Use of the pH-stat. 

The chart recorder is set up first with the pen returned to the zero line on the chart 

paper. The cable to the automatic titrator (which operates the syringe containing 

the NaOH solution) itself is uncoupled and then the chart recorder is switched off. 

Preparation of the reaction vessel first involves standardisation of the pH meter of the 

pH-stat using the 0.01 M borax solution at the temperature that the reaction will be 

carried out at. After standardisation, the electrodes and reaction vessel are washed 

with distilled water. 

The required volume of solution is placed in the reaction vessel and left to equilibrate 

at the desired temperature. The magnetic flea and electrodes are then placed in the 

reaction vessel and the magnetic stirrer switched on. The pH meter of the pH-stat is 
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Figure 4.1. Equipment layout for the spectrophotometer - pH-stat combination. 
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switched to 'read'. The syringe, tubing and needle are filled with the NaOH solution 

using the three-way tap and burette drive. All air bubbles in the system should be 

eliminated. The three-way tap is then closed to allow the NaOH solution into the 

needle. Some N aOH solution is added to the reaction vessel manually until the set pH 

is reached. The cable from the chart recorder to the automatic titrator's burette drive 

is then reconnected. 

On the pH meter, the proportional band is switched to the left-hand side approxi

mately 0.2 units and the pH meter is switched to 'upscale'. The reagent is then added 

to the reaction vessel. At the first 'click' of the pH-stat, the chart-recorder is switched 

on and then the repeat scan mode of the spectrophotometer is activated for the simulta

neous recording of UV spectra. The pH-stat should be clicking steadily with hydroxide 

ion addition occurring regularly. As the reaction slows, the amount of N aOH added at 

each click is decreased by increasing the proportional band switch. 

4.2.3 Use of Buffers to Control pH. 

Buffer solutions of concentration 0.1 M were prepared, using the buffers MES (pH 

= 6.2), HEPES (pH = 8.0, 7.4, 7.2), BICINE (pH = 8.0, 7.4) and TRIS (pH = 6.4, 

6.9, 7.4, 7.9 and 8.4). The ionic strength (J-L = 0.1 M) was controlled by the addition of 

either NaC104 or NaCl or, in the case ofHEPES, varying amounts of both (but ll = 0.1 

M). For TRIS, the final concentration of buffer was 0.05 M with HCl04 or HCl added 

to obtain the desired pH, and the ionic strength was uncontrolled. 

Approximately 2.5 to 3 ml of buffer solution was placed in 1.00 em quartz sample 

and reference cells and left to thermally equilibrate in the jacketed, heated cell-holder 

inside the cell compartment of the spectrophotometer. A small amount of solid cis-DDP 

( rv 3 mg) was added to the sample cell and, on dissolution, the repeat scan mode of 

the spectrophotometer was activated to monitor the subsequent reaction. 

In order to check whether the buffer had coordinated to the hydrolysis products, 

on completion of a kinetic run, the contents of the sample cell were acidified with 

approximately one ml of 6 M HCl. The spectral changes due to the subsequent reaction 

were also monitored using the repeat scan mode of the spectrophotometer. 

4.3 Results and Discussion. 

The generally accepted model for the interaction of cis-DDP with the target DNA 

molecule in vivo, is based on rate constant, equilibrium constant and hydrolysis data 

obtained in the pH region 0 to 6.5 (Chapter 2) [30,78,98,99,100,101,102,103,104,105,106] 

[107,108,109,110,111,112,113,116]. This mechanism is dominated also by the chloride 

ion dependent equilibria inherent in Equations 1.1 and 1.2. 

The model is as follows [30]. The cis-DDP, stabilised in saline solution, enters 
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the blood stream while high hydration therapy is proceeding (Chapter 1) [23,24]. The 

relatively high chloride ion concentration in blood plasma ("' 103 mM [48,92,97]) pre

vents loss of the chloride ligands in hydrolysis and the neutral cis-DDP molecule passes 

through the cell wall. Once inside the cell, hydrolysis proceeds according to Equa

tion 1.1 since the background chloride ion concentration inside the cell is only "' 4 

mM [97]. The species cis-[PtCl(NH3)2(0H2)]+ is thought to be the most likely labile 

complex for donor groups in the DNA target molecule, but many workers investigat

ing these systems have used cis-[Pt(NH3h(OH2)2]2+ as the labile platinum(II) species 

[103,111,128,139,141,142,143,144,145,146]. However, there is also recent evidence for 

direct attack on the cis-DDP itself by guanosine 5'-monophosphate (GMP) [147] al

though such changes had been observed previously and interpreted differently [111]. 

Fewer studies had been made on the base hydrolysis of cis-DDP at pH greater 

than 9. Under these conditions both chloride ligands are irreversibly lost (Chapter 3, 

Equations 3.2 and 3.3) [98,100,108,113], and the rate was found to be independent of 

the background chloride ion concentration, the hydroxide ion concentration or the ionic 

strength (Chapter 3). If base hydrolysis of cis-DDP occurred at the physiological pH of 

7.4 (the pH of blood plasma [91]), then the entirely different mechanism for the cis-DDP 

- DNA interaction proposed in Chapter 3 could occur. Evidence for this alternative 

model requires measurements of the rates and extent of hydrolysis in the pH region 4.5 

to 8.5, both in the pr~sence and absence of added chloride ions. This sort of work had 

not been attempted prior to this thesis, and was not a trivial exercise as there were a 

number of complicating features. 

The use of buffers is the conventional technique for controlling pH in the region 6.5 

to 8.0 [91], but many buffers contain nitrogen, sulphur or oxygen groups and these are 

potential donor atoms for the platinum(II) centre. If the buffer compounds are acting 

as nucleophiles [90], they could be markedly affecting the reaction kinetics [102,103] and 

the buffer substrate will be coordinated to the platinum(II) at the end of the reaction. 

From the work with buffers it was found that reversing the hydrolysis reaction car

ried out in the buffers with 6 M HCl, all the buffers used, especially TRIS, had some 

sort of interaction with the platinum(II) hydrolysis products present. In retrospect it is 

thought that the addition of NaCl to the system to anate any cis-[PtCl(NH3)2(0H2)]+ 

or cis-[Pt(NH3)2(0H2)2]2+ species present back to the cis-[PtCb(NH3)2] would have 

been preferable. As cis-[PtCl(NH3)2(0H2)]+ is removed from the equilibrium system 

to give cis-[PtCl2(NH3)2], the equilibrium shifts from the cis-[PtCl(OH)(NH3) 2] to the 

cis-[PtCl(NH3h(OH2 )]+ to give more of the cis-[PtCl(NH3)2(0H2)]+. Also present 

could be the species platinum(II)Cl-Nu where Nu is the buffer nucleophile species 

present. 

Using such a high hydrogen ion concentration as was used here leads to uncertainties 

in what could be happening. For example, any stable hydroxo species of platinum(II) 
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would be protonated and could thus react with the chloride ions present, but also the 

platinum(II)Cl-Nu species, if present, could be broken apart. However, from this work 

there was enough evidence to suggest that the buffer nucleophiles did bind to some 

platinum(II) hydrolysis products. In the case of TRIS, addition of 6 M HCl showed 

that the TRIS was binding to the platinum(II) species as the reversed reaction did not 

completely give cis-DDP as a final product. 

The reverse reactions in HEPES and MES buffers gave an initial spectrum showing 

some cis-DDP present initially but the subsequent repeat scan spectra showed a slow 

accumulation of cis-DDP, indicating that something, most likely the platinum(II)Cl

Nu species, was slowly releasing an aqua species, most likely cis-[PtCl(NH3)2 (0H2)]+, 

which was then reacting with the chloride ions present to give the cis-DDP. The forward 

reaction that took place in the BICINE buffer system was not reversed as this was not 

thought to be worthwhile since the forward reaction had a very untidy set of repeat 

scan UV spectra associated with it. Thus the results indicated that the buffer systems 

tried were interacting with the platinum(II) products (Equation 4.1 ). 

cis-[PtCl(OH)(NH3)z] + H+ 

ll 
cis-[PtCl(OHz)(NH3)2]+ + Cl

l +Nu

cis-[PtCl(N u)(NH3)z] 
( 4.1) 

A method of controlling the pH of a reaction proceeding with a pH change, that 

does not involve the use of buffers is to use a pH-stat [148,149]. For reactions proceeding 

with consumption of hydroxide ions it is an excellent technique because the hydroxide 

ion is the only nucleophile present apart from the electrolytes added to control the ionic 

strength of the system. Thus the pH-stat measures hydroxide ion uptake with time. 

However, there are disadvantages to using a pH-stat. Firstly, the set pH must be greater 

than the pJ( a for the hydroxofaquo equilibrium of the product [118,150]. If the set pH 

is close to the pK a of the coordinated water molecule (for example, pK a = 5.93 [151]), 

the hydroxide ion uptake will cease due to the acid - base properties of the coordinated 

hydroxide ion. Secondly, the conversion of pH to hydroxide ion concentration is sub

ject to the inclusion of non-specific parameters, for example, Na+ corrections [118], and 

finally, the only measureable parameter is the rate of hydroxide ion uptake and con

sequently the nature of the products can be misinterpreted. This latter disadvantage 

can be overcome to a considerable extent by simultaneously recording the changes in 

absorption spectra while maintaining a constant pH [152,153]. Thus this combination 
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of techniques gives both the absorption changes and the extent of hydroxide ion uptake 

with time, at the same time, under non-buffered, constant pH conditions and was the 

method employed for this work. 

Another problem was one of product identification. The hydrolysis products of 

cis-DDP are known to form [Pt(NH3h(OH)J;+, the dimer [79] and [Pt(NH3 ) 2 (0H)]~+, 
the trimer [81,83]. Suggestions have been made that these oligomers are responsible for 

the toxic properties of cis-DDP [154,155]. The absorption spectra of these oligomers 

have been reported [88,89] but the data are not in agreement, possibly due to a typo

graphical error in the literature, and definitive spectral information is not readily avail

able (apart from 195Pt NMR data [87,97,156]). Some values for the molar absorptivi

ties for these hydroxo species of cis-DDP have been reported. For cis-[Pt(OHh(NH3)2], 

f330 ~ 25 M- 1 cm-1 (Chapter 3); for cis-[Pt(OH)(NH3)2(0H2)]+, f33o ~ 48 M- 1 cm-1 

[88]; for cis-[Pt(OH)(NH3hJ;+, f330 ~ 75 M-1 cm-1 [89] and for cis-[Pt(OH)(NH3 ) 2 ]~+, 
E330 ~ 150 M- 1 cm-1 [89] or 14 M- 1 cm-1 [88] (possible typographical error here). 

However, polymers of this type are more likely to be formed in concentrated so

lution as the rate of formation is proportional to the square of the monomer con

centration [97]. From the work presented here, no evidence was found to show that 

species with high molar absorptivity coefficients ( E330) were present in these studies 

using the pH-stat and spectrophotometer, and the product formed from cis-DDP in al

kali ( cis-[Pt(0Hh(NH3h] in 0.01 M NaOH Chapter 3) passed quantitatively through 

a cation exchange column in the Na+ form, as expected for an uncharged species. 

Spectral changes reported for cis-[Pt(NH3)2(0H2hJ2+ in the region pH = 4 to 5, 

in the presence of buffers have previously been attributed to formation of the dimer 

cis-[Pt( OH)(NH3)2J;+. However, the observed rate constants were independent of pH 

and any changes in rate with change in the buffer medium were attributed to ionic 

strength differences [89], as the reaction of cis-[Pt(NH3h(OH2hJ2+ plus buffer nu

cleophile was not considered to be a kinetically important event [90]. Therefore the 

belief that the observed spectral changes are entirely due to dimer or trimer formation 

lacks conviction. An interesting observation that has been made is that the dimer 

and trimer are unstable, lasting only a few hours at room temperature in the pres

ence of chloride ion concentrations of 0.15 to 0.4 M, producing cis-[PtC12(NH3)2] and 

cis-[PtCl(NH3h(OH2)]+ [87]. From the investigations presented here, there was no 

evidence for the production of oligomers of the cis-[P.t(OHh(NH3h] species under the 

experimental conditions used. 

The hydrolysis of cis-DDP at constant, unbuffered pH proceeded with hydroxide 

ion uptake which increased as the fixed pH was increased. At pH = 4, there was 

virtually no uptake of hydroxide ions and the spectrophotometric scans and observed 

rate constants indicated that the reaction was normal acid hydrolysis (Chapter 2). As 

the fixed pH was increased, the amount of hydroxide ions consumed also increased 
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Figure 4.2. Plot of oH- uptake per mole of platinurn(II) versus pH at 45.0°C (II= 0.2 M, NaCl04 ). 

(Table 4.1, Figure 4.2) and there was a gradual decrease in the rate of hydrolysis 

(Figure 4.3), an observation which is consistent with going from predominantly acid 

hydrolysis (Chapter 2) to predominantly base hydrolysis (Chapter 3). At pH = 6.55, 

0.5 moles of hydroxide ions were consumed, corresponding to the equilibrium system 

shown in Equation 4.2. 

cis-(PtCl(OH)(NH3h] + H+ 

ll p]( a = .6.85 [151] 

cis-(PtCl(NH3h(OH2)]+ + Cl-
( 4.2) 

At pH = 8.0, 1.5 moles of hydroxide ions were consumed as the new equilibrium 

system (Equation 4.3) was established. 
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Table 4.1. Spectrophotometrically determined rate data and chloride ion uptake data for the hydrolysis 

reactions of cis- [PtCb (NH3)2] at various fixed pH in unbuffered media (It = 0.2 M, N aCl04; T = 45.0 

oc). 

Set [ oH-] uptake 104 X kob• a Isosbestic Chloride ion uptake b Isosbestic 

pH (mole/mole Pt(II)) (s-1) points (nm) 104 X kc1 (s-1) points (nm) c 

2.00 0.00 3.80±0.35 282 d d 

4.0 0.00 3.71±0.25 283 83.5±4 d 

5.5 0.00 3.57±0.44 277 then 289 68.2±6 281 then 289 

6.0 0.37 3.37±0.33 277 then 285 45.5±3 277 then 287 

6.5 0.68 3.13±0.17 274 then 284 15.9±2 274 then 284 

6.8 0.62 2.50±0.19 272 then 280 12.9±0.6 273 then 285 

7.0 0.77 2.37±0.11 271 then 279 10.9±0.7 272 then 285 

7.2 0.90 2.04±0.25 277 9.43±0.5 273 

7.5 1.10 1.97±0.15 276 7.67±0.4 271 

8.0 1.28 1.79±0.16 276 5.48±0.4 270 

8.5 1.71 1.87±0.25 276 4.06±0.4 273 

12.0 2.0 1.84 276 no reaction 

"Observed first-order rate constants for the overall forward reaction. + 
bThe final [cl-] = 0.2 M and kc1 is proportional to the total cis-[PtCl(NH3)2(0H2)] or 

cis- [Pt(OH)(NH3)2(0H2)] + concentration. 
cFor the chloride ion anation reaction. 
dThe reaction was too fast to obtain these accurately. 

cis-[Pt(OHh(NH3)2] + 2H+ 

11 pJ( a = 7.87 [151] 

cis-[Pt(OH)(NH3)2(0H2)]+ + 2Cl-
( 4.3) 

At any pH greater than 9, complete base hydrolysis took place and two moles of 

hydroxide ions were consumed per mole of cis-DDP (Equations 3.2 and 3.3). Once 

the hydrolysis reaction was complete, the extent of chloride uptake at any fixed pH 

depended on the amount of cis-[PtCl(NH3)2(0H2)]+ or cis-[Pt(OH)(NH3h(OH2)]+ 

present. As a result the pattern observed was the reverse of the hydroxide ion uptake, 

although the amount of acid uptake was not quantitatively established. At any pH 

greater than 8, no chloride ion uptake was observed but rapid and extensive chloride 

anation took place at pH 4 to 5. Between the two extremes, the pH increased as chloride 

ion uptake proceeded (the reverse of Equations 4.2 and 4.3) and the reaction stopped 

prematurely unless constant pH was maintained by the manual addition of acid. 

The reaction was predominantly acid hydrolysis and hence monophasic at approx

imately pH = 5 and below. As the forward reaction at fixed pH in the range 4 to 

8.5 proceeded, the spectrophotometric changes indicated that, as the pH increased, 

the originally monophasic reaction became biphasic, that is, there were two first order 
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reactions occurring and this was noticeable mainly between pH = 5 to 7. At pH = 
7.2 and above, the reaction then reverted again to a monophasic system as the reac

tion occurring then was predominantly base hydrolysis. As the set pH was changed 

(increased) under biphasic conditions, the positions of the isosbestic points for the two 

reactions also changed (Table 4.1). Where the forward reaction was biphasic, the addi

tion of chloride ions to the system also resulted in a biphasic system with the generated 

isosbestic points mirroring the hydrolysis reaction. 

Hydrolysis of cis-DDP gave cis-[PtCl(OH)(NH3)z] and cis-[PtCl(NH3)2 (0H2 )]+ in 

a fixed ratio and with a fixed isosbestic point at set pH values of 5.5 to 7.2. The ratio 

obtained depends on the Ka for the cis-[PtCl(NH;3)z(OHz)]+ - cis-[PtCl(OH)(NH3)z] 

equilibrium (pK a = 6.85 at 25 °C [151]) and the set pH. The position of the isosbestic 

point for the reaction also depends on this ratio. The cis-[PtCl(NH3)z(OH2 )]+ does not 

hydrolyse spontaneously due to the unfavourable chloride ion dependent equilibrium 

(Chapter 3) but the cis-[PtCl(OH)(NH3)z] can hydrolyse independent of the chloride 

ion concentration present, at a rate about five times slower than that of the first hy

drolysis step (Chapter 3). Reduction of the cis-[PtCl(OH)(NH3)2 ] concentration by 

hydrolysis to cis-[Pt(OH)(NH3)z(OHz)]+ results in a reduction in the concentration of 

the cis-[PtCl(NH3)2 (0H2 )]+ as the equilibrium ratio must be maintained at a value 

determined by the set pH. 

Eventually, an equilibrium is established with the cis-[Pt(OH)(NH3)2(0H2 )]+ and 

the released chloride ion and further chloride ion release from cis-[PtCl(OH)(NH3)z] 

ceases. It is this second step (chloride ion release from cis-[PtCl( 0 H)(NH3 )2]) that 

maintains the second isosbestic point. Thus the final solution contains a mixture of 

cis-[PtCl(NH3)z(OH2)]+, cis-[PtCl(OH)(NH3)z], cis-[Pt(OH)(NH3) 2(0Hz)]+ and cl

ions with the concentration of the cis-[PtCl(NH3)z(OHz)]+ becoming smaller as the set 

pH is increased. Addition of chloride ions to this system results in the anation of any 

platinum(II) aquo species present, reversing the hydrolysis step and producing a final 

mixture of cis-[PtCiz(NH3)2] and cis-[PtCl(OH)(NH3)2]. 

The cis-[Pt(OH)(NH3)z(OH2)]+ - cis-[Pt(OH)z(NH3)z] equilibrium became dom

inant when the set pH was further increased to the range 7.2 to 8.5 (pKa = 7.87 

at 5 °C [151]) and the rate of reaction slowed down. In this region, the rate is con

trolled by chloride ion release from the cis-[PtCl(OH)(NH3)z], which is the slowest step, 

to give an equilibrium mixture of cis-[PtCl(OH)(NH3)2], cis-[Pt(OH)(NH3)2(0H2 )]+ 

and cis-[Pt(OH)2 (NH3)2], with the proportion of cis-[Pt(OH)2 (NH3)z] increasing with 

the increasing set pH. Addition of chloride ions to this system again resulted in the 

anation of any platinum(II) aquo species present and as these were dominated by 

the cis-[Pt(OH)(NH3)2 (0Hz)]+, the final mixture contained cis-[PtCl(OH)(NH3)2 ] and 

cis-[Pt(OH)2 (NH3) 2 ]. The amount of cis-[Pt(OH)(NH3)2 (0Hz)]+ in the final mixture 

decreased as the set pH was increased further, and hence the extent of chloride ion 
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Table 4.2. Spectrophotometrically determined rate data and chloride ion uptake data for the hydrolysis 

reaction of cis- [PtCh (NH3 )2] at pH = 7.4 with variable chloride ion concentration (p, = 0.2 M, N aCl04 , 

NaCl; T = 45 °C, [cis-[PtCh(NH3)2l] = 2.2 mM). 

[el-L OH- uptake 104 X kobs a cl- uptake b 

(M) (mole/mole Pt(II)) (s-1) 104 x kct (s-1) 

obs. calc. c obs. calc. d obs. calc. e 

0.00 1.10 1.08 1.97±0.15 1.97 7.95±0.4 7.95 

0.010 0.68 1.00 2.12±0.10 2.15 7.47±0.4 7.65 

0.025 0.71 0.90 2.48±0.12 2.43 6.16±0.4 7.20 

0.050 0.75 0.72 2.61±0.19 2.90 7.04±1 6.44 

0.075 0.38 0.53 3.32±0.59 3.34 5.86±1 5.68 

0.100 0.35 0.35 4.23±0.88 3.80 4.93±0.3 4.93 

aFirst-order rate constants for the overall forward reaction. 
bFinal [cl-] = 0.2 M. The rate is proportional to the amount of cis-[PtCl(NH3)2(0H2)]+ at 

equilibrium after the completion of the forward reaction. 
ccalculated from the linear relationship: mole OH- uptake/mole Pt(II) = 1.08 - 7.3 [ cl-L (T = 

45.0 °C, pH = 7.4, tt = 0.2 M). 
dCalculated from the linear relationship: 104 

X kobs = 18.3[cl-]; + 1.97 (T = 45.0 °C, pH= 7.4, 

tt "= 0.2 M). 
•calculated from the linear relationship: 104 x kct = 7.95- 30.2 [cl-L (T = 45.0 °C, pH = 7.4, 

[cl-] = 0.2 M, tt = 0.2 to 0.3 M). 

uptake also decreased. 

A series of kinetic runs were performed using combination of the pH-stat and the 

spectrophotometer at pH = 7.4 with the temperature kept at 45.0 °C for all the runs, 

the concentration of the cis-DDP being 2.2 X 10-3 M. Varying amounts of chloride 

ions were present, with the ionic strength 1-l = 0.2 M (NaCl, NaC104 ). The results 

are presented in Table 4.2. When the chloride ion concentration was zero, at pH = 

7.4, the hydrolysis reaction was found to be monophasic (as before) and an equilibrium 

mixture of cis-[PtCl(OH)(NH3hJ and cis-[Pt(OH)(NH3)2(0H2)]+ was produced in an 

approximately 60 : 40 ratio, the p]( a for this equilibrium being 6.85 [151]. One mole 

of hydroxide ions was consumed per mole of cis-DDP. 

The increase in kobs with increasing chloride ion concentration could be due to the 

fact that the system was proceeding to equilibrium and thus simple first order kinetics 

were not strictly applicable to Equation 1.1. As the chloride ion concentration increased, 

the amount of hydroxide ions taken up decreased and the extent of reaction decreased 

but the ratio of cis-[PtCl(NH3)2(0H2)]+ to cis-[PtCl(OH)(NH3h] remained constant 

as the pH was constant throughout. At the end of the hydrolysis reaction, enough 

solid NaCl was added to the reactant solution in order to make it 0.2 Min NaCl. The 

amount added depended on what the original concentration of N aCl had been. The rate 

of this reverse reaction, ke1, in the presence of an excess amount of chloride ions was 

also measured and was found to be pseudo-first-order and to decrease with the increase 

in initial chloride ion concentration, because the amount of cis-[PtCl(NH3h(OH2)]+ 
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present at equilibrium had thus decreased. 

The observed number of moles of hydroxide ions taken up per mole of cis-DDP was 

calculated from traces from the chart recorder of the pH-stat. The amount of solid 

cis-DDP used in the reactant solution was 50 mg or 1.67 x 10-4 moles. For every 

one mole of platinum(II), two moles of chloride ions from the cis-DDP are released in 

a complete reaction, therefore there were 3.33 X 10-4 moles of chloride ions released 

for this reaction. For a complete reaction, the volume of 0.05 M N aOH required was 

calculated by dividing 3.33 X 10-4 moles by 0.05 M to give 6.66 ml. The capacity of 

the syringe delivering the NaOH solution to the reaction vessel was 3.0 ml, therefore 

100 on the chart recorder paper corresponded to approximately 3.5 ml. 

The following example shows the procedure used to calculate the number of moles 

of hydroxide ions consumed. At pH = 7.4, T = 45 °C and J.L = 0.2 M (0.025 M NaCl 

and 0.175 M N aC104 ), the infinity of the hydrolysis reaction occurred at oo = 71 on 

the chart paper. The number of ml of N aOH used was calculated from 71/100 x 3.5 

ml = 2.485 ml used. Therefore, the number of moles of hydroxide ions consumed 

n0 H- = 2.485/3.5 = 0. 71 moles. This calculation was done for all the infinity values of 

hydroxide ion uptake for all the kinetic runs. The results are presented in Table 4.2. 

Plotting the values calculated in this manner, for the observed number of moles of 

hydroxide ions consumed versus the initial chloride ion concentration, gave a reasonably 

straight line from which was obtained the following linear relationship 

moles on-uptake = l.08 _ 7.3[cl-]. 
moles Pt(II) 1 

( 4.4) 

where 1.08 is the intercept of the line of best fit with they-axis and -7.3 is the slope of 

this line. It should be noted that Equation 4.4 is in the form of 

y = mx + c ( 4.5) 

the general equation for a straight line (157]. Using Equation 4.4, values for the number 

of moles of hydroxide ions consumed were calculated (Table 4.2). 

When the initial chloride ion concentration is 0.1 M (or 100 mM) at pH = 7.4 

(the approximate chloride ion concentration and pH of blood plasma (48,91,92,97]) and 

the temperature T = 45.0 °C, the final equilibrium ratio of products is approximately 

50% cis-(PtCh(NH3)2], 30% cis-(PtCl(OH)(NH3h] and 20% cis-(PtCl(NH3)2 (0H2)]+. 

This result was obtained from the self-consistency of the following features:- the final 

absorption spectra of the hydrolysis reactions, the uptake of 0.37 moles of hydroxide 

ions per mole of cis-DDP, the rates of chloride anation, the final absorption spectra of 

the anation reactions, and the pJ(a value of6.85 (151] for the cis-(PtCl(NH3)2(0H2 )]+

cis-(PtCl(OH)(NH3)2] equilibrium. It is estimated that this equilibrium mixture would 

be produced in approximately six hours at 37 °C under the sarhe conditions of pH 

and initial chloride ion concentration as above. If the initial cis-DDP concentration 
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was reduced, the proportion of cis-[PtCh(NH3h] still present at equilibrium would 

Increase. 

Hydrolysis schemes for the reaction of cis-DDP in vivo are frequently reported in 

the literature, but there is usually no real emphasis on the relative importance of 

any platinum(II) species in particular [28,67,158,159,160,161,162]. However, LeRoy 

et at. did attempt to analyse their hydrolysis scheme in terms of the equilibrium 

data known at the time [159]. At pH = 7.5 and T = 37 °C, with a chloride ion 

concentration of 0.1 M and an initial cis-DDP concentration of 1 X 10-6 M, they 

concluded that the predominant species were the cis-[PtCl2(NH3h] at greater than 

83%, the cis-[PtCl(NH3)2(0H2)]+ at approximately 4% and the cis-[PtCl(OH)(NH3h] 

at approximately 12%. The cis-[Pt(OH)2(NH3)2], cis-[Pt(NH3)2(0H2)2]2+ and the 

cis-[Pt(OH)(NH3)2(0H2)]+ account for approximately 1% total. 

Using more recent values from this thesis for the equilibrium constants (at 25 °C, 

](1 = 1.01 X 10-2 M (Chapter 2), K2 = 2.7 X 10-4 M (Chapter 3) and pK3 = 

6.85, p](4 = 5.93 and pK5 = 7.87 [151]), it is calculated that the predominant 

species are the cis-[PtCh(NH3)2] at 63%, the cis-[PtCl(NH3)2(0H2)]+ at 7% and the 

cis-[PtCl(OH)(NH3)2] at 30%, where the pH = 7.5, T = 35 °C, the initial chloride 

ion concentration is 0.1 M and the initial cis-DDP concentration is 1 X 10-3 M (an 

approximate model for the blood plasma environment). See Appendix C for details of 

how these equilibrium concentrations of platinum(II) species were calculated. 

The intracellular chloride ion concentration drops to approximately 4 mM and 

LeRoy et at. [159] calculated, using the same pH, that the distribution of products 

shifted to give cis-[PtCh(NH3h] at approximately 31%, cis-[PtCl(NH3h(OH2)]+ at ap

proximately 28% and cis-[PtCl(OH)(NH3)2] at approximately 32%. Present at approxi

mately 7% is the cis-[Pt(OH)(NH3)2(0H2)]+ species while the cis-[Pt(NH3)2(0H2)2]2+ 

and cis-[Pt(OH)2(NH3h] are about 1% each. Different conclusions were reached by 

Roos [162], who suggested that in blood plasma at equilibrium, the cis-[PtCl2(NH3)2] 

was present at 89%, the 'first hydrolysis products' at 11% and the 'fully hydrolysed 

products' are present as 0.09% of the total, Also according to Roos, inside the cell the 

cis-[Pt(NH3)2(0H2hJ2+ species was present at 47% and the cis-[PtCl(NH3h(OH2)]+ 

at 34%. 

Martin has also estimated the distribution of platinum(II)species present in blood 

plasma and inside a cell [93]. In blood plasma he estimated that the cis-[PtCh(NH3hJ 

was present at about 65 to 70%, the cis-[Pt(OHh(NH3)2] at approximately 2 to 5%, 

the cis-[PtCl(OH)(NH3hJ at about 30%, the cis-[PtCl(NH3h(OH2)]+ at 2 to 5% and 

that there was no cis-[Pt(OH)(NH3h(OH2)]+ or cis-[Pt(NH3)2(0H2hJ2+ present at 

all. This distribution of platinum(II) species present in blood plasma is in general 

agreement with that calculated in Appendix C of this thesis. For the situation inside 

a cell, Martin estimated that the cis-[PtCh(NH3)2] was present at approximately 5%, 
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the cis-[PtCl(NHa)2(0H2)]+ at about 3%, the cis-[Pt(OHh(NHah] at 30 to 35%, the 

cis-[PtCl(OH)(NHah] at about 35%, the cis-[Pt(OH)(NHah(OH2)]+ at about 20% and 

the cis-[Pt(NHa)2(0H2) 2]2+ at about 1%. There is not such good agreement between 

Martin's estimates of the distribution of platinum(II) species in the intracellular envi

ronment with that obtained by LeRoy et al. [159]. However, Martin's statement that 

about 33% of the platinum(II) complexes contain good water leaving groups at the 

intracellular chloride ion concentration ( 4 mM) is in agreement with LeRoy's calcula

tions. Differences in the percentages of each specific species present are most likely due 

to different assumptions made in the calculations or different estimates for the pK a 

values. 

Calculated on the basis of the work presented in Chapters 2, 3 and 4 of this thesis, 

the distribution of products is in reasonable agreement with the calculations of LeRoy et 

al.. It is thus suggested that the cis-[Pt(NHa)2(0H2hJ2+ is one of the least likely plat

inum(II) species to be attacked by donor atoms on the DNA at physiological pH. There 

are many studies which have used the cis-[Pt(NHah(OH2hJ2+ plus various nucleophiles 

as models for the cis-DDP /DNA interactions [40,141,143,144,151,163,164,165,166,167]. 

While it seems they may provide an order of nucleophilic ability, they probably have 

little relevance to processes which take place inside replicating cancer cells. 

The observations made previously in this discussion that buffer nucleophiles read

ily interact with the hydrolysis products of cis-DDP makes designing models for the 

transport of platinum(II) species in biological systems, for example, in blood plasma, 

extremely difficult. If cis-DDP were to hydrolyse in the blood stream at the phys

iological pH of 7.4 via Equations 3.2 and 3.3, then the most likely nucleophiles for 

the cis-[Pt(OH)(NH3 h(OH2)]+ or the cis-[PtCl(NHa)2(0H2)]+ species would be blood 

serum albumin or other plasma proteins. This is equivalent to the situation with the 

buffer nucleophiles. If the anating ligands are neutral, the resulting complex will remain 

charged and will effectively be wasted since transport of charged platinum(II) species 

across the cell membrane is less likely than transport of neutral platinum(II) com

plexes. The most likely neutral species would be the unreacted cis-[PtCb(NHa) 2] and 

the cis-[PtCl(OH)(NHah] although there could also be traces of cis-[Pt(OH)2(NHah] 

present. This speculative model of what could occur in blood plasma and inside the 

cell is shown in Figure 4.4. 

4.4 Conclusions. 

The results obtained here for the hydrolysis of cis-DDP in 0.1 M NaCl solution at 

pH = 7.4 suggested that Rosenberg's model for the transport of cis-DDP in vivo [30] 

may need modification. At physiological pH and chloride ion concentrations ("' 104 

mM) hydrolysis of the cis-DDP was measureable (with a half-life of approximately 

one hour at 37 °C) and if no platinum(II) species were removed, an equilibrium sys-
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tern of cis-[PtCl2(NH3h], cis-[PtCl(NH3h(OH2)]+ and cis-[PtCl(OH)(NH3)2] was pro

duced in about six hours (at 37 °C). Thus there would be two neutral species, the 

cis-[PtCh(NH3)2] and the cis-[PtCl(OH)(NH3h] available for transport through the 

cell membrane. If transfer through the cell wall was rapid relative to the rate of hy

drolysis then Rosenberg's model would be valid, but if cell wall transfer was slow then 

both the cis-[PtCh(NH3)2] and the cis-[PtCl(OH)(NH3h] would be available. Another 

possibility is that the cis-[PtCl(NH3)2(0H2)]+ in the blood stream could be removed 

from the system by binding to plasma protein before transfer across the cell wall (via 

conversion to the cis-[PtCl(OH)(NH3h]). This process would also upset the rapidly 

interconverting cis-[PtCl(NH3)2(0H2)]+ - cis-[PtCl(OH)(NH3h] equilibrium concen

trations. 

Within the cell itself, where the chloride ion concentration drops to approximately 4 

mM, almost complete hydrolysis of the cis-D D P takes place with a half-life of approx

imately two hours at 37 °C and pH = 7.4 to give a 50 : 50 cis-[PtCl(NH3)2(0H2)]+ -

cis-[PtCl(OH)(NH3)2] equilibrium mixture, assuming that there is no loss of any plat

inum(II) species. Removal of platinum(II) species can however occur via binding of 

DNA to the cis-[PtCl(NH3h(OH2)]+ [146]. Thus so far, while understanding of the 

hydrolysis behaviour of cis-DDP in solutions that attempt to model the physiological 

situation is somewhat clearer, complete knowledge of the behaviour of cis-DDP in vivo 

is still some way off. 





CHAPTER 5 

THE ANATION KINETICS OF cis-[PtX(NH3 ) 2(0H2)]+ 

(X= Cl-,oH-) WITH CHLORIDE IONS, GLYCINE AND 

MONOHYDROGEN MALONATE. 

5.1 Introduction. 

69 

So far, the kinetics of hydrolysis and anation of cis-DDP and its hydrolysis products 

under acid, base and physiological pH conditions have been studied (Chapters 2 to 4). 

From this work, the species cis-[PtX(NH3h(OH2)]+, where X = Cl- or OH-, have 

been emphasised as the most likely platinum(II)-containing species available to bind 

DNA under physiological conditions. 

For these cis-[PtX(NH3)2(0H2)]+ species it was therefore of interest to establish 

some reactivity patterns. Thus, in this Chapter, the hydrolysis of cis-[PtCl(OH)(NH3h] 

and the anation of cis-[Pt(OH)(NH3)2(0H2)]+ with chloride ions at pH = 7.4 are 

described, as well as the chloride ion anation of cis-[Pt(OH)(NH3)2(0H2)]+ at pH= 7.8 

(the pH at which the greatest concentration of cis-[Pt(OH)(NH3)2(0H2)]+ is present). 

As a result, a complete hydrolysis reaction profile for cis-DDP under a variety of pH 

conditions can be postulated. 

The kinetics of the species cis-[PtCl(NH3h(OH2)]+ with glycine and sodium hy

drogen malonate are also reported in this Chapter. 

5.2 Experimental. 

5.2.1 The Hydrolysis of cis-[PtCl(OH)(NH3 ) 2] and the Chloride Ion 

Anation of cis-[Pt(OH)(NH3 ) 2(0H2)]+ at pH= 7.4. 

A solution of 2.38 x 10-3 M cis-[PtCl(NH3h(OH2)]+ was first prepared by allow

ing 0.1786 g of cis-DDP to hydrolyse in 1.0 M NaCl04 (245 ml) plus 0.1 M HCl04 

(5 ml) at 50 °C for three to four hours and then left overnight at room temperature. 

For each kinetic run, 70 ml of this solution were placed in the temperature controlled 

reaction vessel of the pH-stat and peristaltically pumped (at a rate of 100 ml per 

minute) through a 2.00 em quartz, flow-through cell in the spectrophotometer. Glass 

and calomel electrodes were placed in the solution in the reaction vessel and the pH 
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was maintained at 7.4 by the manual addition of 0.1 M NaOH plus 1.0 M NaC104 

(to maintain the ionic strength of the solution) as the reaction proceeded (Chapter 4, 

Experimental section shows the experimental set-up for the combination of the spec

trophotometer and pH-stat (Figure 4.1), the method of calibration of the pH-stat and 

the electrodes and the method of temperature control). For this experimental work, 

the automatic titration of NaOH solution and the chart recorder were not made use of. 

The pH-stat was essentially used as a pH meter. 

As the reaction proceeded, absorbance versus time data were collected using the 

spectrophotometer at 300, 282 and 255 nm. At the end of the reaction (after six to 

eight half-lives), the reactant solution was made 0.2 Min NaCl by the addition of solid 

NaCl. The rate of the subsequent chloride ion uptake (kobs, s-1 ) was also monitored 

spectrophotometrically with absorbance versus time data collected at the same three 

wavelengths as the forward reaction, and the pH was maintained at 7.4 by the manual 

addition of 0.1 M HC104 plus 1.0 M NaCl04. 

First order rate constants (k3 , s-1 ) for the forward reaction (Equation 5.5) were 

calculated from the absorbance versus time data using Equation 2.2 and the values 

obtained for k3 are reported in Table 5.1. Values for the rate constants k_ 3 (M- 1 s-1 ) 

(Equation 5.5) were calculated from the expression 

(5.1) 

which derives from 

(5.2) 

where the chloride ion concentration is always 0.2 M, and these values are reported 

in Table 5.1. Values for the equilibrium constant, K3, for Equation 5.5 were obtained 

from the expression 

(5.3) 

and are reported in Table 5.2. 

5.2.2 Chloride Ion Anation of cis-[Pt(OH)(NH3)2(0H2)]+ at pH= 7.8. 

Using the combination of the pH-stat and the spectrophotometer, 1.67 X 10-3 M 

solutions of cis-[Pt(OHh(NH3h] (75 ml) (Chapters 3 and 4) were titrated with HC104 

(1.0 and 0.1 M) to a fixed pH in the range pH = 2 to 10. The results showed that the 

maximum amount of cis-[Pt(OH)(NH3h(OH2)]+ was formed at pH= 7.8. This result 

is in agreement with the measured p]( a of 7.87 for the cis-[Pt(OH)(NH3h(OH2)]+ -

cis-[Pt(OH)2(NH3h] equilibrium [151]. 
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The 75 ml of 2.22 X 10-3 M cis-[Pt(OHh(NH3h] in 0.01 M NaOH solutions plus 

NaCl (0.05 to 0.4 M) were adjusted to pH = 7.8 with 1.0 or 0.1 M HC104, in the 

reaction vessel of the pH-stat, and peristaltically pumped through the 2.00 em cell as 

in the previous section with the pH-stat again used as a pH meter. The absorbance 

changes due to the subsequent reaction were monitored at 300, 285 and 255 nm and 

were found to be chloride ion and temperature dependent. A constant pH of 7.8 was 

maintained throughout the reaction by manual addition of 0.1 M HC104. Values of 

k_3 (M- 1 s-1 ; Equation 5.5) were calculated using Equation 5.2 and are presented in 

Table 5.3. 

5.2.3 The Reaction of cis-(PtCl(NH3 ) 2(0H2 )]+ with Glycine. 

A solution of cis-[PtCl(NH3h( OH2)]+ of the same volume and concentration as that 

used in the hydrolysis of cis-[PtCl(OH)(NH3h] (see above) was used in the reaction 

vessel of the pH-stat and the pH-stat used in the same manner as above. However, 

solid glycine, sufficient to give concentrations of 0.01, 0.05 or 0.1 M, was added to the 

cis-[PtCl(NH3)2(0H2)]+solution in the reaction vessel prior to immersion of the glass 

and calomel electrodes. The pH of the reactant solution was adjusted to 7.4 by the 

addition of 0.1 M NaOH in 1.0 M NaCl04 but very little further pH adjustment was 

required during the subsequent reaction due to the self-buffering nature of the glycine. 

The spectral changes were monitored between 360 and 235 nm (Figure 5.5), with 

absorbance versus time data collected at 304 and 245 nm. From plots of the pseudo-first

order rate constants (kobs, s-1 ) versus the glycine concentration (Figure 5.6, Table 5.6), 

second-order rate constants, kNu, were obtained from the slopes of the plots, and from 

the intercepts, values for k0 = kbH (s-1 ) (Equation 5.4, Table 5.6) were also obtained, 

since, for this reaction 

kobs = ko + kNu[Nu] 

where in this case, [Nu] = [glycine] [125]. 

( 5.4) 

5.2.4 The Reaction of cis-(PtCl(NH3 ) 2(0H2 )]+ with Sodium Hydro

gen Malonate. 

A stock solution of 2.38 X 10-3 M cis-[PtCl(NH3h(OH2)]+ was prepared by allowing 

25 mg of cis-DDP to hydrolyse in 1.0 M NaCl04 (24.8 ml) plus 0.1 M HCl04 (10.2 

ml) at 50 °C for three to four hours and then left overnight at room temperature. A 

solution of 0.1 M N aHmal (J-t = 1.0 M) was prepared from equal volumes of 0.2 M 

malonic acid and 0.2 M NaOH, both in 0.9 M NaCl04. Solutions of 0.05 M and 0.01 

M N aHmal (J-t = 1.0 M) were similarly prepared. 

A 2.0 ml sample of the cis-[PtCl(NH3h(OH2)]+ solution was placed in one of the 

separate test tubes attached to the arms of the glassY-shaped rapid mixing device and 
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a 1.0 ml sample of the chosen NaHmal solution was placed in the other (Chapter 2). 

The arms of the mixing device were then immersed in a temperature controlled water 

bath and a dry 1.00 em quartz spectrophotometer cell mounted in the vertical position. 

On inversion, the solutions were rapidly mixed, the cell was placed in the temperature 

controlled cell compartment of the spectrophotometer, the mixing device removed and 

the repeat fixed wavelength mode of the spectrophotometer was activated. 

The two consecutive reactions were monitored separately. The first reaction (kobs, 

s-1 ) was followed at 245 nm for ten to twenty lots of five minute cycles (Figure 5.2), the 

number of cycles depending on the temperature. Values of kobs were calculated and the 

results are presented in Table 5.5. Values for the second-order rate constants (kHmah 

M-1 s-1 ) were calculated from the slopes of plots of kobs versus N aHmal concentration 

(Figure 5.3) using Equation 5.4. A possible interpretation of what the intercepts of 

these plots with the y-axis mean will be given later in this Chapter. 

The second reaction was followed at 290 nm and only this second reaction developed 

an isosbestic point, at 267 nm (Figure 5.4). The rate constants for this reaction (kcycb 

s-1 ) were independent of the concentrations of the NaHmal solutions used (Table 5.5). 

5.3 Results and Discussion. 

A complete hydrolysis reaction profile for cis-DDP under a variety of pH conditions 

was assembled (Figure 5.1). Rate and equilibrium constants had been established 

(Chapters 2, 3 and 4; [151]) for all the interconversions except for Equation 5.5 

cis-[PtCl(OH)(NH3hJ + H20 
ka 

cis-[Pt(OH)(NH3h(OH2)]+ + Cl- (5.5) 

with ](3 = k3jk_3 (Equation 5.3), which is similar to Equation 1.1, with K1 = kdk-1 

(Equation 2.11; Chapter 2) except that chloride ion has been substituted for hydroxide 

ion. 

The kinetics of both the forward and reverse directions (k3 and k_3, respectively) 

of Equation 5.5 have been measured at pH = 7.4 using the cis-[PtCl(NH3h(OH2)]+ 

as a source of starting material (Chapters 2 and 3). Both the cis-[PtCl(NH3h(OH2)]+ 

and the cis-[PtCl( OH)(NH3h] are available at this pH for hydrolysis (the pJ( a for the 

cis-[PtCl(NH3h(OH2)]+- cis-[PtCl(OH)(NH3h] equilibrium system is 6.85 [151]) but 

only the cis-[PtCl(OH)(NH3h] reacts to any extent (Chapters 2, 3 and 4). As the reac

tion shown in Equation 5.5 proceeds, the equilibrium between cis-[PtCl(NH3h(OH2)]+ 

and cis-[PtCl(OH)(NH3)2] shifts to provide more of the cis-[PtCl(OH)(NH3)2] and thus 

eventually, cis-[Pt(OH)(NH3)2(0H2)]+ is the major product. Constant pH for this re

action was maintained by the manual addition of NaOH solution. Since the pJ( a for 

the cis-[Pt(OHh(NH3hJ - cis-[Pt(OH)(NH3h(OH2)]+ equilibrium is 7.87 [151], some 
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Table 5.1. Spectrophotometrically determined rate constants for the forward (k3 ) and reverse (k_ 3 ) 

reactions associated with the hydrolysis of cis-[PtCl(OH)(NH3) 2 ] (Equation 5.5) at pH= 7.4 (tJ- = 1.0 

M). 
Temperature 104 k3 104 k3 (calc.) a 104 kob• b 103 k_3 103k_3 (calc.) c 

(oC) [K] (s-1) (s-1) (s-1) (M-1 s-1) (M-1 s-1) 

25.0 [298.2] 0.239 0.937 

35.2 [308.4] 0.749±0.042 0.741 4.39±0.86 2.20 2.21 

0.730±0.170 

40.2 [313.4] 1.23±0.20 1.26 6.67±0.67 3.39 3.29 

1.29±0.34 

1.25±0.29 

45.2 [318.4] 2.14±0.32 2.10 9.25±0.67 4.63 4.84 

2.07±0.38 

2.12±0.81 

49.7 [322.9] 3.24±0.32 3.28 13.9±0.64 6.94 6.79 

3.27±0.58 

acalculated from the activation parameters: k3 = 2.39 X 10-5 s-1 at 25 °C, 6.H;o! = 82.4 ± 0.8 

kJ mol-1, 6.S;o! =-57± 2 J K-1 mol-1. 
b[Cl-J = 0.2 M; k_3 is calculated using Equation 5.1. 
ccalculated from the activation parameters: k-3 = 9.37 X 10-4 M-1 s-1 at 25 °C, 6.H;o! = 61.7 ±3.2 

kJ rnol-1, 6.S;o! = -96 ± 6 J K-1 mol-1. 

cis-[Pt(OHh(NH3)2] will also form, but cis-[Pt(NH3h(OH2h]2+ is most unlikely to 

form (the pKa for the cis-[Pt(NH3h(OH2)2]2+ - cis-[Pt(OH)(NH3h(OH2)]+ equilib

rium is 5.93 [151]). 

The forward reaction is characterised by isosbestic points in the repeat-scan ab

sorbance spectra at 271 and 323 nm and the first-order rate constants, k3(s- 1 ), were 

calculated from the absorbance versus time data (Table 5.1). At the end of the re

action, the reactant solution was made 0.2 M in chloride ions by the addition of a 

calculated amount of solid NaCl. As this reverse reaction proceeded, a constant pH 

of 7.4 was maintained by the manual addition of HCl04 solution. Initially, an isos

bestic point at 271 nm was observed but this shifted to 282 nm in the later stages 

of the reaction indicating that the reverse of Equation 1.1 was taking place via the 

cis-[PtCl(NH3)2(0H2)]+ present at pH = 7.4. Therefore the absorbance versus time 

data for this anation reaction (k_3, M- 1 s-1 ) were monitored at 282 nm and these 

were used to calculate pseudo-first-order rate constants ( kobs, s-1 ) which in turn, using 

Equation 5.1 gave values for the second-order rate constant k_3 (M- 1 s-1 ) (Table 5.1). 

Knowledge of the rate constants k3 and k_3 permitted the calculation of the equi

librium constant K3 using Equation 5.3. Combining the temperature dependence ex

pressions for k_3 = 1.625 X lOS exp ( 64 ·A~X 103 ) and k3 = 1. 747 x 1010 exp ( -84·~~X 103 ) 
(both at J-l = 1.0 M, N aCl04) with values of PZ and Ea for both k3 and k_3 (obtained 

in the manner described in Chapter 2) from the Arrhenius equation (Equation 2.3), 

gave the temperature dependence of the equilibrium constant K3 (Table 5.2) in the 
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Table 5.2. Forward (ka) and reverse (k-3) rate constants, and equilibrium constants (K3 ) for the 

hydrolysis of cis- [PtCl(OH)(NH3)2 ] (Equation 5.5) at pH= 7.4 (p, = 1.0 M). 

Temperature 105 k3 a 10~ k-3 b 10a K3 c d 

(•C) [K] (s-1) (M-1 s-1) 

10.0 (283.2) 0.392 2.39 16.4 

15.0 [288.2] 0.732 3.84 19.1 

20.0 (293.2) 1.34 6.05 22.2 

25.0 [298.2) 2.40 9.41 25.5 

30.0 (303.2) 4.22 14.4 29.3 

35.0 (308.2] 7.28 21.8 33.4 

40.0 (313.2) 12.4 32.5 38.1 

45.0 (318.2] 20.6 47.9 43.0 

50.0 [323.2) 33.9 69.6 48.7 

a Calculated from the expression: k3 = 1.747 X 1010 exp ( -84 ·~;.x 103 ) 
bCalculated from the expression: k_3 = 1.625 x 108 exp ( -64 ·~;.x 103 ) 
ccalculated from Equation 5.8 
dThe variation of Ka with temperature indicates that the forward reaction is endothermic with 

AH• 298.2 = 20.7 kJ mol-1. Other thermodynamic parameters associated with the forward reaction are 

AG•298.2 = 9.10 kJ mol-1 and .6.8*298.2 = 39 J K-1 mol-1. 

form shown below (Equation 5.8). This expression is obtained, as in Chapter 2, by us

ing the Arrhenius expressions for k3 and k_ 3 and substituting them into Equation 5.3, 

that is 

which gives 

or 

k3 
k_3 

1.747 X lQlOexp (-84.~~xto3) 

1.625 X 1Q8 exp ( -64.A~xlo3) 

(
-20.7 X 103) 

](3 = 107.51 exp RT 

lnK3 = 4.676-
20·~~ 103 

(5.6) 

(5.7) 

(5.8) 

At 25 °C, ](3 2.55 X 10-2 for Equation 5.5 (where X = OH-) whereas for 

Equation 1.1, ](1 = 1.01 x 10-2 (where X = Cl-). The major difference between 

the reactions shown in Equations 5.5 and 1.1 appears in the pre-exponential function 

of the Arrhenius expression (Equation 2.3) for the reverse ( anation) reaction, that is, 

k-1 = 2.104 X 1011 exp ( -77.~~X 103 ) and k_ 3 = 1.625 X 108 exp ( -64 ·A~x 103 ). 
Using the van't Hoff equation (Equation 2.13) and Equations 2.14 and 2.15 (Chap

ter 2), for the forward reaction (k3) values of ~H~298.2 = 20.7 kJ mol-t, ~G~298.2 = 
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9.10 kJ mol-1 and 6.8~ 298.2 = 39 J K-1 mol-1 . The positive value obtained for 

.6.c-e298.2 and the positive (endothermic) value for 6.H~298.2 means that the forward 

reaction (Equation 5.5) is not spontaneous but for the reverse reaction (k_3) a negative 

value for 6.G~ 298.2 = -9.10 kJ mol-1 (calculated using 1(3' = 1/ K3) and a negative 

(exothermic) value for 6.H~298.2 = -20.70 kJ mol-1 shows that this reaction is the 

spontaneous process. That is there is a natural tendency for the reaction to proceed 

from the cis-(Pt(OH)(NH3)z(OH2)]+ plus Cl- to the cis-(PtCl(OH)(NH3)z]. Also for 

the reverse reaction 6.8~ 298.2 = -39 J K-1 mol-1 . The corresponding data for the 

forward reaction associated with 1(1 (Equation 1.1) are 6.H~ 298 . 2 = 7.52 kJ mol-\ 

6.G-e298.2 = 11.4 kJ mol-1 and 6.8~298.2 = -13 J K-1 mol-1 (Chapter 2). These are 

similar to the values obtained for the forward reaction associated with K3. 

The rate of chloride anation of cis-(Pt(OH)(NH3)z(OH2)]+ was also measured spec

trophotometrically by the addition of chloride ions in the form of solid N aCl to solutions 

of cis-(Pt(OH)2(NH3)2] adjusted to pH = 7.8 using HC104. This pH was chosen since 

it was determined that this was approximately the pH at which the greatest amount 

of cis-(Pt(OH)(NH3)z(OH2)]+ formed. Under these conditions, coordinated water is 

replaced by a chloride ion and the final product, at high chloride ion concentration is 

mainly the cis-(PtC12(NH3)2] species. At either pH= 7.8 or 7.4 with very high chloride 

ion concentrations, the reaction products would be a mixture of cis-(PtCl(OH)(NH3)2] 

and cis-(PtCl(NH3)2(0H2)]+, and then the cis-(PtCl(NH3)2(0H2)]+ would anate to 

give the cis-(PtC1z(NH3)z]. To reestablish the equilibrium, the cis-(PtCl(OH)(NH3)2] 

would react to give more cis-(PtCl(NH3)2(0H2)]+ which would then also anate to give 

more of the cis-(PtC12(NH3)z]. The amount of chloride ion present would determine 

how much of the cis-(PtCl(OH)(NH3)2] and cis-[PtClz(NH3)z] species were present in 

the final product mixture. Lower chloride ion concentrations would mean that far more 

of the cis-(PtCl(OH)(NH3)z] was present. 

As the reaction proceeded, an isosbestic point was formed at 271 nm which later 

shifted to 282 nm which is consistent with formation of the cis-(PtClz(NH3)2]. Constant 

pH was maintained by the manual addition of HCl04. From absorbance versus time 

data collected at 282 nm, pseudo-first-order rate constants ( kobs, s-1 ) (Table 5.3) were 

calculated and hence values of k_3 ( M-1 s-1 ) were calculated using Equation 5.2 

(Table 5.3). Close agreement between k_3 = 9.40 X 10-4 M-1 s-1 at pH = 7.4, 

and k_3 = 12.70 x 10-4 M-1 s-1 at pH = 7.8 (both at 25 °C) is not to be expected 

since the concentration of cis-(Pt(OH)(NH3)2(0H2)]+ is pH dependent and the product 

distribution would be difficult to compare. However, closer agreement between the 

activation parameters for both systems (Tables 5.4) should have been obtained and it 

is thus unknown why this discrepancy exists. 

The anation of cis-(PtCl(NH3)2(0H2)]+ by sodium hydrogen malonate (NaHmal) 

has also been investigated. Mixing solutions of NaHmal and cis-[PtCl(NH3)z(OH2)]+ 
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Table 5.3. Spectrophotometrically determined rate constants for the chloride anation reaction of 

cis- [Pt(OH)(NH3)2(0H2)] + at pH = 7.8 (I-' = 1.0 M). 

Temperature (Cl-) 104 kobo 103 k-3 a 103 L 3 (calc.) b 

(•c) (K) (M) (s-1) (M-1 s-1) (M-1 s-1) 

20.3 (293.5) 0.60 6.05±0.69 1.01±0.11 0.968 

25.0 (298.2) 1.27 

25.4 (298.6} 0.20 2.62±0.31 1.31±0.15 1.30 

0.30 3.80±0.71 1.27±0.27 

0.40 5.22±0.68 1.31±0.17 

0.50 6.29±0.78 1.26±0.16 

0.80 9.80±0.67 1.23±0.08 

30.3 (303.5) 0.40 7.04±0.45 1.76±0.11 1.72 

0.60 10.5±1.3 1.74±0.21 

ak-3calculated using Equation 5.2 
bCalculated from the activation parameters: at 25 •c, k-3 = 12.7 x 10-4 M- 1 s-1, t.H;>! = 39.5 ±3.1 

kJ mol-1, C.S;>! = -168 ± 6 J K-1 mol-1. 

at pH= 4.3 (the 'natural' buffered pH of NaHmal) resulted initially in an absorbance 

change in the repeat-scan spectra in the range 235 to 260 nm. No distinct isosbestic 

points were observed for this part of the reaction, and the absorbance in the region 

270 to 330 nm hardly changed (Figure 5.2). This initial reaction was found to be inde

pendent of the concentration of NaHmal and the absorbance changes were monitored 

at 245 nm to give pseudo-first-order rate constants (kabs, s-1 ) (Table 5.5). Plots of 

kobs versus NaHmal concentration were linear (Figure 5.3) but there was no systematic 

temperature trend for the intercepts of the plots with the y-axis. 

Equation 5.4 is obeyed by this initial reaction. For square planar complexes, for 

example, those formed by the d8 system of platinum(II), for reactions such as 

or, more specifically 

0 
0 ~ 
0-C 

'-cH I 2 
HO-C 

~ 

the kinetics are described by a two-term rate law which has the form [125] 

(5.9) 

(5.10) 

The composite nature of the rate law implies that such a reaction proceeds via two 

parallel routes, a solvent path 
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'-

Table 5.4. Kinetic parameters for the reactions of some square planar platinum(II) complexes in 

various aqueous media at 25.0 °C. 

Chloride Release 

Complex/Reference Solvent 105 k ~H;.~ ~s;.~ 

(s-1) kJ mol-1 J K-1 mol-1 

PtCl4 - 2 

[36] H20 3.9 

PtCb(NH3)2 
[36] H20 5.6 

cis- [PtCb(NH3)2] 

Chapter 2 1.0 MHCl04 6.32 82.2 -49 

[78] H20 2.5 82.3 -59 

Chapter 3 0.1 MNaOHa 1.90 84.4 -52 

trans- [PtCb(NH3)2] 

[109] O.Ql MHN03 6.62 75.2 -84 

[36] H20 9.8 

cis- [PtCl(OH)(NH3)2] 

Chapter 5 pH= 7.4 2.39 82.4±0.8 -57±2 

[PtCb (NH2CH2CH2NH2)] 

[109] 0.01 MHN03 5.2 92 -18 

[140] H20 3.4 

cis- [PtCl(NH3MOH2)j + 

Chapter 3 1.0 MHCl04 2.5 

PtCl(en)(OH2)+ 

[140] H20 4.4 

Anation 

Complex/Reference Nub Ionic pH 104 kNu ~H;.~ ~s;.~ 

Strength 

(M) (M-1 s-1) kJ mol-1 J K-1 mol-1 

cis- [PtCl(NH3 )2(0H2)] + 

Chapter 2 c1- 1.0 < 1 62.6 77.2 -36 

Chapter 5 Hmal- 1.0 4.3 9.90 74.8 -52 

Chapter 5 gly 1.0 7.4 2.75 62.7 -103 

cis- [Pt(OH)(NH3 )2(0H2)] + 

Chapter 5 c1- 1.0 7.4 9.37 61.7±3.2 -96±6 

Chapter 5 7.8 12.7 39.5±3.1 -168±6 

PtCl(en)(OH2)+ 

[36] c1- 0.318 :::;1 154 73.1 -33 

trans- PtCl(NH3)2(0H2)+ 

[109] c1- < 0.1 2 4630 70.2 -25 

aBoth chloride ligands lost. 
bN ucleophile 
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Have !ensth nm. 
335.0 36U 

Figure 5.2. Spectrophotometric scans (2 minute intervals) for the first part of the anation reaction 

of cis- [PtCl(NH3)2(0H2)] + by NaHma! at 45.1 °C and pH= 4.3 (II= 1.0 M) (Equation 5.10). The 

absorbance at 245 nm increases with time. 
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Figure 5.3. Plots of kobo versus (Hmal-] for the anation of cis-(PtCI(NH3)2(0H2)]+ at pH= 4.3 

according to Equation 5.10. 
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Table 5.5. Spectrophotometrically determined rate constants (kHmal, M-1 s-1) for the reaction of 

cis-(PtCl(NH3)2(0H2)]+ with sodium hydrogen malonate (pH= 4.3; p, = 1.0 M, NaCl04). 

Temperature (NaHmal] a 104 
kob• 103kHmalb 103 kHmal c 104 

kcycl 104 
kcycl 

d 

(calc.) (calc.) 

(oC) (K] (mM) (s-1) (M-1 s-1) (M-1 s-1) (s-1) (s-1) 

37.3 [310.5] 33 1.54±0.20 3.19 3.37 0.408±0.058 0.444 

17 0.544±0.017 0.482±0.065 

3.3 0.222±0.02 0.441±0.053 

40.2 (313.4] 33 1.69±0.11 4.82 4.49 0.620±0.11 0.616 

17 1.05±0.09 0.603±0.096 

3.3 0.409±0.029 0.604±0.10 

45.2 (318.4] 33 2.50±0.10 7.19 7.16 1.17±0.11 1.07 

1.01±0.11 

0.955±0.055 

17 1.48±0.03 1.01±0.08 

3.3 0.504±0.052 1.10±0.31 

50.0 (323.2] 33 3.84±0.18 10.82 11.04 2.09±0.45 1. 79 

1.71±0.34 

17 2.10±0.06 1.85±0.5 

3.3 0.599±0.023 1.61±0.065 

acalculated from the weight of Na2mal used. 
bCalculated from the slopes of plots of kobo versus (Hmal-] (Figure 5.3). 
ccalculated from the activation parameters: at 25 °C, kHmal = 9.9 X 10-4 M-1 s-1' 6.H;o! = 74.8 ± 6 

kJ mol-1 , t:,S;o! = -52± 12 J K-1 mol-1. 
dCalculated from the activation parameters: at 25 °C, kcycl = 1.03 x 10-5 s-1

, 6.H;o! = 88.9 ± 4 

kJ mol-1, t:,S;o! = -42 ± 8 J K-1 mol-1. 
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. [ ( ( + slow,k2 2+ czs- PtCl NH3h OH2)) + H20 """ cis-[Pt(NH3h(OH2)2) + Cl- (5.12) 

cis-[Pt(NH3h(OH2)2]2+ + Hmal- r~t cis-[Pt(Hmal)(NH3)2(0H2)]+ + H20 (5.13) 

and a direct displacement of a ligand (water) by an incoming nucleophile (Hmal-) 

(5.14) 

(5.15) 

There are valid reasons for believing that both routes involve associative processes. 

Two pieces of evidence are that variation of the charge of the platinum(II) complex has 

only a slight effect on the rate, and that an increase in stearic hindrance in the complex 

is accompanied by a decrease in reactivity [37,125] (Table 3.10). 

If the rates of a reaction conform to the expression in Equation 5.11, then, un

der conditions of excess nucleophile (N u) concentration, the observed first-order rate 

constant can be defined as in Equation 5.4, where Nu = Hmal-, that is 

(5.16) 

When kobs is plotted against the concentration of NaHma! used, the slopes of the 

lines yield kHmal ( M-1 s-1 ) (Figure 5.3). For this particular reaction it would be 

expected that the intercept k0 , which corresponds to k2 in Equation 1.2, would be 

approximately equal to zero as the background chloride release (Equation 1.2) has an 

unfavourable equilibrium constant (Figure 5.1) (Chapter 3). There will however be a 

small contribution to the overall reaction from this path but the data are not accurate 

enough to produce sensible values for the intercepts. The values for the more accurately 

determined slopes (kHmai, M-1 s-1 ) are presented in Table 5.5. 

As the reaction proceeded beyond this initial stage, a second phase developed, inde-

pendent of the concentration of NaHmal used, and a sharp isosbestic point at 267 nm 

formed, with a decrease in the absorbance of the cis-[PtCl(NH3)2(0R)]+ chromophore 

in the region 270 to 320 nm (Figure 5.4 ). The absorbance versus time data for this sec

arid reaction were monitored at 290 nm. It is believed that this second process involves 

the cyclisation of the platinum(II)-Hmal species, that is 

/0 
NH3" ,......o-c 

Pt \ 
NH{"" 'cl /CH2 

HO-C 
'\.0 

(5.17) 
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Figure 5.4. Spectrophotometric scans (5 minute intervals) for the second part of the anation reaction 

of cis-[PtCl(NH3)2(0H2)]+ by NaHmal at 45.1 •c and pH= 4.3 (J.L = 1.0 M) (Equation 5.17). The 

absorbance at 300 nm decreases with time. 

The rate constants ( kcych s-1 ) obtained for this process are shown in Table 5.5. Previous 

investigations have shown that the species (I) can be synthesised in good yield from 

cis-DDP in aqueous DMF containing NaHmal [168]. 

Glycine is one of 20 amino acids commonly found in proteins [169], and is important 

for protein synthesis. It is a neutral amino acid and is one of the 'non-essential' amino 

acids, so called because it can be synthesised by the body and does not have to be 

obtained from dietary sources. It can react as either an acid or a base, depending 

on the circumstances. Amino acids contain both acidic and basic groups in the same 

molecule and for this reason they can undergo an intramolecular acid-base reaction and 

exist primarily as the bipolar ion or Zwitterion as shown below for glycine. 

(5.18) 

The reaction of cis-[PtCl(NH3)2 (0H2 )]+ with glycine was carried out at pH = 7.4, 

with the pH adjusted using 0.1 MNaOH. Very little subsequent pH adjustment was 

required as the reaction proceeded, due to the self-buffering nature of the glycine. 

The spectrophotometric changes associated with the reaction showed a well-defined 

isosbestic point at 275 nm (Figure 5.5). The final UV spectrum of the reaction was 

featureless with the absorbance increasing uniformly and continuously from 360 down 
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Figure 5.5. Spectrophotometric scans (5 minute intervals, 45.3 °C) for the anation reaction of 

cis-[PtCl(NH3)2(0H2)]+ with glycine at pH= 7.4 (Jl = 1.0 M, NaCl04) (Equation 5.20). 

to 235 nm. The absorbance versus time data were collected at 304 and 245 nm and 

used to calculate the pseudo-first-order rate constants (kobs, s-1 ) (Table 5.6). 

This reaction also obeyed Equation 5.4, thus kobs was plotted against the glycine 

concentrations used (Figure 5.6). For this system, Equation 5.4 can be written 

kobs = kbH + kgly[glycine] (5.19) 

These plots were linear at the three temperatures that the reactions were carried out 

at. The slopes of the lines yielded values for kgly· At pH = 7.4, it is believed that two 

competing reactions are occurring. 

NH2 ..._ 
. "CH 

I 2 

c 
HO,......... ~O 

(II) 

(5.20) 
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Table 5.6. Spectrophotometrically determined rate constants (kgty, M-1 s-1) for the reaction of 

cis-[PtCl(NH3h(OH2)]+ with glycine (pH= 7.4; p. = 1.0 M, NaClO•)· 

Temperature (glycine] 104 kob• 104 kgty a 104 kgty (calc.) b 105 kbH c 105 kbH d 

(•c) (K) (M) (s-1) (M-1s-1) (M-1 s-1) (s-1) (s-1) 

25.0 [298.2] 2.75 

35.2 (308.4) 0.1 1.12±0.21 6.69 6.57 4.71 4.37 

1.15±0.31 

0.05 0.827±0.07 

0.804±0.13 

0.01 0.528±0.03 

0.536±0.04 

40.2 [313.4) 0.1 1.96±0.46 9.48 9.85 9.71 7.54 

1.90±0.33 

0.05 1.50±0.32 

1.34±0.43 

0.01 1.04±0.29 

1.12±0.20 

45.3 (318.5] 0.1 3.39±0.55 15.0 14.7 17.7 12.1 

3.18±0.55 

0.05 2.50±0.54 

2.48±0.39 

0.01 2.00±0.37 

1.88±0.49 

aEstimated from the slope of plots of kob• versus (glycine) (Figure 5.6). 
bCalculated from the activation parameters: L'l.H# = 62.7 ± 5 kJ mol-1, L'l.S# = -103 ± 10 

J K-1 mol-1 • 
cEstimated from the intercepts of the plots of kob• versus (glycine] (Figure 5.6). 
dExtrapolated from the kbH data obtained independently and more reliably from the hydrolysis of 

cis-[PtCl(OH)(NH3)2] in 0.1 M NaOH (Chapter 3). 
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Figure 5.6. Plots of kobo versus (glycine] for the anation of cis- [PtCl(NH3)2 (OH2)] + at pH = 7 .4. 
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At this pH there will be both the cis-[PtCl(NH3)z(OH2)]+ and cis-[PtCl(OH)(NH3)z] 

species present as well as the glycine nucleophile and hydroxide ions, therefore it seems 

reasonable to suppose that these two reactions are occurring. Evidence for this is 

provided by values obtained (k~m) from the intercepts of the plots of kobs versus glycine 

concentration with the y-axis. These values of kbH (Table 5.6) so obtained are in 

agreement with those values obtained previously and independently of this experiment 

(Table 3.3). 

Saudek and co-workers have investigated the reaction between cis-DDP and glycine 

at pH= 7.3 [170,171]. Using 1H and 13C NMR spectroscopy as a probe, the products 

of the reaction were determined to be mainly the species (II), with a trace of cis

Pt(NH2)2(NHzC02Hb with the ratio of these two products to each other depending 

on the pH that the reaction was carried out at. The crystal structure of (II) has also 

recently been reported [172]. 

5.4 Conclusions. 

It is thus possible to speculate further on the possible fate of hydrolysis products 

of cis-DDP under physiological conditions, as biological fluids contain ligands with 

both NH2 (as amino acids) and carboxylate sites as potential donor groups. After 

hydrolysis of the cis-DDP in the cell plasma (where the chloride ion concentration is 

approximately 4 mM and the pH = 7.4), there is sufficient cis-[PtCl(NH3)2(0H2)]+ 

present at equilibrium, approximately 30% [159] (Chapter 4), to provide a reasonable 

concentration of labile platinum(II) species. This is in contrast to the remaining 60% 

cis-[PtCl(OH)(NH3 ) 2] which must be classed as inert with respect to anation. However, 

the inert cis-[PtCl(OH)(NH3 ) 2] can provide a mobile but unreactive source of labile 

cis-[PtCl(NH3)z(OHz)]+ since, as the cis-[PtCl(NH3)z(OHz)]+ is removed from the 

system by anation, cis-[PtCl(OH)(NH3)z] will shift to the cis-[PtCl(NH3)2(0Hz)]+ form 

to maintain the equilibrium concentrations, as determined by the pf(a = 6.85 [151]. 

Of the anating ligands investigated so far, the anionic systems such as chloride ion 

or the hydrogen malonate ion have been far more effective than the zwitterionic glycine, 

with a relative order of reactivity of 23 (chloride ion): 4 (hydrogen malonate ion): 1 

(glycine) respectively (Table 5.4). The activation parameters for these reactions are 

similar therefore comparison of rate constants is a valid procedure. This order of reac

tivity is perhaps fortunate as otherwise protein material would compete unfavourably 

with the labile platinum(II) species for the binding sites in DNA. 
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CHAPTER 6 

THE METAL ION ASSISTED AQUATION OF 

cis-DICHLORODIAMMINEPLATINUM(II) AND THE CRYSTAL 

STRUCTURE OF [cis-[PtCl2(NH3)2](HgCl2)3]n. 

6.1 Introduction. 

Under acid conditions, the rate ofloss of the first chloro group from cis-DDP to give 

the cis-[PtCl(NH3h(OH2)]+ species (k1; Equation 1.1) has a half-life of approximately 

three hours at 25 °C, independent of the ionic strength or hydrogen ion concentration 

(Chapter 2). Loss of the second chloro group to give the cis-[Pt(NH3)2(0H2)2]2+ 

species does not occur under these conditions due to the unfavourable equilibrium 

constant (1(2) associated with Equation 1.2, although a value for the rate constant k2 
for this process has been obtained indirectly from values of k_ 2 and K 2 determined in 

Chapter 3. 

A chemical procedure used to accelerate chloride release from relatively inert metal 

chloro complexes is to add a metal ion, Mn+, which forms a strong M-Cl bond, 

for example, Hg2+, Tl3+ or Pb2+, or which precipitates an insoluble MClx salt, for 

example, Ag+ or Hg~+. Attempts to measure the rate of the Hg2+ -assisted aquation of 

cis-DDP using spectrophotometric techniques were initially thwarted by the high UV 

absorbance (345 to 230 nm) of solutions of Hg2+ in HN03 or HC104 , but it was found 

that HgCh or PbO dissolved in HC104 were sufficiently transparent in this region to 

enable kinetic measurements to be made. Thus rate constants for the HgCh-assisted 

and Pb2+ -assisted aquation reactions of cis-[PtC12(NH3h) were obtained. 

Thus, in this Chapter, the rate constants and activation parameters for the metal ion 

assisted hydrolysis or aquation of cis-DDP using HgCh and Pb2+ ions were determined. 

The effects of other metal ions not only on the acid hydrolysis reaction of cis-DDP but 

also on its base hydrolysis reaction were also investigated. An additional feature of 

this work was that crystals of the reaction product were obtained from the HgCh

assisted aquation of cis-DDP and the X-ray crystallographic data for structure are also 

presented in this Chapter. 
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6.2 Experimental. 

6.2.1 Measurement of Rate Constants. 

Solutions of HgCl2 (22.1 to 36.8 mM) in various HC104 I NaCl04 media were 

prepared from weighed amounts of the solid and allowed to reach thermal equilibrium 

in a temperature controlled water bath. A small sample (5 to 8 mg) of cis-DDP was 

dissolved in a few drops of DMF in a 1.00 em quartz spectrophotometer cell and this 

solution was allowed to reach thermal equilibrium in the temperature controlled cell 

compartment of the spectrophotometer. The appropriate HgCl2 I HCl04 I NaC104 

solution (2.5 to 3.0 ml) was then added and, after mixing, the absorbance versus time 

data were collected at 300 nm (and also at 285 and 310 nm if the time-scale of the 

reaction permitted) at appropriate time intervals (Figure 6.1). The reactions were 

monitored for six to eight half-lives and, as the initial HgCh concentration was always 

greater than ten times that of the initial cis-DDP concentrations, pseudo-first-order 

rate constants ( kobs, s-1 ) could be calculated (Table 6.5). Second-order rate constants 

(kHg, M-1 s-1 ) (Table 6.5) were obtained from the expression 

(6.1) 

Plots of kobs versus the HgCl2 concentrations used were obtained (Figure 6.2) and, 

using Equation 5.4 (Chapter 5), k0 = 0 and calculated values for kNu = kHg were 

obtained from the slopes of these plots. 

The solutions of Pb2+ in HC104 were prepared by dissolving the appropriate weight 

of PbOin 1.0 MHC104. Small samples of cis-DDP ("' 5 mg) were dissolved in the ther

mally equilibrated Pb2+ solution in a 1.00 em spectrophotometer cell and absorbance 

versus time data were collected at 300 and 260 nm while the spectrophotometer was 

operating in the repeat scan mode between 350 and 250 nm (Figure 6.6). The pseudo

first-order rate constants ( kobs, s-1 ) obtained (Table 6.10) were plotted against the con

centrations of Pb2+ used (Figure 6.7), and, following Equation 5.4, values for ko = k1 

(s-1 ) (Equation 1.1) and the second-order rate constant kNu = kpb (M- 1 s-1 ) were 

calculated from the least squares intercepts and slopes of these plots (Table 6.11). 

6.2.2 Formation and Structure of [cis-[PtCb(NH3)2](HgCl2)3]n. 

To a solution of 0.03 M HgCb in 0.01 M HCl04 (20 ml) was added 20 mg of 

cis-DDP. The mixture was heated at about 60 °C for approximately two hours and then 

allowed to cool slowly to room temperature in the dark. Pale yellow needles, suitable for 

single crystal X-ray analysis, deposited over the next 48 hours. The following structural 

analysis was performed by Miss Huo Wen and Dr W. T. Robinson. 

Intensity data for a small, elongated, rod-like crystal (0.10 X 0.12 X 0.48 mm) were 

collected with a Nicolet R3m four-circle diffractometer at -125 °C. Graphite monochro-
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Table 6.1. Crystal Data. 

Complex [cis- [ PtCh ( NHJ )2] (HgCh )3 ] n Transmission factors 0.331, 0.192 

Molecular formula H6N2ClsPtHg3 Scan mode w 

Formula weight 1114.53 Oct ants 0, 0, -I; h, k, I 

Space group monoclinic, C2/c 2Bmax (0) 60 ° 

a (A) 18.532(5) Reflections measured 2179 

b (A) 6.506(2) Reflections used 1653 

c (A) 12.492( 4) Parameters refined 61 
p (0) 98. 76(3) Weighting (g x 103) 5.55 

v (A3
) 1485.5(8) R 0.0591 

z 4 Rw 0.0630 

Deale (g/ CC) 4.98 

Temperature (°C) -125 

F(OOO) 1859.27 

Abs. correction (em -l) 418.21 

Table 6.2. Anisotropic thermal parameters (A2 
X 103 ) for [cis- [PtCb (NH3 )2] (HgCb l3L. a 

Atom u11 Un U33 u23 U13 u12 
Hg(1) 5(1) 15(1) 10(1) 4(1) 1(1) -4(1) 

Pt(1) 2(1) 10(1) 3(1) 0 1(1) 0 

Hg(2) 4(1) 15(1) 15(1) 2(1) 2(1) -4(1) 

Cl(1) 10(2) 9(2) 14(2) -0(2) 6(1) -3(2) 

Cl(2) 8(2) 14(2) 20(2) 4(2) 4(1) -2(2) 

Cl(3) 10(2) 21(2) 20(2) 3(2) 4(2) -9(2) 

Cl( 4) 4(2) 17(2) 8(2) -3(2) 1(1) 1(1) 

a The anisotropic temperature factor exponent takes the form: -271"2 ( h2 a ' 2 Uu + · · · + 2hka' b' U12). 

mated MoKa radiation (0.71069 A) was used, with fixed w scans. Cell parameters were 

determined by least squares refinement of 25 accurately centered reflections. During 

the data collection, the intensities of three standard reflections were monitored at reg

ular intervals and these indicated no significant crystal decomposition. The collected 

intensities were corrected for Lorentz, polarisation and absorption effects (both auto

matically and from crystal indexing) (Table 6.1). 

The structure was solved by conventional Patterson and Fourier methods and re

fined by blocked cascade least-squares procedures. The Pt and Hg atoms were distin

guished on the basis of chemical reasoning, and all atoms heavier than nitrogen were 

refined with anisotropic thermal parameters (Tables 6.2 and 6.3). In the last cycles 

of refinement, the appropriate N-H hydrogen atoms were included in their calculated 

positions. All calculations were performed on a DG300 computer using the SHELXTL 

suite of programs [173] and Table 6.4 lists the non-hydrogen atom coordinates. 
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Table 6.3. Hydrogen atom coordinates (x104
) and isotropic thermal parameters for 

[cis- [PtCb(NH3)2 ] (HgCh)3] n. 

Atom X y z u 
H(1a) 1230 2968 2198 14 

H(1b) 871 5473 2945 14 

H(1c) 610 5471 1689 14 

Table 6.4. Non-hydrogen atom coordinates (X 104
) for [cis- [PtCb (NH3 )2 ] (HgCh)3ln. 

Atom x y z 

Hg(1) 0 0 0 

Pt(1) 0 2398(2) 2500 

Hg(2) 1996(1) 149(1) -792(1) 

Cl(1) -639(2) -2911(7) 345(3) 

Cl(2) 1503(2) -2672(7) -58(4) 

Cl(3) 2548(3) 2852(8) -1537(4) 

N(1) 784(9) 4629(26) 2307(14) 

Cl(4) 851(2) -78(7) 2252( 4) 

6.3 Results and Discussion. 

Removal of certain coordinated ligands from complexes is enhanced considerably 

by the addition of some labile metal ions [174]. The rates of aquation of various transi

tion metal complexes have been found to be accelerated to various degrees by different 

metal ions of 'hard', 'intermediate' and 'soft' types. The leaving groups or atoms include 

halides, alkyl groups and carboxylates among others. Most studies of such 'assisted' 

hydrolysis reactions have almost solely concerned cobalt(III) or chromium(III) com

plexes and there is very little data available on such assisted reactions of platinum(II) 

complexes [175,176,177]. 

For halogeno complexes such as cis-DDP, the rate of hydrolysis is considerably 

enhanced by the addition of halide abstractors such as Hg2+, Tl3+ or Ag+ to the acidic 

solution [122]. Technically these metal ions are not catalysts as the initial and final 

states of the added reagent ( cis-DDP) are different although the term is occasionally 

used in the literature, but 'assisted' is more correct. Depending on the conditions 

used, during the course of an assisted hydrolysis reaction, the assisting metal ion may 

find itself distributed in various forms. For example, during the course of an Hg2+

assisted aquation of a chloro complex (RCl) in nitrate media, Hg2+, HgCl+, HgCl(N0 3 ), 

R-C1Hg2+, R-ClHgCl+ etc. all might be present [174]. Hydrolysed species such as 

Hg(OH)+ are present in most cases since, generally, the pH of the media used is much 

lower than the pJ(h (where J(h is the hydrolysis constant of the metal ion [37]). In the 

case of the zn2+ -assisted base hydrolysis of cis-DDP however, the species [Zn(OH)4 ]
2

-

would be present. 

Most kinetic studies in this area [17 4] involve either Hg2+ or Tl3+ as the metal ion 
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Figure 6.1. Spectrophotometric scans for the metal ion assisted aquation of cis- [PtCb (NH3 ) 2 ] 

("" 2 X 10-3 M) using HgCb (0.022 M) dissolved in 0.1 M HCl04 at room temperature. The 

decrease in absorbance corresponds to a repeat scan every 600 s. 

assisting halide release [122] because the formation of a precipitate limits the meth

ods available to monitor the reaction and heterogeneous systems are often subject to 

complicating surface effects. Nevertheless, the addition of stoichiometric quantities of 

Ag+ to cis-DDP, followed by filtration of the AgCl, is the standard synthetic route to 

produce cis-[PtCl(NH3) 2(0H2)]+ or cis-[Pt(NH3)2(0H2)z] 2+ in solution [178]. 

The spectrophotometric changes that take place on mixing solutions of HgClz in 

HCl04 I NaCl04 with cis-DDP in DMF are shown in Figure 6.1. Although for most 

of the data obtained the cis-DDP was dissolved in DMF prior to the addition of the 

HgCh I HC104 I NaC10 4 solution, experiments without DMF gave entirely similar 

results. Satisfactory isosbestic points were maintained at 275 and 335 nm, indicating a 

monophasic reaction, and the final absorbance spectra corresponded to that expected 

for cis-[Pt(NH3)2 (0H2 )z] 2+ dissolved in HgCh I HCl04 I NaCl04 solutions. It is 

thus believed that the reaction under investigation here corresponded to Equations 6.2 

and 6.3, with both chloride ligands on the cis-DDP being displaced simultaneously. 

NH3 Cl 
Cl 

[ NH, '- /CI'- /CI l " / 
I kHg 

Pt + Hg Pt Hg 
NH~ 'CI I NH3/ 'cr...... 'c1 

Cl (6.2) 

l fast 

very 
NH3 OH2 

2+ 
Cl"-. /CI 

2-

[PtCI2(NH3h·(HgCI2hln 
slow " / Pt + /9......_ 

NH3/ 'OH2 Cl Cl (6.3) 
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Figur~ 6.2. Plots of kobo versus (HgCh] for the metal ion assisted aquation of cis- [PtCh(NH3 ) 2 ] 

(IL = 1.0 M). 

This conclusion is also supported by the kinetic analysis, since excellent linear plots 

of kobs versus the initial HgCh concentrations used were obtained over a 20 °C temper

ature range, with the intercepts of the plots at the origin (Figure 6.2). One drawback 

was that only a limited range of initial HgCh concentrations could be used as the low

est end (0.02 M) was constrained by the initial concentration of cis-DDP required and 

used for these experiments, and at the upper end, high concentrations of HgC12 (initial 

HgClz concentrations above 0.04 M) resulted in the rapid formation of a precipitate. 

The reaction rate was found to be independent of hydrogen ion concentration (0.01 

to 1.0 M) and ionic strength (0.01 to 1.0 M) (Table 6.5) and activation parameters 

of 6.HJC = 67.9 kJ mol-1 and 6.SJC = -55.0 J K-1 mol- 1 were calculated from the 

variation of kHg with temperature. 

Although HgClz is regarded as a rather poor chloride abstractor [122,174], addition 

of this reagent to dissolved cis-DDP most definitely facilitates chloride release. For 

example, addition of 22.1 mM HgC12 to 2 mM cis-DDP reduces the half-life for acid 

hydrolysis from three hours to one hour at 25 °C but significantly different products 

are formed. Very few HgC12-assisted halide release reactions have been reported [174], 
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Table 6.5. Spectrophotometrically determined rate constants (kHg) for the metal ion assisted aquation 

of cis-[PtCh(NH3)2 ] using HgCh (J.t = 1.0 M; HCl04, NaCl04). a 

[HgCb]; Temperature 104kob• 102 kHg b 102 kHg (calc.) 

(mM) (°C) [K] (s-1 ) (M-1 s-1 ) (M-1 s-1 ) 

22.1 20.0 [293.2] 1.47(2) 0.665(1) 0.675 c 0.662 d 

29.5 2.00(3) 0.678(1) 

22.1 25.0 [298.2] 2.05(2) 0.928(1) 0.978 1.07 

25.8 2.42(1) 0.938(1) 

29.5 2.98(8) 1.01(1) 

22.1 30.0 [303.3] 4.15(13) 1.88(6) 1.77 1.71 

25.8 4.83(2) 1.87(1) 

29.5 5.25(10) 1.78(3) 

33.2 6.00(9) 1.81(3) 

36.8 6.41(4) 1.74(1) 

22.1 35.0 [308.2] 6.09(8) 2.76(4) 2.89 2.70 

25.8 7.51(26) 2.91(10) 

29.5 8.33(9) 2.82(3) 

7.04(4) e 2.39(1) 

8.33(29) f 2.82(10) 

9.67(25) g 3.28(9) 

33.2 9.51(5) 2.87(2) 

36.8 10.7(12) 2.91(3) 

22.1 40.0 (313.2] 8.73(1) 3.95(1) 3.87 4.18 

25.8 10.1(1) 3.92(1) 

29.5 11.5(10) 3.89(3) 

33.2 12.7(19) 3.84(6) 

36.8 14.3(17) 3.89(5) 

aNumbers in parentheses are the uncertainty (standard deviation) in the last digit(s) from > 20 

data points for each kinetic run. 
bDetermined using Equation 6.1 
ccalculated from a linear least-squares analysis of plots of (HgCh]; versus kob•. 
dCalculated from the activation parameters obtained for kHg viz, t>.H;>I = 67.9 ± 2 kJ mol- 1 and 

6.S;o! = -55.0 ± 4 J K-1 mol-1 

e(HCl04] = 0.01 M; (NaCl04] = 0.99 M; J.t = 1.0 M. 
'(HC104] = 0.1 M; [NaCl04] = 0.9 M; J.t = 1.0 M. 
9 (HC104] = 1.0 M; J.! = 1.0 M. 
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although the reactions shown in Equations 6.4 and 6.5 have been studied spectropho

tometrically 

Pt(X)(gly)(NH3) + Hg2+ ':J.. Pt(gly)(NH3)(XHg)2+ (6.4) 

Pt(gly)(NH3)(XHg)2+ ~ Pt(gly)(NH3)(H20)+ + HgX+ (6.5) 

A well defined adduct has been characterised and its rate offormation (kJ) and decom

position measured [175,176,177]. Although probably fortuitous rather than meaningful, 

the rate of adduct formation (kJ = 2 x 10-2 M-1 s-1 at 25 °C) for PtCl(NH3)(gly) is of 

a similar magnitude to the HgCl2-assisted chloride release from cis-DDP (kHg = 1 X 10-2 

M-1 s-1 at 25 °C). 

The concept of simultaneous release of both chloro ligands via a cyclic binuclear in

termediate of the type shown in Equation 6.2 is not new and similar adducts have been 

proposed for the Hg2+ -assisted chloride ion release from some cis-Co(L4)Cl2 + complexes 

[179,180,181]. Indeed, the structure of the binuclear complex cis-[Rh(en)2Cb]Cl.HgCb 

clearly shows the formation of a J.L-dichloro bridged system [182]. Also, there are 

analagous structures reported for square planar, four coordinate metal systems which 

exhibit the metal-J.L-dichloromercury(II) bridge system [183,184]. It must be noted, 

however, that the end product [PtCb(NH3)2.(HgCbhln from the reaction between 

cis-DDP and HgCh contains only platinum-J.L-monochloromercury(II) bridges. 

Crystals of the product [PtCb(NH3)2.(HgCb)3]n deposit if the contents of the spec

trophotometric cell (in the absence of DMF) are allowed to cool overnight. The single 

crystal X-ray structural analysis shows these to have a polymeric structure (Figure 6.3 

and 6.5), similar to those reported for [Et4N]2Hg2PtCls and [Et4NhHg3PtCho [184]. 

In [cis-[PtCb(NH3)2](HgCbhln' the cis-[PtCb(NH3)2] units are linked into chains by 

bridging of the chloro ligands through a HgCb molecule lying on a special position 

(C1(4)-Hg(1) = 3.004(4) A). The chloro ligand bound to the platinum is also linked 

(Cl( 4)-Hg(2) = 2.979( 4) A) to a second HgC12 molecule, whose next closest Hg ... Cl 

interaction is at 3.25 A, from an equivalent HgCh molecule in another chain (Fig

ure 6.4). Thus the chloro ligands bound to the platinum(II) are weakly linked to two 

HgCl2 molecules. 

Bond lengths and angles within the cis-DDP molecule are similar to those found in 

isolated cis-DDP [13] and its DMF adduct [185] (Table 6.6). The short Hg-Cldistances 

and the Cl-Hg-Cl angles in both the chain (Hg(1)) and terminal (Hg(2)) HgCb 

molecules are similar to those found in isolated HgCh or some of its weaker adducts 

(Table 6.7). The bridging Hg-Cl distances, for example, Pt-Cl(4) ... Hg(1) (3.004(4) 

A) in the chain or Pt-Cl( 4) ... Hg( 2) ( 2. 979( 4) A) for the terminal Hg atoms, are well 

within the sum of the Hg ... Cl Van der Waals radii of 3.25 A. Other bond lengths and 

bond angles are listed in Tables 6.8 and 6.9. 
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Cl3 

Figure 6.3. A view of the [cis- [PtCh(NH3h] (HgChh] n chain showing the atom numbering system 

adopted. 

Table 6.6. Bond lengths and bond angles in cis- [PtCh(NH3)2 ] and its adducts. a 

Complex Pt-Cl Pt-N Cl-Pt-Cl N-Pt-N 

(A) (A) (•) (•) 

2.33(1) X 2 

2.315(7) 

2.306(7) 

[cis- [PtCh(NH3)2 ] (HgChh] n d 2.307(5) 

2.308{5) 

2.01{1) X 2 

2.00(2) 

2.08(2) 

91.9(3) 

92.4(3) 

2.093{17) X 2 · 91.5(2) 

87(1.5) 

91.0(7) 

92.2{1.0) 

asee also (186) for the structure of cis- [PtCb(NH3) 2].DMA. (18- Crown- 6) 112 • 

bReference (13) 
cReference [185) 
dChapter 6 
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Figure 6.4. A packing diagram for [cis-[PtCb(NH3)2](HgCb)3t. 
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Figure 6.5. A view of the [cis-[PtCh(NH3)2 j(HgCh)3ln unit. 
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Table 6.7. Bond lengths and angles in HgCh and some adducts. 

Compound Hg-Cl Hg ... Cl Cl-Hg-Cl Reference 

(A) (A) (0) 

HgCb ( cryst.) 2.284(12) 3.37 178.9(5) (187] 

2.301(14) 

HgCb (gas) 2.252(5) X 2 180(16) [188] 

HgCb (encapsulated) 2.327(7) 172.7(2) [189] 

2.304(7) 

(H• TTF](HgCb]3 2.309(5) X 2 2.989(6) X 2 180 (190] 

3.235(5) X 2 

[DMS0]2 (HgCb]3 2.306(6) X 2 3.004(5) X 2 180 [191 ,192] 

3.081(6) X 2 

HgCb ("chain") 2.308(5) X 2 3.004( 4) X 2 180 Chapter 6 

HgCb ("terminal") 2.301(5) 2.979(4) 176.6(2) Chapter 6 

2.300(5) 

Table 6.8. Bond lengths (A) in [cis- [PtCb(NH3)2 ] (HgCh)3] n. 

Hg(1 )-Cl(1) 2.308(5) Hg(1)-Cl( 4) 3.004( 4) 

Hg(1)-Cl(1A) 2.308(5) Hg(1)-Cl(4A) 3.004(4) 

Pt(1)-N(1) 2.093(17) Pt(1)-Cl(4) 2.307(5) 

Pt(1)-N(1A) 2.093(17) Pt(1)-Cl(4C) 2.308(5) 

Hg(2)-Cl(2) 2.301(5) Hg(2)-Cl(3) 2.300(5) 

Hg(2)-Cl(4B) 2.979(4) 

Cl(4)-Hg(2A) 2.979(4) 
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Table 6.9. Bond angles (0
) for [cis- [PtCb (NH3)2 ] (HgCb )3] n. 

Cl(1)-Hg(1)-Cl(1A) 

Cl(1 )-Hg(1 )-Cl( 4A) 

Cl(1A)-Hg(l)-Cl( 4A) 

N(l)-Pt(1)-N(1A) 

N(l)-Pt(l)-Cl( 4C) 

N(1A)-Pt(1)-Cl( 4C) 

Cl(2)-Hg(2)-Cl( 4B) 

Hg(1)-Cl(4)-Pt(1) 

Pt(1)-Cl(4)-Hg(2A) 

Cl(1 )-Hg(1)-Cl( 4) 

Cl( 4)-Hg(1)-Cl(1A) 

Cl( 4)-Hg(1)-Cl( 4A) 

N(1)-Pt(1)-Cl(4) 

Cl( 4)-Pt(1)-N(1A) 

Cl( 4)-Pt(1)-Cl(4C) 

Cl(2)-Hg(2)-Cl(3) 

Cl(3)-Hg(2)-Cl(4B) 

Hg(1)-Cl( 4)-Hg(2A) 

180.0(1) 

88.7(1) 

91.3(1) 

92.2(10) 

178.8( 4) 

88.2(5) 

92.1(1) 

80.9(1) 

108.5(2) 

91.3(1) 

88.7(1) 

180.0(1) 

88. 2(5) 

178.8( 4) 

91.5(2) 

176.6(2) 

89.2(1) 

166.5(2) 
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During investigation of the Pb2+ -assisted chloride release from cis-DDP, it was 

found that solutions of PbO dissolved in HCl04 were not completely transparent in 

the 250 to 350 nm region and as the concentration of Pb2+ increased, an increasingly 

dominant absorbance also developed (Figure 6.6). As a consequence, at high concentra

tions of Pb2+, the initial absorption spectrum of cis-DDP dissolved in this medium was 

considerably distorted from that observed in HCl04 alone (Figure 2.1). However, at all 

Pb2+ concentrations the maximum at 300 nm was maintained and, as the reaction pro

ceeded, this peak decreased in intensity. As the Pb2+ concentration was increased, this 

initial minimum became less well defined and at a Pb2+ concentration of 0.1 Mit was 

no longer discernable. The absorbance of the final product, cis-[PtCl(NH3)2 (0H2)]+ 

was also distorted as the Pb2+ concentration increased. At low concentrations of Pb2+, 

only the 263 nm maximum observed in HC104 was observed, but by increasing the 

Pb2+ concentration, the 240 nm minimum was slowly enveloped in the background 

continuum. At low Pb2+ concentrations, the reaction also proceeded with an isosbestic 

point at 282 nm, identical in position to the aquation in the absence of Pb2+, but as 

the Pb2+ concentration increased, this point also became less distinct (at 0.1 M Pb2+) 

and was lost completely at Pb2+ concentrations greater than or equal to 0.12 M. 

As is shown in Table 6.10, the rate of hydrolysis was increased in the presence of 

Pb2+ ions, and the Pb2+ dependence is described by Equation 5.4, in the form 

(6.6) 

Plots of Pb2+ concentration versus kobs were found to be linear (Figure 6.7) and the 
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Figure 6.6. Spectrophotometric scans (5 minute intervals) for the metal ion assisted aquation of 

cis-[PtCI2(NH3)2] using Pb2+ ions at 45.2 °C (Jl = 1.0 M, HCIO•)· The absorbance at 300 nm 

decreases with time and increases with time at 265 nm. 
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Figure 6. 7, Plots of kob• versus (Pb2+] for the metal ion assisted aquation of cis- [PtCb (NHJ )2 ] 

(Jl = 1.0 M). 

slopes of these plots yielded values for kpb (M- 1 s-1 ) and the intercepts of the plots 

with they-axis gave values equal to k1 (s- 1) (Table 6.11), the rate of aquation in the 

absence of Pb2+ ions (Table 2.1). The acceleratory influence of Pb2+ is not large, with 

a rate increase of only about 2.3 observed in a 0.2 lvf Pb2+, 0.58 lvf HC10 4 solution, 

relative to 1.0 lvf HC10 4 , which suggests only a weak Pt-Cl ... Pb interaction. The 

activation energies for the two processes (aquation with (Ea = 88 ± 8 kJ mol- 1 ) and 

without (Ea = 85 ± 2 kJ mol- 1 ) Pb2+ ions) were found to agree within experimental 

error and the only driving force for the Pb2+ -assisted reaction appears to be a slight 

increase in the activation entropy. This thus reinforces previous observations that Pb2+ 

is not a particularly effective metal ion for chloride abstraction [193,194,195]. 

Rates of these metal ion assisted hydrolysis reactions exhibit dependence on the 

metal ion concentration in either of the two following general forms. 

(6. 7) 

where a plot of kobs versus the concentration of Mn+ (where Mn+ IS the metal ion 

· assisting the hydrolysis) is linear, and 
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Table 6.10. Spectrophotometrically determined observed rate constants (kob•, s-1) for the Pb2+-

assisted aquation of cis- [PtCb(NH3)2 ] (!l = 1.0 M, HCl04). 

(Pb2+] 35.2 °C 40.2 °C 45.0 °C 50.0 °C 

(M) (308.4 K] (313.4 K] (318.2 K] (323.2 K] 

0.02 2.01±0.33 3.42±0.33 5.62±0.50 9.60±0.80 

2.01±0.24 3.53±0.52 5.81±0.69 9.29±0.42 

0.03 2.12±0.36 4.21±0.75 6.78±1.2 10.4±0.6 

2.14±0.45 3.96±0.64 6.82±1.5 10.3±0.6 

0.04 2.24±0.29 4.32±0.60 7.51±0.75 11.6±0.8 

2.48±0.32 4.16±0.45 7.07±0.82 11.3±0.7 

0.06 2.73±0.42 4.76±0.20 7.79±0.49 12.1±0.6 

2.68±0.58 4.50±0.62 7.35±0.54 12.0±0.8 

0.10 3.04±0.30 5.38±0.56 9.69±0.94 14.1±0.6 

3.02±0.88 5.49±0.43 9.54±1.2 

0.12 3.24±0.39 5.79±0.49 10.5±0.5 15.0±0.2 

9.46±0.5 

0.20 4.11±0.48 12.9±0.6 

Table 6.11. Calculated rate constants (kPb) for the Pb2+ -assisted aquation of cis- [PtCb(NH3)2 ] 

(J-t = 1.0 M). 
T oc [K] 103 kPb (calc.) b 105 kl c 105 kl d 

(M-l s-1) (s-1) (s-1) 

25.0 (298.2] 0.372 

35.2 [308.4] 1.15 1.20 1.88 1.74 

40.2 (313.4] 2.12 2.08 3.30 3.33 

45.0 [318.2] 3.84 3.46 5.44 5.47 

50.0 [323.2] 5.36 5.79 8.78 8.81 

a Least-squares slopes of the plots of kob• versus (Pb2+]. 
bCalculated from the activation parameters: b.H;o! = 85.5 ± 7 kJ mol-1, b.S;o! = -24 ± 14 

J K-1 mol-1. 
cLeast-squares intercepts of the plots of kob• versus (Pb2+] with the y-axis. 
dlndependently determined rate constants (k1, s-1) (Table 2.1) for the thermal aquation of 

cis-[PtCb(NH3)2 ] in 1.0 M HCl04. 



6.3. RESULTS AND DISCUSSION. 105 

A[Mn+] 
kobs = [ +] 1+B Mn 

(6.8) 

where a plot of 1/ kobs versus 1/ [Mn+] is linear. Dependence of the type shown in 

Equation 6. 7, which is exhibited by both the HgC12- and Pb2+ -assisted hydrolysis 

reactions (Figures 6.2 and 6.7), might arise from a one-step attack by the metal ion, 

Mn+, at a suitable site on the leaving ligand, L, in the complex R-L, that is, SE2 

attack at Mn+ (Equation 6.9). 

RL + Mn+ ..!5... [activated complex]¥= f~t products (6.9) 

The following expression (Equation 6.10) [174] can be used to describe the Pb2+

assisted hydrolysis of cis-DDP, but not the HgC12-assisted reaction. 

n=3 

Rate= L kpb[PbCl~-)[cis-DDP] (6.10) 
n=O 

This expression for the assisted pathway of these reactions only applies to the Pb2+ 

reaction system as only one chloride is being removed from the cis-DDP to give the 

cis-[PtCl(NH3)2(0H2)]+, whereas HgCl2 removes both chlorides simultaneously to give 

cis-[Pt(NH3)2(0H2h]2+ and HgC14
2- (which then combine to give the crystalline prod

uct). For the Pb2+ -assisted system, there is an intermediate step of the reaction where 

one Pb2+ is bound to one of the chloro groups on the cis-[PtCh(NH3)2]. Then this Pb2+ 

leaves with the chloride attached to it, to give PbCl+ and cis-[PtCl(NH3)2(0H2)]+. As 

soon as some PbCl+ forms, there is the possibility of another pathway in this reaction, 

where the PbCl+ reacts further with the cis-[PtCb(NH3h], removing another chlo

ride to give PbC12 and cis-[PtCl(NH3h(OH2)]+. However, the concentration of PbCl+ 

available to react after the first step is limited to being, at the maximum, the same 

as the concentration of cis-DDP present, which is only approximately 10-3 M. Since 

the total concentration of Pb2+ present at the beginning of the reaction is at least ten 

times that of the cis-DDP concentration, it seems unlikely that this second pathway 

will contribute much to the overall rate. Also, there is no real electrostatic effect or 

driving force for this second pathway. Thus, for PbCl~-, from Equation 6.10, n = 0. 

In the case of HgCb-assisted hydrolysis reactions, there was loss of both chloro groups 

from the cis-DDP giving cis-[Pt(NH3h(OH2)2]2+ and HgCl~- which together formed 

the crystalline product [ cis-[PtCl2(NH3)2](HgCbhln. 

Other metal ions were investigated in order to determine what effect they may have 

had on the hydrolysis of cis-DDP. Small amounts of solid cis-DDP were added to solu

tions of 0.3 M metal ion in HC104 (J-L = 1.0 M) inside a 1.00 em quartz cell, thermally 

equilibrated in the temperature controlled cell compartment of the spectrophotometer. 

Absorbance versus time data for the subsequent reaction were collected at 304, 260 and 

236 nm. From this data, first-order rate constants, k1 (s-1 ), were calculated and the 
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Table 6.12. Spectrophotometrically determined rate constants (kt, s-1 ) for the metal ion assisted 

aquation of cis-[PtCb(NH3)2 ] using a variety of metal ions (tt = 1.0 M, HCI04). 

Temperature [M"+J 104 k1 a 

(
0 0) [K) (M) (s-1 ) 

37.6 [310.8) 0.3 M Ca2+ 2.28±0.67 

37.9 [311.1) 0.3 M Ca2 + 2.52±0.47 

37.8 [311.0) 0.3 M Mg2+ 2.83±0.21 

38.1 [311.3) 0.3 M Zn2+ 2.72±0.32 

38.0 [311.2) 0.3 M Cu2+ 3.03±0.15 

aRate constant is the average of three values, obtained at 304, 260 and 236 nm. 

Table 6.13. Spectrophotometrically determined rate constants ( kb1I, s-1 ) obtained for the Zn2+-

assisted base hydrolysis of cis- [PtCb (NH3 )2 ]. 

Temperature [Zn2 +] 104 kb2H a 

(00) [K) (M) (s-1) 

45.2 [318.4) 0.02 2.40±0.28 

44.8 [318.0) 0.03 2.66±0.11 

45.2 [318.4) 0.06 2.53±0.05 

45.2 (318.4) 0.08 2.60±0.01 

45.3 [318.5) 0.10 2.67±0.10 

aRate constant is the average of two values, obtained at 300 and 245 nm. 

values obtained are presented in Table 6.12. All of these 'metal ion assisted' reactions 

were carried out at approximately the same temperature and compared with the values 

obtained for k1 in HC104 solution (Table 2.1, Chapter 2). However, it was found that 

the rate of aquation of cis-DDP in 1.0 M was not increased by the addition of Cu2+, 

Zn2+, Ca2+ or Mg2+ ions and these are the metal ions most likely to be encountered 

in vivo rather than Hg2+, HgCh or Pb2+. Therefore it seems unlikely that metal ions 

are playing any role in accelerating the rate of hydrolysis of cis-DDP in vivo, although 

the possibility that the rate of base hydrolysis (a more likely hydrolysis route at phys

iological pH) could be accelerated by the presence of metal ions also needed to be 

explored. 

The possibility of metal ion assisted base hydrolysis of cis-DDP was investigated 

using solutions of ZnCh dissolved in N aOH. At physiological pH, hydroxide ions are 

present so it was also thought that investigation of the effect of metal ions on the 

rate of base hydrolysis of cis-DDP could be interesting. One possible metal ion to 

try that might have had an effect on base hydrolysis in vivo was zn2+. Solutions of 

various concentrations of zn2+ (0.02 to 0.1 M) in 1.0 M NaOH were prepared and 

small samples of cis-DDPdissolved in the chosen zn2+ / NaOH solution thermally 

equilibrated in a 1.00 em quartz cell in the temperature controlled cell compartment of 

the spectrophotometer. The subsequent reaction was monitored between 345 and 225 
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nm with absorbance versus time data collected at 300 and 245 nm. First-order rate 

constants were calculated from this data and the results are presented in Table 6.13. 

However, by comparing these rate constants with those obtained in NaOH / NaC104 

solutions (J.L = 1.0 M) (Tables 3.1 and 3.2, Chapter 3), it can be seen that the rate of 

hydrolysis in 1.0 M NaOH was not changed in the presence of zn2+ in the concentration 

range 0.02 to 0.08 M. 

6.4 Conclusions. 

The aquation of cis-DDP in acidic media was found to be accelerated by the pres

ence of HgCh or Pb2+ ions. Addition of cis-DDP to a solution of HgC12 reduced 

the half-life for the aquation reaction to one third of what it was previously with

out the presence of the halide abstractor. However, th(>. final products for this re

action were cis-[PtCl(NH3)2(0H2)]+ and HgCl~- which combined to give crystals of 

[ cis-[PtCh(NH3)2](HgChhln after a period of time. The structure of one of these crys

tals was determined using X-ray crystallography, its main feature being the platinum-J.L

monochloromercury(II) bridges. The presence of Pb2+ ions also accelerated the aqua

tion of cis-DDP under acid conditions although the products for this reaction were 

believed to be cis-[PtCl(NH3h(OH2)]+ and PbCl+ and the acceleratory effect was not 

large. 

Under physiological conditions (pH = 7.4 [91]), since base hydrolysis is likely to be 

an important reaction pathway for cis-DDP (Chapter 3), it was thought that metal 

ion assisted aquation may play some role in accelerating the base hydrolysis reaction. 

Since Zn2+ ions are present in vivo, it was believed that these may have been the most 

likely ions to have an effect, but no acceleratory effect on the rate of base hydrolysis 

could be found. Other metal ions that are present in vivo were tested for their possible 

acceleratory effect on the rate of acid hydrolysis of cis-DDP but none could be found. 

Thus it seems unlikely that the biologically important metal ions present under phys

iological conditions have any acceleratory role for the hydrolysis processes of cis-DDP 

in vivo. 
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CHAPTER 7 

MISCELLANEOUS REACTIONS OF cis-[PtCl2(NH3)2]. 

7.1 Introduction. 

In this Chapter are reported the results of three different areas of work on cis-DDP 

and its relatives cis-[PtBr2(NH3h] and cis-[PtBr(NH3)2(0H2)]+, which did not fit into 

the work reported in the previous six Chapters. 

The first area investigated was the bromide anation of cis-[PtBr(NH3h(OH2)]+ 

(k~}, M-1 s-1 ). As a consequence of this work, the rate constants for the forward 

reaction, the hydrolysis (krr, s-1 ) of cis-[PtBr2(NH3hJ, were also obtained (Equa

tion 7.3). The second area concerned a preliminary investigation of the reaction of 

cis-[PtCb(NH3)2] with ortho-phenylenediamine, a macromolecular carrier that might 

have possible therapeutic use [196]. Finally, the third area investigated was the hy

drolysis of cis-[PtCh(NH3h] in mixed aqueous solvents. That is, the acid hydrolysis of 

cis-DDP was investigated in a series of solutions containing varying ratios of ethylene 

glycol and 0.1 M HC104, in order to determine what effect a non-aqueous solvent might 

have on the hydroiysis of cis-DDP. Rate constants obtained for these reactions, along 

with possible interpretations, are presented in this Chapter. 

7.2 Experimental. 

7.2.1 The Kinetics of the Anation of cis-[PtBr(NH3)2(0H2)]+. 

A solution of 3.33 X 10-3 M cis-DDP (50 mg) in 0.01 M NaOH (50 ml) was pre

pared and allowed to hydrolyse for four to five hours at approximately 50 °C and then 

left overnight at room temperature to finally give cis-[Pt(OHh(NH3hl· The released 

chloride ions were removed from this solution by slurrying it with approximately 0.5 g 

of AgO and leaving it for about an hour. The solution was then filtered into another 

clean vessel and a few drops of this solution tested for the presence of chloride ions 

using a solution of AgN03 / HN03. 

A series of solutions of NaBr (0.1 to 0.5 M) in HCl04 (f-l = 1.0 M) were also 

prepared. The separate test-tube arms of the Y-shaped rapid mixing device were 

filled, respectively, with 2.0 ml of the cis-[Pt(OHh(NH3)2] solution (minus chloride 
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ions) and with 1.0 ml of the appropriate NaBr / HCl04 solution. The solutions in 

the mixing device were then thermally equilibrated in a temperature controlled water 

bath. Once equilibrated, a 1.00 em quartz spectrophotometer cell was filled with the 

two solutions mixing rapidly (as in Chapter 2). The temperature of the cells inside the 

cell compartment of the spectrophotometer was controlled by the use of a water-cooled, 

jacketed cell holder connected to a pump/heater-unit in the water bath. 

On mixing the two solutions together, the species cis-[PtBr(NH3h(OH2)]+ was 

formed instantaneously and the subsequent reaction, monitored spectrophotometrically 

between 380 and 250 nm (Figure 7.1), involved the anation of cis-[PtBr(NH3h(OH2)]+ 

to give cis-[PtBr2(NH3)2]. Absorbance versus time data were collected at 318 and 260 

nm and these gave pseudo-first-order rate constants (kobs, s-1 ) (Table 7.1). These values 

of kobs were plotted versus [NaBr] (Figure 7.2) with the plots obeying the expression 

(7.1) 

where the slopes of the lines yielded values for k~1 (M- 1 s-1 ) (Table 7.1) and the 

intercepts values for the rate constant for the forward reaction, kpr ( s-1 ) (Equations 7 .3) 

(Table 7.1). 

7.2.2 Reaction of cis-[PtCb(NH3 ) 2] with ortho-Phenylenediamine. 

Prior to each experiment, a fresh solution of cis-[PtCl2(NH3h] (0.0012, 0.0031 or 

0.0050 g) dissolved in distilled water (250 ml) was prepared. Stock solutions of ortho

phenylenediamine (OPDA) (0.10 to 0.30 g) in DMF (250 ml) were also prepared. These 

OPDA solutions had a tendency to decompose to a dark brown colour in daylight after a 

short period of time so all flasks containing these solutions were wrapped in aluminium 

foil. 

Using the Y-shaped rapid mixing device, 2.0 ml of the cis-[PtCl2(NH3h] / H20 

solution were placed in one arm of the device and 1.0 ml of the OPDA in the other. 

These were then left to equilibrate thermally in a temperature controlled water bath. 

Once equilibrated, the two solutions were rapidly mixed while being poured into the 

1.00 em spectrophotometric cell (as in Chapter 2). The temperature of the cells inside 

the cell compartment was controlled by means of the heated cell-block. 

The subsequent reaction was monitored between 800 and 400 nm (Figure 7.3) with 

absorbance versus time data collected at 704 and 440 nm, to give pseudo-first-order 

rate constants (kiN, s-1 ) for the 'induction period' of the reaction (monitored at 440 

nm) and kobs (s-1 ) for the reaction that occurs after this period (monitored at 704 nm) 

(Table 7.3). 
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7.2.3 The Hydrolysis of cis-[PtCl2(NH3 ) 2] in Ethylene Glycol Sol

vent. 

A series of solutions (100 ml) containing varying percentages (by volume) of ethylene 

glycol and 0.1 M HCl04 were prepared, ranging from 5% ethylene glycol plus 95% 

0.1 M HCl04, to 75% ethylene glycol plus 25% 0.1 M HC104. A small amount of 

solid cis-DDP ("' 3 mg) was dissolved in 3.0 to 3.5 ml of the appropriate ethylene 

glycol/HC104 solution inside the 1.00 em quartz spectrophotometer cell, inside the 

temperature controlled cell compartment of the spectrophotometer. On dissolution of 

the cis-DDP, the repeat scanning mode of the spectrophotometer was activated with 

the reaction monitored between 345 and 220 nm. Absorbance versus time data were 

collected at 300 and 245 nm and this data gave values for the pseudo-first-order rate 

constants k8 (s-1 ) (Table 7.4). These values of k8 were plotted versus the percentages 

of ethylene glycol (Figure 7.4) with the plots obeying the expression 

kobs = k1 + kEtG[ EtGlyc] (7.2) 

where the slopes of the lines yielded values for kEtG (M-1 s-1 ) (Table 7.4) and the 

intercepts with the y-axis values for k1 , the rate constant for the first acid hydrolysis 

step of cis-DDP in HCl04 (Tables 7.4 and 2.1). 

7.3 Results and Discussion. 

7.3.1 The Kinetics of the Anation of cis-[PtBr(NH3 ) 2(0H2)]+. 

In terms of the requirements stated in Chapter 1 for anti-cancer activity to be ex

hibited in square planar platinum(II) complexes, cis-[PtBr2 (NH3)2] should be almost 

the same as cis-[PtCh(NH3h] if the pair are considered only in terms of their leaving 

groups, since the chloride and bromide ligands are both considered to be of intermedi- . 

ate leaving ability. The compound cis-[PtBr2(NH3)2] has been tested for anti-tumour 

activity and although it was found to have good activity when tested against standard 

tumours, difficulty with its low solubility and hence the high size of dose required for 

an effect, with a correspondingly high level of toxicity, have precluded its use clinically 

as an anti-cancer drug [31]. 

The cis-[PtBr(NH3)2 (0H2 )]+ species was prepared from cis-DDP via the species 

cis-[Pt( OH)2 (NH3)2]. Removal of the chloride ions released in the irreversible base hy

drolysis of cis-DDP (Chapter 3) meant that the cis-[Pt(NH3h(OH2)2]2+ species formed 

immediately on addition of HCl04 and anation to the cis-[PtBr(NH3h(OH2)]+ (k~~) 

was very rapid since the bromide ions were the only anating ligands present. However, 

the bromide anation of the cis-[PtBr(NH3)2(0H2)]+ species (k~l) (Equation 7.3) was 

slower (as was the case with the cis-[PtCh(NH3)2] system) and thus the rate of anation 

of cis-[PtBr(NH3)2 (0H2)]+ to give cis-[PtBr2(NH3)2] could be measured. 
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Figure 7.1. Spectrophotometric scans (2 minute intervals) for the bromide anation reaction of 

cis- [PtBr(NH3 )2 (0H2)] + at 14.9 °C (I' = 1.0 M, HCIO{ ). No isosbestic points were observed and 

the absorbance at 318 nm increases with time. 

(7.3) 

The UV absorption spectra for the anation reaction changed reasonably quickly 

with time. The absorbance increased at 318 nm and the shape of the final spectrum of 

the reaction products, with its maximum at approximately 318 nm and a shoulder at 

about 293 nm agreed with the UV spectrum of the cis-[PtBrz(NH3)2] obtained by Gano 

et al. [197]. The overall shape was similar to that of the spectrum of cis-[PtClz(NH3) 2]. 

No isosbestic points for the anation reaction were observed (Figure 7.1). 

Pseudo-first-order rate constants ( kobs, s- 1 ) were obtained from the absorbance 

versus time data obtained at 318 and 260 nm (Table 7.1) and these were used to 

calculate the second-order rate constants k~! (M-1 s-1 ) by plotting kobs versus the 

concentrations of NaBr used (Figure 7.2), with the lines obeying Equation 7.1. The 

slopes of the plots gave values for k~! and the intercepts of these plots with the y-axis 

gave values for kpr (s-1 ), the rate constants for the forward reaction (Equation 7.3, 

Table 7.1). The variation of k~! and kpr with temperature meant that the activation 

parameters associated with both the forward and reverse reactions could be calculated 

in the same manner as in Chapter 2. 
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Table 7.1. Spectrophotometrically determined rate constants for the bromide anation reaction of 

cis- [PtBr(NH3 )2(0H2)] + ( k~i, M-1 s-1) and the hydrolysis of cis- [PtBr2(NH3 )2] (kPr, s-1) (J-L = 1.0 

M, HCl04) (Equation 7.3). 
Temperature (NaBr) 104kobs a 

(°C) (K) (M) (s-1
) 

12.5 [285.7) 0.10 4.64±0.48 
4.43±1.15 

0.20 6.45±0.44 
6.05±0.64 

0.30 8.44±0.55 
7.54±0.77 

0.40 10.25±0.53 
9.40±0.42 

0.50 12.20±0.66 
11. 70±1.07 

103 k~'i b 
(M-1 s-1) 

5.51 

15.0 [288.2] 0.10 
0.20 

5.44±0.44 6.24 
8.46±0.42 
7.28±0.55 

0.30 10.17±0.48 
9.34±1.20 

0.40 12.02±0.55 
10.59±0.45 

0.50 14.99±0.87 

20.0 [293.2] 0.10 
0.20 

13.40±0.58 
8.13±0.65 12.72 

11.76±1.10 
10.89±1.01 

0.30 17.34±0.65 
16.40±0.95 

0.40 21.20±0.78 
19.63±0.87 

0.50 25.01±0.76 
24.22±1.07 

25.1 [298.3] 0.10 11.37±0.64 21.36 
0.20 18.58±0. 77 

18.14±0.58 
0. 30 24. 93±0. 29 

23.56±0.88 
0.40 33.07±0.90 

32.22±0.32 
0.50 39.55±0.99 

30.1 (303.2] 0.10 

0.20 

39.98±0.61 
18.44±0.86 33.58 
17.57±0.75 
29.32±0.55 
29.33±1.57 

0.30 39.79±2.31 
39.02±2.52 

0.40 52.53±1.23 
51.32±3.22 

103 k~'i c 

(M-1 s-1) 

5.23 

6.94 

12.04 

20.72 

34.66 

2.03 2.02 

2.26 2.43 

3.80 3.49 

4.44 4.97 

7.50 6.96 

acalculated from the absorbance versus time data obtained at 318 and 260 nm using Equation 2.2. 
bCalculated from a least-squares analysis of the slopes of the plots of kob• versus (N aBr] (Figure 7.2~. 
ccalculated from the activation parameters: ~H;>~ = 74.9±4 kJ mol-1, ~S;o! = -26±8 J K-1 mol- . 
dEstimated from the intercepts of the plots of kobs versus (NaBr) with they-axis (Figure 7.2). 
ecalculated from the activation parameters: ~H;o! = 48.1 ± 3 kJ mol-1, ~S;o! = -147 ± 6 

J K-1 mol-1. 
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Figure 7 .2. Plots of kobo versus (N aBr] for the bromide anation reaction of cis- (PtBr(NH3)2 (OH2)] +. 
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While the values obtained for the activation energy and entropy for k~Ij_ were 

satisfactory this was not the case for Ea and .6-S=F for kpr. The activation energy 

Ea = 50.5 ± 3 kJ mol-1 seems too low while the activation entropy .6-S=F -= -147 ± 6 

J K-1 mol-1 seems too high. The method used for obtaining values of kpr from the 

intercepts of the lines plotted is not such a good method as measuring kpr directly 

by hydrolysing cis-[PtBr2(NH3)2], but cis-[PtBr2(NH3h] has a very low solubility in 

water, probably less than 5 mM, which thus makes direct measurement difficult [197]. 

Gano et al. obtained, at 25 °C, values of kpr = 3.2 X 10-5 s-1 (compared to a value 

of kpr = 4.94 X 10-4 s-1 obtained here) and k~Ij_ = 3.3 X 10-2 M-1 s-1 (compared to 

k~Ij_ = 2.05 x 10-2 M-1 s-1 ). There is reasonable agreement between the values of k~Ij_ 

but not between the values of kpr. 

However, comparison of the rates of hydrolysis PtCl~- and PtBr~- and anation of 

their hydrolysis products measured by Elding, showed that the rate constants for the 

hydrolysis and anation reactions of PtBr~- and its hydrolysis products, the bromoaquo 

and the diaquo species, were invariably higher than those for the analagous reactions 

of PtCl~-, of the order of 3 to 44 times faster [198,199,200,201,202,203,204]. Therefore, 

comparison of the values for kpr at 25 °C obtained here and by Gano et al. with the value 

of k1 for Equation 1.1 (k1 = 6.32xlo-5 s-1 ) shows that Garro's value is inconsistent with 

the trend observed by Elding. However, the value of kpr obtained here did fit this trend. 

The problem with Garro's values seems to be caused by the experimental techniques 

used to obtain them. Comparison of the values of k1 ( = 6.32 X 10-5 s-1 ) and k_1 

( = 6.26 x 10-3 M-1 s-1 ) for cis-DDP at 25 oc (Chapter 2), with kpr ( = 4.94x 10-4 s-1 ) 

and k_1 ( = 2.05 X 10-2 M-1 s-1 ) for cis-[PtBr2(NH3)2] (this Chapter) shows that the 

rate constants for the cis-[PtBr2(NH3h] are higher than those of the cis-[PtCb(NH3)2], 

which is consistent with Elding's work. 

Knowledge of the rate constants for both the forward and reverse reactions of Equa

tion 7.3 meant that the equilibrium constant Kpr could be calculated from the expres

sion 

kBr 
J(Br = _1_ 

1 kBr 
-1 

(7.4) 

The temperature dependence expressions for both kpr and k~Ij_ were derived from 

the Arrhenius Equation (Equation 2.3) and from the computer calculated activation 

parameters for kpr and k~} (see Chapter 2 for method of calculation). The activa

tion energies, Ea, and values for PZ were obtained for both rate constants and these 

values inserted into Equation 2.3 to give the above temperature dependence expres

sions for kpr and k~}. Combination of the temperature dependence expressions for 

kpr = 3.537 X 105 exp ( -so.~?{ 1o3) and k~1 = 7.393 X 1011 exp ( -77.~~xlo3) (both at 

J1 = 1.0 M) gave the temperature dependence of the equilibrium constant Kpr in the 

form 
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Table 7.2. Forward (krr) and reverse (k~D rate constants and equilibrium constants (K?r) for the 

first step in the acid hydrolysis of cis- [PtBr2 (NH3)2 ] (JL = 1.0 M, HC104 ). 

Temperature 104 krr a 102 k~~ b 102 K?r c d 

(°C) (K] (s-1 ) (M- 1 s-1 ) 

10.0 [283.2] 1.68 0.39 4.31 

15.0 (288.2] 2.43 0.70 3.47 

20.0 (293.2] 3.49 1.21 2.88 

25.0 (298.2] 4.94 2.05 2.41 

30.0 (303.2] 6.91 3.43 2.02 

35.0 (308.2] 9.57 5.65 1.69 

40.0 [313.2] 13.11 9.15 1.43 

45.0 [318.2] 17.79 14.60 1.22 

50.0 [323.2] 23.91 22.95 1.04 

acalculated from the expression krr = 3.537 X 105 exp ( -so.~;,xl0 3 ) (Table 7.1). 

bCalculated from the expression k~~ = 7.393 x 1011 exp ( -77.~~X 103 ) (Table 7.1). 

ccalculated from Equation 7.4 which is equivalent to Equation 7.5. 
dThe variation of values of K?r with temperature indicates that the forward reaction is exothermic 

and from c, 6.H .. 298.2 = -26.91 kJ mol-1 • Other thermodynamic parameters associated with the 

forward reaction are 6-G* 298.2 = 9.24 kJ mol-1 and 6-S• 29a.2 = -121 J K-1 mol-1 . 

ln J(~r = 26.8~; 103 - 14.55 (7.5) 

Hence values for kpr and k~~ were calculated over a range of temperatures and values 

of J(pr could also be calculated (Table 7.2). A comparison of K1 (= 1.01 X 10-2) 

for cis-[PtCb(NH3)2] and J(~r ( = 2.41 X 10-2) for cis-[PtBr2(NH3)2] shows that the 

equilibrium constant for Equation 7.3 is larger than that for the corresponding chloro 

system. 

The enthalpy of the reaction, .6.H-ru, was calculated using Equation 2.15 by plotting 

ln J(~r versus 1/T. The variation of Kpr with temperature indicated that the forward 

reaction (Equation 7 .3) was exothermic and .6.H-e 298.2 = -26.91 kJ mol-1 . The equilib

rium constant Kpr becomes smaller as the temperature increases (Table 7.2) therefore 

the equilibrium shifts towards the reactants (cis-[PtBr2(NH3)2] and H20) since, for an 

exothermic reaction, a rise in temperature favours the reactants [120]. However, since 

the rate constants obtained for the forward reaction ( kpr, s-1 ) and hence its activation 

parameters were not thought to be very good, this caused some distortion in the cal

culated values of kpr (Table 7 .2) and hence in the values of J(~r and .6.H-a 298.2· It is 

thought that .6.H-e 298.2 should probably be more positive. 

Other thermodynamic parameters associated with Equation 7.3 were calculated us

ing Equations 2.14 and 2.15. A positive value of .6.G-e 298.2 = 9.24 kJ mol-1 was obtained 

for the forward reaction indicating that the reaction in this direction is not spontaneous, 

that is, it has a natural tendency to move towards the reactants cis-[PtBr2(NH3)2] and 

H20. This is interesting since a negative (exothermic) value for .6.H-e298.2 is combined 
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with a positive (non-spontaneous) value for ,6.G-e298.2 and the exothermic reaction is 

usually the spontaneous process (131), or looked at from an alternative point of view, 

the reverse reaction ( k~l) is endothermic ( ,6.H-e 298.2 = 26.91 kJ mol- 1 ) yet is the spon

taneous process ( ,6.Qo& 298.2 = -9.24 kJ mol-1 ). It is thought that this effect is caused 

by the poor kpr values. When ,6.G-rn_ is strongly positive, the equilibrium lies over to 

the left in favour of the reactants and the yield of product will be very small (120). The 

less positive ,6.G-rn_ is, the further towards the products the equilibrium will lie. 

The negative value for ,6. G-e 298 .2 for the reverse reaction (calculated using Kpr' = 

1/ Kpr) indicated that this was the spontaneous process, as was the case for the anation 

reaction of cis-(PtCl(NH3h(OH2)]+ (Chapter 2). The entropies for both the forward 

and reverse reactions were calculated using Equation 2.15. For the forward reaction 

,6.S<> 298.2 = -121 J K-1 mol-1 . Using Equation 2.15 rearranged to give 

- ,6. a<>m = - ,6.H-rn_ + ,6.Srn 
T T (7.6) 

when the reaction is exothermic, -,6.Hrn/T represents a positive change in the entropy 

of the surroundings and is a driving force for the reaction going from left to right. 

However, if the temperature is raised -,6.Hrn/T gets smaller and so the increasing 

entropy of the surroundings is a less potent driving force and the equilibrium lies far 

less to the right [120). For the reverse reaction (k~l) ,6.8<> 298,2 = 121 J K-1 mol-1 . 

7.3.2 Reaction of cis-[PtC12(NH3 ) 2] with ortho-Phenylenediqmmhie. 

Work was done recently by Schechter et al. on soluble polymers as possible macro

molecular carriers of cis-DDP (196). Their work was on an aspect of research concern

ing chemotherapy and the development of means to suppress the toxicity of existing 

anti-cancer drugs such as cis-DDP, without impairing their therapeutic activity. One 

possible approach was to use the drug in combination with high molecular weight 

carrier molecules such as ortho-phenylenediamine (OPDA). These macromolecularised 

drug derivatives were expected to increase the efficacy of the drug through more effec

tive distribution, retardation of chemical or metabolic degradation and maintenance of 

prolonged non-toxic levels of the drug in the body due to its slow release. Due to its 

two chloro leaving groups, cis-DDP was thought to be highly suitable for use in such 

carrier systems as it can form complexes of varying degrees of stability with a variety 

of reactive groups, on the loss of one or both chloride ligands (196]. 

During their investigation, Schechter et al. found that the OPDA interacted with 

cis-DDP to form a light blue complex. Since they reported that the reaction took 10 

minutes at 100 °C to complete, that is, to develop the blue colour, it was felt that 

a preliminary investigation of the kinetics of the reaction could be worth looking at 

and the results of this investigation are reported in this Chapter. Golla et al. had also 

investigated the reaction ofplatinum(II) and platinum(IV) complexes with OPDA (205), 
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Figure 7.3. Spectrophotometric scans (5 minute intervals) for the reaction of cis- [PtCh(NH3 ) 2 ] 

with ortho-phenylenediamine at 45.0 •c. The absorbances at 440 nm (induction period) and 704 nm 

increase with time. 

and had determined that the final product of the reaction had an absorption maximum 

at approximately 704 nm. From this preliminary kinetic investigation of the reaction 

of cis-DDP with OPDA, a few interesting features of the reaction not mentioned by 

either Golla or Schechter were found. The major feature noticed was the presence of 

what was believed to be an induction period at the beginning of the reaction. During 

this period, the absorbance increased with time at about 440 nm for a number of cycles 

with little or no change in absorbance in the remainder of the range of wavelengths 

scanned (Figure 7.3). After a period of time had elapsed, the absorbance at 704 nm 

would then start to increase with little or no subsequent. increase in absorbance at 440 

nm. 

According to Golla et a/. [205], the absorption maximum at 430 to 440 nm was 

due to oxidation of some of the OPDA with a yellow colour formed due to the oxi

dation products. The OPDA reagent itself has little absorption in the 600 to 800 nm 

region. The absorption maximum at about 704 nm was said to be characteristic of 

the platinum(II)-OPDA complex. It was also claimed by Golla et al. that when plat

inum(IV) reacted with the OPDA, the OPDA was oxidised while the platinum(IV) was 

reduced to platinum(II), followed by formation of the blue complex, Pt(OPDAh. For 

the reaction of OPDA with Platinum(II), this redox process did not occur and the same 
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blue complex was formed as a final product. However, the results of the investigation 

presented in this Chapter showed that this oxidation process of OPDA still occured 

when platinum(II) was used. It is thus likely that whatever process was occurring in 

the induction period involved the OPDA but not the platinum(II). 

It was thought that oxygen may have been playing a part in the reaction, therefore 

three experiments were conducted, all three using 0.30 g of OPDA (0.0111 M) in 

250 ml of DMF and 0.0052 g of cis-DDP (6.93 X 10-5 M) in 250 ml of (a) normal 

distilled water, (b) pre-boiled distilled water (to remove some of the oxygen) and (c) 

de-oxygenated distilled water (boiled and then cooled with N2 bubbled through it), all 

at 45 °C. The reaction of cis-DDP dissolved in normal distilled water behaved as it 

had done when carried out previously, with an induction period (increasing 'absorbance 

at 440 nm) and after this, an increase in absorbance at 704 nm. When the partially 

and totally deoxygenated distilled water were used, the reaction behaved in the same 

manner as it had done in normal distilled water. The only difference was the extent 

of the reaction. The absorption maxima at 704 nm obtained for the reactions using 

partially and tota.lly deoxygenated distilled water were far smaller than that obtained in 

normal distilled water. However, no real importance can be attached to this result as it 

was found during the course of prior experimental work that this smaller than expected 

absorbance maximum at 704 nm occurred randomly throughout the experiments done 

with each of the OPDA in DMF solutions ami there did not appear to be any systematic 

trend in its occurrence. The height of the absorption maximum at 440 nm was also 

found to vary from experiment to experiment. The induction periods for all three 

reactions above were found to be the same, within experimental error. Therefore it 

appears that oxygen plays little or no role in the reaction. 

Pseudo-first-order rate constants were obtained for both the reaction at 704 nm 

(kobs, s-1 ) and at 440 nm (kiN, s-1 ) (Table 7.3). At 440 nm the rate constants obtained 

(krN) were found to be independent of both the concentrations of OPDA and cis-DDP. 

One experiment was also done without the presence of any cis-DDP or distilled water, 

in order to see what, if anything, happened to the OPDA in DMF. It was observed 

that an increase in absorbance again occurred at 440 nm in the same manner as before 

but there was no subsequent increase in absorbance at 704 nm after the induction 

period. The pseudo-first-order rate constant for this reaction was found to be the same 

as those calculated at the same temperature and wav.elength when cis-DDP in distilled 

water was used, that is, the process that occurs in this induction period will take place 

whether platinum(II) is present or not and at the same rate. 

It is thus postulated that this induction period involved a redox reaction of OPDA. 

Initially it was thought that while some of the OPDA was being oxidised, the oxygen 

was being reduced, yet removal of as much oxygen as possible did not appear to effect 

the duration or extent of the induction period. There is the possibility that the OPDA 
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Table 7.3, Spectrophotometrically determined rate constants (kob•) obtained for the reaction of 

cis- [PtCb(NH3)2 ] in ortho-phenylenediamine/DMF. 

Temperature 103[0PDA] a 105 (cis-[PtCh(NH3)2]] b 10~ kob• 10~ kiN 

(•C) [K] (M) (M) (s-1) (s-1) 

37.0 [310.2] 3.70 1.07 0.726±0.124 9.61±0.28 

37.2 [310.4] 3.70 2.75 0.699±0.099 9.27±0.56 

37.2 [310.4] 3.70 2.75 0.738±0.134 9.66±0.07 

37.2 (310.4] 3.70 4.53 0.697±0.092 9.67±0.51 

40.3 (313.5] 3.70 1.07 0.833±0.129 10.88±0.35 

40.5 [313.7] 3.70 1.07 0.853±0.041 10.52±1.02 

40.2 [313.4] 3.70 2.75 0.826±0.121 10.67±0.09 

40.4 [313.6] 3.70 2.75 0.831±0.134 10.61±0.49 

40.3 (313.5] 3.70 4.53 0.873±0.103 10.72±0.50 

40.3 [313.5] 3.70 4.53 0.804±0.133 10.64±0.33 

45.0 [318.2] 3.70 1.07 1.37±0.06 

45.3 (318.5] 3.70 1.07 1.37±0.06 12.72±0.15 

45.0 (318.2] 3.70 2.75 1.40±0.39 

45.2 (318.4] 3.70 2.75 1.66±0.38 12.05±1.18 

45.2 (318.4] 3.70 2.75 1.62±0.33 12.54±0.04 

45.1 [318.3] 3.70 4.53 1.49±0.45 12.26±0.70 

45.2 (318.4] 3.70 4.53 12.36±0.62 

45.2 [318.4] 3.08 2.75 1.41±0.37 12.36±1.22 

45.1 [318.3] 3.08 2.75 1.35±0.33 12.75±0.66 

45.2 [318.4] 2.47 2.75 1.66±0.22 

45.0 (318.2] 2.47 2.75 1.42±0.92 12.54±0.48 

45.2 (318.4] 1.85 2.75 1.56±0.28 

45.1 [318.3] 1.23 2.75 1.43±0.27 12.21±0.13 

50.1 [323.3] 2.47 2.75 2.80±0.36 14.50±0.52 

50.1 (323.3] 2.47 2.75 2.47±0.24 14.97±0.53 

50.3 [323.5] 3.70 1.07 2.63±0.68 

50.1 (323.3] 3.70 2.75 2.43±0.35 

50.1 (323.3] 3.70 2.75 2.47±0.50 

50.1 (323.3] 3.70 4.53 2.33±0.45 

aconcentration after dilution with cis- [PtCh(NH3)2] I H20 solution. 
bConcentration after dilution by OPDA/DMF solution. 
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could be reducing the oxygen present in the spectrophotometer cell but this seems 

unlikely since the induction period is not effected. Another possibility exists and this 

is that OPDA is undergoing an internal redox reaction as it is known to do, along with 

2,2'-diaminobiphenyl and aniline [206]. 

7.3.3 The Hydrolysis of cis-[PtC12(NH3 ) 2] in Ethylene Glycol Sol

vent. 

An initial investigation into the effects of a non-aqueous solvent ethylene glycol 

(ethanediol, CH2(0H)CH20H) on the acid hydrolysis of cis-DDP was made. Solutions 

were prepared containing the varying percentages of ethylene glycol and 0.1 M HC104 

outlined in the experimental section of this Chapter. The pseudo-first-order rate con

stants ( k8 , s-1 ) obtained were plotted against the percentage of ethylene glycol solvent 

present (Figure 7.4) and the slopes of the lines gave values for the second-order rate 

constant kEtG (M- 1 s-1 ) (Table 7.4). When no ethylene glycol was present, the reac

tion that took place was solely the acid hydrolysis of cis-DDP in 0.1 M HC104 (k 1 , 

s-1 ). The values for k1obtained by experiment in Chapter 2 (Table 2.1) were used as 

the zero values for Figure 7.4 and the values of k1 obtained from the intercepts of the 

plots with they-axis (Table 7.4) were in agreement with the values of k1 obtained pre

viously, as were the activation parameters (Tables 2.7 and 7.4). However, uncertainty 

still exists as to what is the nature of the reaction that the second-order rate constant 

kEtG applies to. Possibilities will be discussed later on in this section. 

In general, the solvent can influence both the rate and mechanism of a reaction 

[207]. Sometimes the solvent alters the rate without influencing the mechanism, but 

a change in the mechanism without a change in the rate would only be coincidental. 

A solvent can change a rate without changing the mechanism by changing the force 

between reacting particles and hence altering the readiness with which they approach 

each other. Such a phenomenon is illustrated by the effect of the dielectric constant 

(E) on electrostatic forces among reacting particles. The solvent may change the rate 

of diffusion of particles by its viscosity effect and hence alter the frequency of collisions 

between reactant types, and in this way alter the rate of diffusion controlled reactions. 

For a given medium, the magnitude of its dielectric constant increases with temperature 

[208]. The dielectric constant (E) of a medium is defined in terms of the equation 

(7.7) 

where F is the force of attraction acting on each of the two charges q1 and q2 , r is the 

distance between the two charges and C is a constant. The dielectric constant of a 

vacuum is unity. From Equation 7.7, the force of attraction between two charged par

ticles in a solute decreases as the dielectric constant increases. However, the reactions 

of cis-DDP are not electrostatically influenced (Table 3.10). 
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Figure 7.4. Plots of k, versus percentage of ethylene glycol solvent for the hydrolysis of 

cis- [PtCb(NH3)2 ] in ethylene glycol and 0.1 M HC104 • 
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Table 7.4. Spectrophotometrically determined rate constants (kEtG) for the hydrolysis reaction of 

cis- [PtCh(NH3)2 ] in ethylene glycol and 0.1 M HCl04. 

Temperature 

(°C) (K] glycol 

35.3 [308.5] 0 

5 

25 

50 

40.0 (313.2] 0 

5 

25 

50 

45.0 (318.2] 0 

5 

25 

50 

50.2 (323.4] 0 

5 

25 

50 

55.2 [328.4] 0 

5 

25 

50 

2.20 ± 0.67 

2.31 ± 0.04 

3.04 ± 0.40 

5.42 ± 0.33 

3.12 ± 0.20 

3.96 ± 0.11 

4.96 ± 0.26 

7.62 ± 0.40 

5.21 ± 0.30 

6.44 ± 0.64 

8.16 ± 0.31 

11.27 ± 0.11 

9.54 ± 0.63 

10.18 ± 0.68 

13.20 ± 0.37 

18.13 ± 0.13 

(calc.) 
(M-ls-1) (M-ls-1) (s-1) 

0.066 0.061 1.88 

0.083 0.087 3.29 

0.115 0.127 5.46 

0.189 0.185 8.66 

12.40 ± 0.20 0.274 0.264 11.88 

13.39 ± 0.08 

18.46 ± 0.18 

25.73 ± 2.21 

2.03 

3.16 

5.10 

8.24 

12.89 

aValues for the rate constants k1in 100% 0.1 M HC104 (no ethylene glycol) are obtained from 

Table 2.1. . 
bCalculated from the slopes of plots of ks versus percentage of ethylene glycol (Figure 7.4). 
ccalculated from the activation parameters: LlH;i = 60±4 kJ mol-1, .6.S;i = -75±8 J K-1 mol-1. 
dEstimated from the intercepts of the plots of k. versus percentage of ethylene glycol with the y-axis 

(Figure 7.4). 
•calculated from the activation parameters: LlH;i = 77±5 kJ mol-1, LlS;i = -68±10 J i\:- 1 mol-1. 
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Table 7 .5. Pearson's determination of the effects of various solvents on the chloride exchange reaction 

of trans-(PtCl2(py)] at 25 °C (Equation 7.8) a 

Solvents in which exchange 105 k. Solvents in which exchange kc1-

proceeds via the solvent path (s-1) proceeds via the reagent path (M-1 s-1) 

DMSO 38 CCl4 104 

H20 3.5 C6H6 102 

MeN02 3.2 m-cresol 10-1 

EtOH 1.4 t-C4H90H 10-2 

n-C3H10H 0.42 EtOAc- 10-2 

CH32co 10-2 

DMF 10-3 

a All data from reference (209]. 

Little or no work exists in the literature on the reactions of platinum(II) in mixed 

solvents. However, the rate of chloride exchange of trans-[PtCh(py)] (Equation 7.8) in 

a variety of solvents was investigated [209]. 

trans-[PtCl2(py)] +* Cl- -+ trans-[Pt*Cl2(py)] + Cl- (7.8) 

In aqueous solution, the rate of this reaction was virtually independent of the chloride 

ion concentration and the exchange proceeded almost completely through the solvent 

path, k8 (the solvent binds to the platinum(II) in a slow step (ks) and is then quickly 

displaced by the nucleophile *Cl- [125]). 

Behaviour similar to this was observed when the same reaction was conducted in 

the solvents dimethyl sulphoxide (DMSO), nitromethane (MeN02), ethanol and 1-

propanol. The results showed that the solvent effect on the value of ks was in the 

order DMSO > H20, MeN02 > R-OH (Table 7.5). There was no parallel between 

the dielectric constant or general solvating properties of the solvent and the rate of 

exchange. Water should be more effective than the alcohols and the alcohols more 

effective than the nitromethane, but nitromethane can form 1!'-bonds with the filled 

dyz or dxz orbitals of the platinum, stabilising the transition state and permitting 

displacement of the chloride ion. 

Contrasting behaviour was displayed by a number of solvents which, possessing 

poor coordinating power towards platinum(II), contributed little to the k8 path and 

the chloride ion exchange proceeded principally through the reagent dependent path 

ky (the intermediate species in this path has both the incoming nucleophile *Cl- and 

the leaving group Cl- bound to the platinum(II) centre simultaneously, before the Cl

leaves and the product containing the labelled chloride ion forms [125]). In this class 

of solvents, the order of reactivity was carbon tetrachloride > benzene > m-cresol > 
t-butanol > ethyl acetate :>;, acteone > dimethylformamide (DMF) (Table 7.5). 

Thus from Pearson's work there were shown to be two classes of solvents: those 
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Table 7.6. Summary of the rate data obtained by Sundquist et al. for the hydrolysis of 

cis- [PtCb (NH3 )2 ] in dimethyl sulphoxide ([210]). 

Temperature Solvent 10( k. Reference 

(•c) [K) (s-1) 

26 [299.2) DMSO 0.63 (210) a b 

33 (306.2) DMSO 1.35 [210) 

37 (310.2) DMSO 2.00 [210] 

40 (313.2) DMSO 2.88 [210) 

49 (322.2] DMSO 6.60 [210] 

23 [296.2) DMSO 0.44 [210] c d 

30 (303.2) DMSO 0.93 [210) 

37 (310.2) DMSO 1.87 [210) 

46 (319.2) DMSO 4.41 (210] 

a obtained from 195 Pt spectroscopy. 
~,,\ctivation parameters are: a.H~ = 82.8 kJ mol-1 and a_s;>! = -48.5 J K-1 mol-1. 
"Obtained from UV-visible spectroscopy with the reaction monitored at 276 nm. 
d Activation parameters are: a.H;>! = 79 kJ mol-1 and a_s;>! = -60.6 J K-1 mol-1. 

that would coordinate to the platinum(II) centre, such as DMSO and water, and those 

that did not, such as DMF and carbon tetrachloride. For the specific case of the 

reactions of cis-DDP in mixed and pure solvents, the comparison between behaviour in 

coordinating and non-coordinating solvents can also be made. The systems that can 

be looked at are cis-DDP in ethylene glycol / 0.1 M HC104 (this Chapter) , DMSO 

((210] and this Chapter), H20 and HC104 (Chapter 2), DMF ((211] and this Chapter) 

and DMF /water mixtures. The rate data obtained is summarised in Tables 2.1, 7.4 

and 7.6). 

For the reaction of cis-DDP with DMSO, the kinetics were determined by Sundquist 

et al. in pure DMSO, in order to highlight the dangers of using DMSO to dissolve 

cis-DDP for experimental work [210]. For cis-DDP the rates of reaction in DMSO 

were comparable to, although slightly slower than, those obtained in 0.1 M HC104 

(Table 2.1 and Chapter 2), but different products were formed in each case. The 

DMSO substituted for a single chloro ligand and coordinated to the platinum(II) to 

form cis- (Pt(NH3)2(DMSO)Cl]Cl, whereas for the reaction in HCl04, the species 

cis-(PtCl(NH3h(OH2)]+ plus a chloride ion were formed. 

Qualitative rate data from UV spectra of the reaction of cis-DDP with DMSO also 

showed the rate at a particular temperature to be comparable with that in HC104 

although the UV spectra for the cis-DDP / DMSO reaction looked quite different. A 

peak at 307 nm was evident at the beginning of the reaction in pure DMSO which 

decreased as the reaction proceeded, while another much larger peak developed at 

about 265 nm (Figure 7.5). When a 50:50 (by volume) mixture of DMSO and 0.01 M 

HCl04 was used, the rate of the overall reaction appeared to be faster than the rates 

in either pure DMSO or in 0.1 M HCl04 and the UV spectra of this reaction differed 
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Figure 7 .5, Spectrophotometric scans (3 minute intervals) for the reaction of cis- [PtCb (NH3 ) 2 ] in 

dimethyl sulphoxide (DMSO) at 50.6 •c. The absorbance at 315 nm decreases with time, and the 

absorbance at 265 nm increases. 

from those of the reaction in DMSO only. In DMSO I HC104 there was little or no 

absorption maximum observed at 307 nm and the absorption maximum was shifted to 

250 nm. The observation that the rate of reaction was faster in the DMSO I HC104 

mixture agrees with the expected effect of increasing the percentage of water present 

in the DMSO solvent, where for the general SN2 reaction (Equation 7.9), an increase 

in the percentage of water present will increase the rate of reaction [207]. However, 

the rate in 0.1 M HCl04 was expected to be the fastest, which it did not appear to be 

although it was difficult to determine accurately how fast the reaction of cis-DDP in 

the 50:50 DMSO I HCl04 mixture was going. A possible explanation will be discussed 

later in this section. 

8+ S-
RX + Y -+Y · · ·R· ··X-+ RY+ + x- (7.9) 

The repeat-scan UV spectra for the reaction of cis-DDP in DMF only, showed that 

little or no reaction occurred even at high temperatures, but when a 50:50 mixture of 

DMF I 0.1 M HC104 was used a reaction did occur, although it was considerably slower 

than the hydrolysis of cis-DDP in HC104 only and the final product of the reaction 

appeared to be the cis-[PtCl(NH3 )z(OH2 )]+ species. Again the rate of the reaction in 

DMF was increased from virtually zero by increasing the percentage of water present 

[207], although DMF is not thought to coordinate here. 
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The reaction of cis-DDP in the ethylene glycol I 0.1 M HC104 solvent mixtures 

differed from the reactions in cis-DDP and DMF or DMSO. The rate constants obtained 

with the 5% ethylene glycol I 95% 0.1 M HCl04 were similar to those obtained for 

cis-DDP in 0,.1 M HCl04 (Table 7.4) and the sets of UV spectra for both reactions 

were very similar. As the percentage of ethylene glycol in the reaction solutions was 

increased, the rate constants for the reactions also increased and the UV spectra looked 

less and less like that of cis-DDP in HCl04 only (Figure 2.1). 

One possible explanation of these results in the ethylene glycol I HC104 system, 

and indeed the reactions in DMSO, DMSO I HCl04, DMF and DMF I HCl04, is to 

look at the reaction from the aspect of the water involved and its nature. The present 

understanding of the nature of liquid water is still very elementary with active research 

currently underway [212]. Water molecules are effectively 'tetrahedral' since each H2 0 

molecule has two 0-H bonds and two lone pairs of electrons which can be used in 

hydrogen bonding. Liquid water can be described using the following equation 

(7.10) 

where 'bulk' refers to four-bonded molecules and OHrree and LPrree each refer to three

bonded molecules, LP standing for a lone pair of electrons (Figure 7.6). For pure water 

the concentrations of these species must be equal [212]. 

Arguments for the chemical reactivity of water hinge on two concepts. Firstly, that 

water reacts preferentially via OHrree and LPrree units rather than via fully hydrogen 

bonded molecules and secondly, that these units act independently of the compounds 

added to change their concentrations. For instance, if DMSO is added to water, LPrree 

units are generated that are in no way connected to the DMSO and which are the 

active centres [212]. Looked at from another point of view, when an aprotic solvent 

such as DMSO is added to the water, there is a rapid decrease in the amount of OHrree 

present. Experimental evidence for this is presented by Symons [212]. Generation of 

more LPrree on addition of DMSO to water therefore increases the rate of reaction, and 

the same argument can be used for DMF. It is postulated that the DMSO or DMF can 

reduce the amount of OHrree present in the bulk water by hydrogen bonding between 

the oxygen on the DMSO or DMF and the hydrogen of a water molecule (an OHrree 

unit). 

For SN2 reactions, a typical mechanism for the reactions of platinum(II) complexes 

[208], both OHrree and LPrree units are required so the dependence on the concentra

tion of the added cosolvent B should be less marked than in the case of a reaction 

with an SN1 mechanism, such as the hydrolysis of t-butylchloride. The SN2 reaction 

mechanism can be illustrated by the general reaction shown in Equation 7.9. In water, 

RX molecules are generally monosolvated [213], and 'attack' by a second OHrree unit 

is rate-determining. Added basic cosolvents (B) scavenge the OHrree and retard the 
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reaction so that the rate is a function of the solvation number of the solvent B rather 

than of its base strength. This fits in with the observation that for an SN2 reaction 

of this type (Equation 7.9) where increasing the percentage of water present increases 

the reaction rate. Therefore for cis-DDP and DMSO, the reaction of cis-DDP in pure 

DMSO should be slower than that in DMSO I HCl04. Whether the reaction in 0.1 M 

HCl04 should be slower or faster than in DMSO I HCl04 mixtures is uncertain using 

Symons' arguments, but it is possible that the presence of DMSO generates even more 

LPrree units than would be present in HCl04 only so that the reaction in the solvent 

mixture would be faster than that in pure HC104, which is what was observed. 

Thus, the concentrations of OHrree or LPrree in water can be changed by the addition 

of a solvent to the system which will remove or decrease the concentration of one of 

the species, hence increasing or decreasing the reaction rate. For the ethylene glycol I 
HC104 system, the rate of reaction of cis-DDP increases as the percentage of ethylene 

glycol present increases, which is the reverse of the above trend. Symons also presented 

the idea that the hydrogen bond between a chloro group and the OH group of an alcohol 

(R- OH) was strong, and as the number of OH groups on the alcohol increased so the 

strength of this hydrogen bond decreased [212]. Therefore a possible explanation for 

the behaviour of the ethylene glycol I HCl04 system is that there is a hydrogen bond 

between a chloro group of the cis-[PtC1z(NH3h] and the OH group of the ethylene 

glycol and, even though the strength of this hydrogen bonding may be smaller due to 

the presence of two OH groups instead of one, this bonding may still be strong enough 

to facilitate the departure of the chloro group, increasing the rate of reaction. The 

greater the percentage of ethylene glycol present, the faster the reaction goes. 

The possibility also exists that, since ethylene glycol has two OH groups, both 

are hydrogen bonded to the cis chloro groups of the cis-[PtCl2(NH3)2]. There is 

also some evidence to show that the ethylene glycol acts as a bidentate chelate to

wards metal ions [37] and recently an ethylene glycol complex of platinum(II) was 

reported and its crystal structure determined [214]. The complex, [S- (R*, R*)] -

[Pt(HO(CH2)20H)(1, 2- C6H4(PMePh)2)](03SCF3b has both alcohol groups of the 

ethylene glycol bound to the platinum(II). 

7.4 Conclusions. 

The rate constants k~~ and krr for the anation reaction of cis-[PtBr(NH3)2(0H2)]+ 

and the hydrolysis of cis-[PtBr2(NH3h] (Equation 7.3) were obtained, and the equilib

rium constant Kpr calculated. Values of krr were obtained from the intercepts of plots 

of kobs for the anation reaction of cis-[PtBr(NH3h(OH2)]+ versus bromide ion concen

tration with the y-axis. Although this method did not give very satisfactory values for 

krr, the very low solubility of cis-[PtBr2(NH3h] in aqueous solutions would have made 

it diffcult to measure kpr directly in the same manner as k1 for cis-[PtCl2(NH3)2] was 
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measured (Chapter 2). 

A preliminary investigation into the reaction of cis-DDP with ortho-phenylenediam

ine, a possible macromolecular carrier of cis-DDP, found the presence of an induction 

period at the beginning of the reaction which still occurred when oxygen was removed 

from the reaction system and even when the cis-DDP itself was omitted. It is thus 

thought that this induction period is due to oxidation of the ortho-phenylenediamine -

possibly an internal redox reaction, something which ortho-phenylenediamine is known 

to undergo. The subsequent reaction is thought to be due to the binding of cis-DDP 

to the ortho-phenylenediamine or its redox reaction products. 

The third area investigated to some extent was the effect of non-aqueous solvents 

and mixtures of aqueous and non-aqueous solvents on the hydrolysis of cis-DDP. Some 

work on the solvents DMSO, DMSO I HCl04, DMF and DMF I HCl04 had been 

carried out in the literature as well as for the work presented in this thesis, but the 

reaction of cis-DDP in the ethylene glycol I HCl04 mixture used here did not behave as 

these other solvents and solvent mixtures had as the reaction got faster as the percentage 

of ethylene glycol present increased. A possible explanation of these reactions with 

cis-DDP was based on Symons' theories about the nature of liquid water and the 

effects of adding solvents to the water. Hence, this was used to attempt to explain the 

behaviour of the ethylene glycol I HCl04 system. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK. 

In the Introduction to this thesis (Chapter 1 ), a summary of the current information 

on cis-[PtCh(NH3h], its history, use, nature and interactions with DNA was given. 

Due to the high level of activity of cis-DDP as an anti-cancer drug and the fact that 

it has a high rate of cure [28], many investigations of the chemistry of cis-DDP have 

been made in order to try and understand how and why it is so effective and thus how 

the knowledge can be used to further improve the performance of it and other related 

anti-cancer drugs in vivo. 

At the beginning of this work, a fundamental decision was made to investigate the 

reactions of cis-DDP under stringent reaction conditions where the nature of the prod

ucts could be controlled, and not to attempt to reproduce physiological conditions to 

any great extent. Thus the data obtained under the reaction conditions used was spe

cific but essentially unrelated to the physiological situation. However, it was thought 

to be more useful to extrapolate the specific data to the biological situation than to at

tempt to interpret unspecific results from reactions done under physiological conditions 

where there are a large number of variables involved. 

The hydrolysis of cis-DDP has been extensively studied in a variety of media and 

the problems involved with the use of water, nitric acid or buffer systems as reaction 

media were outlined in Chapter 1. For this thesis it was decided to investigate the acid 

hydrolysis of cis-DDP (Equation 1.1) in HC104 media over a range of temperatures 

to give the rate constants k1 (s-1). The value referred to most commonly in the 

literature for this reaction at 25 °C k1 = 2.5 X 10-5 s-1 [78] was determined in water 

which was 0.318 Min Na2S04. The values of k1 obtained from the work presented in 

this thesis, in HC104 media with ionic strength controlled by the addition of N aCl04 

(Table 2.1), at the same temperatures were found to be approximately 2.5 times larger 

(k1 = 6.32 X lQ-5 s-1 at 25 °C and J.L = 1.0 M, HC104) than the many literature 

values (Table 1.1). This was thought to be due to the removal of the influence of 

the cis-[PtCl(OH)(NH3)2] species on the rate of reaction by having acidic reaction 

conditions. The rate constants k1 were found to be independent of ionic strength and 

hydrogen ion concentration. 

For the anation reaction of cis-[PtCl(NH3h(OH2)]+ (Equation 1.1; k_t, M-1 s- 1 ), 
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the cis-[PtCl(NH3)2(0H2)]+ species was isolated in chloride ion free HCl04 using anion 

exchange chromatography, a useful yet seldom used method. From the literature it 

seems most common to use stoichiometric amounts of Ag+ ions to remove one or both 

of the chloride ions present. On addition of small amounts of chloride ion to the 

cis-[PtCl(NH3h(OH2)]+, pseudo-first-order rate constants (kobs, s-1 ) were obtained 

and thus values for the second-order rate constants (k_ 1 , M- 1 s-1 ) were calculated 

(Table 2.4). Values of k_ 1 reported in the literature (Table 2.5) were comparable to 

the value obtained from this work at 25 °C (k_ 1 = 6.26 X 10-3 M- 1 s-1 ). 

The equilibrium constant ](1 for Equation 1.1 at 25 °C was calculated as ](1 

1.01 X 10-2. Using this equilibrium constant, it was determined that the forward reac

tion largely proceeded to completion (greater than 90%) and from the thermodynamic 

parameters obtained from ](1 and its variation with temperature (Table 2.6), the re

verse anation reaction (k-b M-1 s-1 ) was found to be the spontaneous process in 

Equation 1.1. At 25 °C, the value of ](1 obtained from this work was found to be 

about 2.5 to three times larger than values reported in the literature (Table 2.5). Since 

K1 was calculated using Equation 2.11 and values of k_ 1 reported in the literature are 

very similar to those reported here (130], the difference in ](1 values is thus due to the 

higher values obtained for k1 from this work. 

The values of k1, k-1 and ](1 obtained hence enable a comparison to be made be

tween the equilibrium constants ](1 for cis-[PtCh(NH3h] and trans-[PtCl2(NH3)2] hy

drolysing under acid conditions to give their respective chloro( aqua) species. At 30 °C, 

for cis-DDP ](1 = 1.06 X 10-2 (J.t = 1.0 M, HCl04) whereas for trans-DDP K1 = 2.46 X 

10-4 (J.t = 0.1 M, NaN03) (109]. Reasons as to why cis-DDP is a more effective anti

cancer drug than trans-DDP have tended to centre on structural differences between the 

two compounds, in particular their arrangements of ligands, but when their equilibrium 

constants for the same reaction are examined, a major difference can be seen. If the 

level of anti-cancer activity displayed by a compound is a function of how much reactive 

aqua species can get to the DNA, the cis-DDP has an advantage over trans-DDP since 

its equilibrium in water lies to greater than 90% towards the cis-[PtCl(NH3)2(0H2)]+ 

whereas the percentage of trans-[PtCl(NH3h(OH2)]+ present would not be nearly so 

great due to its smaller equilibrium constant. At 25 °C [PtCb(NH2CH2CH2NH2)] also 

has a much smaller equilibrium constant (K1 = 2.19 X 10-3, J.l = 0.318 M, NaCl04 

[140]) than cis-DDP. However, a general statement that the level of anti-cancer ac

tivity reflects the size of the equilibrium constant ](1 of a compound cannot yet be 

made as not enough platinum(II) complexes have had their hydrolysis and anation 

rates measured and hence their equilibrium constants calculated. 

The effect of ionic strength on the anation reaction of the cis-[PtCl(NH3)2(0H2)]+ 

was not investigated here and no work on it exists in the literature, although the 

effect of ionic strength on the anation reaction of trans-[PtCl(NH3h(OH2)]+ has been 
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investigated and it was found that the rate decreased with increasing ionic strength 

[109]. For both cis-DDP and trans-DDP it has been shown that the ionic strength does 

not effect the rate of the forward (hydrolysis) reaction (Chapter 2; [109]), but if the 

anation reaction is affected, the equilibrium constant for the overall process will vary 

according to what the ionic strength conditions for the reverse (anation) reaction are. 

The previous comparison made between the equilibrium constants K1 for the hydrolysis 

reactions of cis-DDP and trans-DDP is therefore not a good one as the ionic strengths 

associated with each of the values of K1 are different. Thus K1 could vary considerably 

in vivo depending on the ionic strength of the blood stream or the cell interior. 

The Bronsted Equation (Equation 8.1) [215] predicts that a plot oflog10k (where k 

is the rate constant of the reaction) versus the square root of the ionic strength should 

be a straight line. 

(8.1) 

where B is the constant log10(kT/h)K. For an aqueous solution at 25 °C, the slope is 

nearly equal to ZAZB, the product of the ionic charges. Three special cases can occur 

[215]. Firstly, if ZA and ZB have the same sign, ZAZB is positive and the rate constant 

increases increasing ionic strength. Secondly, if ZA and ZB have different signs, ZAZB is 

negative and the rate constant decreases with increasing ionic strength (as is the case for 

trans-[PtCl(NH3)2(0H2)]+ and also should be the case for cis-[PtCl(NH3)2(0H2)]+). 

Finally, if one of the reactants is uncharged, ZAZB is zero and the rate constant is 

independent of the ionic strength (which is the case for the hydrolysis reactions of both 

the cis-DDP and the trans-DDP). Thus the ionic strength should have an influence on 

the rate of the anation reaction of cis-[PtCl(NH3h(OH2)]+ and this effect should be 

investigated in future work. 

Another important area is to look at the measure of lability of the coordinated 

water molecule in the complexes cis-[PtCl(NH3)2(0H2)]+, trans-[PtCl(NH3)2(0H2)]+ 

and cis- [ PtCl( en)( OH2 )+] to see if the degree oflability is different for each complex. 

The rate of chloride anation of each of these aquo complexes can be examined to find the 

differences. At 30 °C, the order of reactivity is trans-[PtCl(NH3)2(0H2)]+ (k-l = 0.452 

M-1 s-1, J.L = 0.1 M [109]) > cis-[PtCl(NH3h(OH2)]+ (k-1 = 0.0105 M-1 s-1, J.L = 0.1 

M (Chapter 2, Table 2.4)) > cis-(PtCl(en)(OH2)+] (k-l = 2.53 X 10-2 M-l s-1, 

J.L = 0.318 M [140]). 

However, a definite comparison cannot be made since, due to the effect of ionic 

strength on the anation reactions, for a proper comparison, all three reactions at 30 °C 

should be carried out at the same ionic strength, which they were not. The other as

sumption made is that the activation energies for all three reactions are similar, and for 

trans-[PtCl(NH3)2(0H2)]+, Ea = 75.31 kJ mol-1 [109], for cis-[PtCl(NH3)2(0H2)]+, 

Ea = 77.2 kJ mol-1 (Chapter 2) and for cis-[PtCl(en)(OH2)+], Ea = 73 kJ mol-1 
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(140]. The rate of anation of the three aquo complexes may thus give an indication 

of how the water molecule in each of the complexes would behave at a DNA binding 

site in vivo. The p]( a of the water molecule in these chloro( aquo) complexes also ap

pears to vary from complex to complex, since different ligands are attached to each 

platinum(II) complex. A measure of the p](a of the cis-(PtCl(NH3h(OH2)]+ species is 

6.85 (151], whereas for the trans-(PtCl(NH3)2(0H2)]+ species, from Jensen's work, the 

p]( a is estimated as 5.85 (216]. Thus it would appear that chemical reactivity as well 

as structural features are factors in determining the efficacy of an anti-cancer drug. 

In Chapter 3, in order to measure k_2 (Equation 1.2) the rate constants for the 

base hydrolysis of cis-DDP (Tables 3.1 and 3.2) over a range of temperatures were 

measured (provide access to the cis-[PtCl(NH3)2(0H2)]+ - cis-(Pt(NH3)2(0H2)2]2+ 

reaction system). By generating the cis-[Pt(OH)2(NH3)2] species, and then simultane

ously acidifying it and adding a known amount of chloride ions, kobs for the anation 

reaction of cis-(Pt(NH3)2(0H2h]2+ can be measured and then values for k_2 calculated 

(Table 3.9). Calculation of the equilibrium constant K 2 = 2.7 X 10-4 for Equation 1.2 

from molar absorptivity coefficients (Table 3.6) meant that the rate constant k2 for 

the forward reaction was calculated (Table 3. 7). At 25 °C, the value obtained for 

k_2 = 9.1 X 10-2 M- 1 s-1 agreed with that obtained in the literature (130] as did the 

value of k2 = 2.5 X 10-5 s-1 with the literature value [139]. 

There are a number of studies that have used the species cis-[Pt(NH3)2(0H2)2]2+ 

as the starting material, particularly studies on the interactions of the hydrolysis prod

ucts of cis-DDP with DNA [40,141,142,143,144,146,151,165,166]. Since the equilibrium 

constant ]( 2 for Equation 1.2 is small, calculation of the concentrations of the hy

drolysis products of cis-DDP present at equilibrium (Table 3.8) showed how little of 

the cis-[Pt(NH3)2(0H2)2]2+ species was present. Thus, for the purposes of attempt

ing to recreate the reactions occurring in vivo, there seems little point in using the 

cis-[Pt(NH3h(OH2)2]2+ species as a starting point since it is unlikely to be present 

under physiological conditions. 

The generally accepted model of how cis-DDP behaves in vivo was based on hydrol

ysis reaction data obtained in the pH region 0 to 6.5, with the cis-DDP remaining unhy

drolysed in the blood plasma, passing through the cell membrane and then hydrolysing 

to give the cis-[PtCl(NH3)2(0H2)]+ or cis-[Pt(NH3)2(0H2)2]2+ species [26,30]. How

ever, it has already been shown in the work presented in this thesis that some of the 

previously generally accepted rate and equilibrium constants were incorrect and while 

it was accepted that hydroxo species such as cis-[Pt(OH)(NH3h(OH2)]+ existed at 

physiological pH inside the cell [97], the possible reactions in the blood plasma at pH 

7.4 were never usually mentioned. This was probably due to the fact that it appeared 

to be unknown in the literature that the base hydrolysis of cis-DDP could take place 

in the presence of 0.1 M NaCl (Chapter 3). The change in chloride ion concentration 
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from the blood plasma ( "'-' 103 mM [97]) to the interior of the cell ( "'-' 4 mM [97]) is 

supposed to delay hydrolysis of the cis-DDP until it crosses the cell membrane into the 

cell itself. This would be the case if blood plasma was acidic and had a pH somewhere 

between 0 and 6.5, but this is not so. The most important factor is the physiological 

pH of 7.4 that exists in vivo [91), although pH gradients can exist within a cell itself 

[48). It is this physiological pH of 7.4 that will determine which platinum(II) species 

are present in vivo. 

Since it has been established in Chapter 3 that base hydrolysis of cis-DDP will 

occur irrespective of the concentration of chloride ion present, and at pH 7.4 pure acid 

hydrolysis will not be occurring, it is thus immediately obvious that the situation will 

not be as simple as that in Rosenberg's model [30), although the likelihood of hydroxo 

species present inside the cell at physiological pH was commented on. The pH-stat was 

found to be the best method to use in investigating the hydrolysis of cis-DDP between 

the two extremes of pH, particularly since a number of buffers were found to readily 

coordinate to the platinum(II), thereby changing the nature of the reaction. The use of 

buffers in the literature to investigate reactions of cis-DDP and its hydrolysis products 

under conditions approximating those found in vivo, seems quite common and this may 

have distorted some of the results. It is thus felt that the use of buffers for this purpose 

should be tempered with caution. This uncertainty does not occur with a pH-stat and 

the pH of the reaction can be closely monitored and controlled. In the future, further 

investigation of the buffer systems should be made, using NaCl or a far more dilute 

solution of HCl than was used here, to reverse the reaction of the cis-DDP in the buffer 

soluion, which might give a better indication of whether the buffer had coordinated to 

the hydrolysis products. 

Rate data for the hydrolysis reactions of cis-DDP over a range of pH were mea

sured using the technique of the pH-stat and spectrophotometer in combination (Ta

ble 4.1). These results showed that at pH greater than 9, complete base hydroly

sis took place and at pH less than 5, the reaction was predominantly acid hydrol

ysis. As the pH increased, the initially monophasic reaction (acid hydrolysis) be

came biphasic between pH 5 and 7, and then at a pH of 7.2 and above, the reaction 

again became mainly monophasic with base hydrolysis dominating (Chapter 4). The 

cis-DDP hydrolyses in the pH region 5.5 to 7.2 to give the cis-[PtCl(NH3)z(OH2 )]+ and 

cis-[PtCl(OH)(NH3)z) species in a fixed ratio that depends on the pJ( a value for the 

cis-[PtCl(NH3)2 (0Hz)]+ -cis-[PtCl(OH)(NH3)2 ] equilibrium and the set pH. The con

centration of the cis-[PtCl(OH)(NH3)2) species present is reduced by hydrolysis to the 

cis-[Pt(OH)(NH3)z(OH2 )]+ which also has the effect of diminishing the concentration 

of cis-[PtCl(NH3)z(OH2 )]+ (since the equilibrium ratio must be maintained). Increas

ing the set pH to the region 7.2 to 8.4 means that the cis-[Pt(OH)(NH3)z(OH2 )]+

cis-[Pt(OH)z(NH3)z) equilibrium dominates more. Thus, at pH 7.4 it would appear 
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that the presence of all the species cis-[PtCl(NH3h(OH2)]+, cis-[Pt(NH3h(OH2)2]2+, 

cis-[PtCl(OH)(NH3)2), cis-[Pt(OH)(NH3h(OH2)]+and cis-[Pt(OH)2(NH3h) is possi

ble. 

At pH 7.5, T = 25 °C, an initial chloride ion concentration of 0.10 M and a total 

platinum(II) concentration of 1 X 10-3 M, approximating the physiological conditions 

found in blood plasma and using the values of K 1 and J(2 determined in Chapters 2 

and 3 and the pK a values determined recently by Appleton et al. [151], it was calculated 

(Appendix C) that the predominant species present would be the cis-[PtCh(NH3hJ at 

68%, the cis-[PtCl(NH3h(OH2)]+ at 7% and the cis-[PtCl(OH)(NH3)2) at 24%. The 

cis-[Pt(OHh(NH3)2), cis-[Pt(OH)(NH3)2(0H2)]+ and cis-[Pt(NH3)2(0H2)2]2+ species 

accounted for approximately 1% total. These results agreed to a certain extent with 

those calculated by LeRoy et al. but they used the older literature values for the equi

librium constants K1 and K2 and also older pK a values [159). 

Recalculating the distribution of species at the intracellular chloride ion concentra

tion of""' 4 mM was also possible using this method (Appendix C) and LeRoy et al. 

calculated that cis-[PtCl2(NH3)2) was present at about 31%, cis-[PtCl(NH3)2(0H2)]+ 

at about 28%, cis-[PtCl(OH)(NH3)2) at about 32% and cis-[Pt(OH)(NH3)2(0H2)]+ at 

about 7%. The cis-[Pt(NH3)2(0H2)2]2+ and cis-[Pt(OHh(NH3h] species were present 

at approximately 1% each. Investigations into the calculation of distribution of plat

inum(II) species in the intracellular environment (Appendix C) were in general agree

ment with that estimated by LeRoy et al.. The distribution calculated by Martin was 

also in general agreement. Roos also gave an equilibrium cis-DDP hydrolysis product 

distribution in blood plasma in the literature, which consists of 89% cis-[PtC12(NH3h], 

11% cis-[PtCl(NH3)2(0H2)]+ and 0.09% cis-[Pt(NH3h(OH2hl2+, but this does not 

agree with these results and no indication was given by Roos of how this particular 

distribution was arrived at [162]. These calculations based on the results presented in 

this thesis ( J( 1 and J( 2 values) thus provided further confirmation of the belief that the 

cis-[Pt(NH3)2(0H2)2]2+ species is one of the least likely platinum(II) species to be at

tacked by DNA donor atoms at physiological pH, whereas the cis-[PtCl(NH3)2(0H2)]+ 

and, to a lesser extent, the cis-[Pt(OH)(NH3)2(0H2)]+ seem to be the most likely. 

In Chapter 5, the kinetics of the anation reaction of cis-[Pt(OH)(NH3h(OH2)]+ 

at pH 7.4 were studied. This was an extension of the work done under physiological 

conditions as, having determined that the two aquo species cis~[PtCl(NH3)2 (0H2)]+ 
and cis-[Pt(OH)(NH3)2(0H2)]+ were the most likely species to bind to DNA under 

these conditions, kinetic data for the cis-[Pt(OH)(NH3h(OH2)]+ species (Equation 5.5) 

was required to complete the reaction scheme for cis-DDP shown in Figure 5.1. The 

reaction of cis-[PtCl(NH3h(OH2)]+ with the amino acid glycine was also investigated 

and rate constants measured, but the reaction was found to be slow in comparison to 

the anation of the cis-[PtCl(NH3h(OH2)]+ by chloride ions (Chapter 2) or by NaHmal 
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which was also investigated. This tends to indicate that proteins or protein material 

consisting of amino acids such as glycine were unlikely to compete to any great extent 

with the DNA in binding to the cis-[PtCl(NH3h(OH2)]+ species and this also provides 

further evidence that the DNA is the most likely target of the labile platinum(II) species 

inside the cell. 

Investigations were also made into the possible acceleratory effect that some metal 

ions were thought to possibly have on both the acid and base hydrolysis of cis-DDP, 

with particular emphasis on some metal ions which are present in vivo. The metal ions 

Ca2+, Mg2+, Zn2+ and Cu2+ were tested initially with the acid hydrolysis of cis-DDP 

but were found to have no effect on the rate of hydrolysis (Table 6.12). It was found 

that the ions Hg2+ and Pb2+ both had an acceleratory effect on the rate of hydrolysis 

but since neither ion exists naturally in vivo and are unlikely to be administered to 

a patient, the work mainly contributed to present knowledge on metal ion assisted 

reactions of platinum(II) complexes, on which very little data was available. Crystals 

of the product, [cis-[PtCh(NH3)2](HgCl2)3]n, from the reaction between the cis-DDP 

and the HgCh were obtained and their X-ray crystal structure determined (Chapter 6). 

An initial investigation of the effect of metal ions on the base hydrolysis of cis-DDP 

was also made but only one metal ion, zn2+, was investigated and it was found to have 

no effeCt also (Table 6.13). Future work should perhaps investigate more metal ions 

and their possible effects on the base hydrolysis of cis-DDP. 

The compound cis-[PtBr2(NH3h], while showing good anti-tumour activity [31], 

is not very soluble in aqueous solutions and this, combined with its high level of 

toxicity, has precluded its use as an anti-cancer drug. Nevertheless, the kinetics of 

the anation reaction of cis-[PtBr(NH3)2(0H2)]+ and hence the hydrolysis reaction 

of cis-[PtBr2(NH3h] (Equation 7.3) were determined (Chapter 7). Possible further 

work on this system could involve the determination of the rate of loss of a bromo 

ligand in the second step of the acid hydrolysis reaction ( cis-[PtBr(NH3)2(0H2)]+ to 

cis-[Pt(NH3h(OH2hJ2+ plus bromide ions) and possibly also the anation reaction of the 

cis-[Pt(NH3)2(0H2)2]2+ to the cis-[PtBr(NH3)2(0H2)]+, although this reaction might 

be too fast to measure its rate constants. Base hydrolysis might also be a possibility 

but here again, the low solubility of the cis-[PtBr2(NH3)2] in aqueous solutions would 

probably cause experimental problems. 

The reaction of cis-DDP with ortho-phenylenediamine (OPDA), a possible macro

molecular drug carrier [196,205], was investigated in a preliminary manner. An induc

tion period to the reaction between cis-DDP and OPDA was found to occur, even when 

no cis-DDP was present and also when no little or no oxygen was present. This induc

tion period did not appear to be observed and was not commented on in the literature 

studies of this reaction. It is thought that the induction period is due to some internal 

redox process, which is something OPDA is known to undergo. Further experimen-
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tation in this field could involve attempting to reverse the reaction of cis-DDP with 

OPDA by, for example, the addition of chloride ions, or the product of the reaction 

could be monitored under the physiological pH of 7.4 to determine whether there is 

any reversibility or change, using the pH-stat and spectrophotometer in combination. 

To be of use as a macromolecular carrier of the cis-DDP, the OPDA must get an aquo 

species of the platinum(II) to the DNA binding sites and since the OPDA is thought 

to be bound to the sites where the chloro ligands were, under physiological conditions, 

some reversibility to the reaction must exist. However, there is also the possibility that 

the cis-DDP /OPDA reaction product itself is anti-tumour active. 

The hydrolysis of cis-DDP in mixtures of aqueous and non-aqueous solvents was 

investigated in order to determine the effect of various solvents on the rate of hydrolysis. 

Since one of the solvents investigated was ethylene glycol, it was noticed that this 

solvent bore a resemblence to lipid-like substances present in vivo, for example, simple 

lipids such as cholesterol which contain -OH groups [169]. It is thus possible that 

the reaction. of cis-DDP would give insight to any possible reactions with lipid-like 

substances in vivo. The rate of reaction of cis-DDP in the ethylene glycol / HC10 4 

solvent mixtures was found to increase as the percentage of ethylene glycol increased, a 

phenomenon which contradicted the expected trend in rate constants predicted knowing 

the nature of the reactants [207], trends which the other solvent mixtures investigated 

obeyed. A possible explanation put forward by Symons [212] for the behaviour of the 

reaction in the ethylene glycol solvent mixtures was the nature of the water present, 

and this could also be used to explain the behaviour of the other solvent mixtures 

investigated. Further investigation of this reaction in the future, using a different range 

of ratios of ethylene glycol to 0.1 M HC104 , could prove to be interesting, and since 

crystal structures of ethylene glycol complexes with platinum(II) species are known, 

obtaining crystals from the reaction products of ethylene glycol with cis-DDP could 

also be attempted. 

Of the first generation platinum anti-cancer drugs, cis-DDP was the most effective 

and it is still used widely. However, its toxicity and unpleasant side effects, coupled 

with a desire for more effective, less toxic drugs with a wide spectrum of activity, 

has meant that further research into second and even third generation platinum anti

cancer drugs has continued. The structures of some of the newer clinically important 

anti-tumour platinum complexes are given in Figure 8.1. The analogue syntheses were 

guided by the set of empirical structure - activity relationships outlined in Chapter 1. 

These relationships reduced the number of possible complexes to be synthesized to a 

manageable number [22]. However, a wide range of platinum structures are now known 

which violate these empirical relationships [22], for example, cis-[PtCl(NH3 ) 2(py)]+, 

where py is a substituted pyridine ligand, purine or pyrimidine [217]. Nevertheless, the 

basic structure based on the cis-[Pt(amine)2] unit does give the most active species, 
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I proplatin ( cis-dichloro-trans-dihyd roxybis(isopropylamine )platinum( IV)) 

0 H 
/cH2 ......._ 11 .....-c.:::::. 

H2T THNHz""'t,/o-c-n TH 
H2 c......._ /CHNH 2 / 'o-c-c......._ ~c-p=o 

CHz II c OH 
0 H 

DA CCP ( 4 '-carboxyph thai a to(l ,2-diaminocyclohexane )platinum( II)) 

Spiroplatin (aquo-1,1-bis(aminomethyl)cyclohexanesulphatoplatinu m( I I)) 

Sulphato(l ,2-diaminocyclohexane )platinum( I I) 

O=NH2 ........_ ,.-o-cf:._
0 

PI CH 2 NH2 _..... 'O-C"' 
<:::::o 

Malonato(l ,2-diaminocyclohexane )pia tinum(I I) 

Figure 8.1. Structures of more recent clinically important anti-tumour platinum complexes. 

and indeed, few closely related second generati(;m analogues have demonstrated greater 

activity than cis-[PtCh(NH3h] in a range of murine tumours. 

It is now acknowledged in the literature that the reactive platinum species in cell 

cytoplasm will be a combination of species with aqua and hydroxo ligands and that the 

physiological pH of 7.4 means that platinum(II) species other than cis-[PtCl2 (NH3 )2] on 

its own will exist in blood plasma, although prior to this thesis, calculations of species 

distribution were based on old or inaccurate equilibrium constants and pf( a values 

[22,159]. The idea was thus formed that it is a hydrolysis step at pH 7.4 that gives an 

active aqua species (such as cis-(PtCl(NH3h(OH2)]+ or cis-(Pt(OH)(NH3)2(0H2)]+) at 

the DNA binding site, which is required for a platinum drug to be anti-tumour active 
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(unless enzyme activation is required). This in turn raises the question of how important 

are the equilibrium constants for the hydrolysis reactions. Not enough kinetic data is 

available on all the platinum(II) (or platinum(IV)) compounds that are anti-tumour 

active or on those that are not active (for the purpose of comparison), to make any 

conclusions possible. Future work needs to be done on collecting these data in order to 

compare and identify any trends. 

From a biological point of view also, there is much that is still a mystery about 

the behaviour of cis-DDP in vivo. For example, why is cis-DDP active against such 

a narrow range of types of cancer (mainly testicular and ovarian) and why do one in 

ten cancer patients being treated with cis-DDP not respond at all to treatment. It is 

still unknown whether cis-DDP or its hydrolysis products diffuse or are carried accross 

cell membranes, and there is still much speculation about what happens inside the cell. 

Although DNA is thought to be the principle target, reactions can take place with 

biomolecules other than DNA present, for example, amino acids (such as glycine) or 

molecules containing sulphur groups [22]. 
Some progress has thus been made in this thesis in attempting to quantify and 

understand some of the solution chemistry of the anti-cancer drug cis-[PtCl2(NH3)2], 

and to extrapolate this data to the physiological situation. Although there is still 

work to be done on the chemistry of cis-[PtCh(NH3)2] in solution and under physio

logical conditions, the second and third generation platinum anti-tumour compounds 

also require kinetic investigation of their simple solution chemistry, from which a bet

ter understanding of the mechanism of action of all these complexes in vivo will be 

obtained. 
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APPENDIX A 

CONSTANTS, UNITS, SYMBOLS AND ABBREVIATIONS. 

A.l Constants. 

Gas constant, R = 8.31441 J K-1 mol-1 

Planck's constant, h = 6.62618 X 10-34 J s 

Avogadro's constant, N :::::; 6.022169 X 1023 mol-1 

A.2 Units. 

mg = 10-3g or 10-6kg 

nm = lQ-9 m 

M = moll-1 or mol dm-3 

K = 273.2 + oc 
ml = 10-3 1 

mM = 10-3 moll-1 

em = lQ-2 m 

kJ = 103 J 

J =Nm 

N =kg m s-2 

kg = 103 g 

M-1 s-1 = mol-1 1 s-1 

1 = 10-3m3 or 1 dm3 

cm3 =10-6m3 

gfcc = g ml-1 

mm = 10-3 m 

A = 10-10 m 

A.3 Symbols and Abbreviations. 

UV = ultraviolet 

± = plus or minus 

"" = approximately equal to 
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m 

pH 
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Ae( A) 

fCA(A) 

fDA(>.) 
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COA 

[Pt]t 

[cl-le 

Nu, Y 

APPENDIX A. CONSTANTS, UNITS, SYMBOLS AND ABBREVIATIONS. 

= concentration of (unless enclosing a reference or a temperature in °K) 

= wavelength (nm) 

= rate constant 

= equilibrium constant 

= calculated 

= ionic strength, = 1/2'Eciz[ 

= concentration ( M) 

= path length (em) 

= ionic charge 

= absorbance 

= absorbance at time t = 0 

= absorbance at time t = oo 

= absorbance at time = t 

= time (s) 

=infinity 

= molar absorptivity coefficient (M cm-1 ) 

= activation energy (kJ mol-1 ) 

= collision rate between reactant molecules 

= probability factor 

= absolute temperature (degrees Kelvin) 

= free energy of activation (kJ mol-1 ) 

= enthalpy of activation (kJ mol-1 ) 

= entropy of activation ( J K-1 mol-1 ) 

= volume of activation ( cm3 mol-1 ) 

= free energy (kJ mol-1 ) 

= enthalpy (kJ mol-1 ) 

= entropy ( J K-1 mol-1 ) 

= temperature (degrees Kelvin) 

= -log10[H]+ 

= -loglO[ K]a 

= absorbance of an equilibrium mixture at any wavelength, >. 

= molar absorptivity of the cis-[PtCl(NH3h(OH2)]+ species at any A 
= molar absorptivity of the cis-[Pt(NH3)2(0H2)2]2+ species at any A 
= equilibrium concentration cis-[PtCl(NH3h(OH2)]+ 

= equilibrium concentration of cis-[Pt(NH3)2(0H2)2]2+ 

= the total concentration of platinum(II) species 

= the equilibrium concentration of chloride ions 

= general nucleophile 



A.4. ABBREVIATIONS FOR LIGANDS AND CHEMICALS. 

A 

X,L 

R 

A,B 
v 

z 
F(O,O,O) 

= general metal ion 

= general amino ligand 

= general leaving group 

= general group 

= general constants 

= volume ( cm3) 

= calculated density (g/ cc) 

= the number of molecules in a unit cell 

= the structure factor at h, k, l = 0 

= the maximum degrees for data collection 

= refinement factors 

= anisotropic thermal parameters (where x, y = 1, 2, 3) 

U = isotropic thermal parameters 

Kh = the hydrolysis constant of a mefal ion 
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[C12] = the total platinum(II) concentration present, [ cis-[PtCl2(NH3) 2]] 

[Cl(OH2)+] = [cis-[PtCl(NH3h(OH2)]+] 

[(OH2)~+] = [cis-[Pt(NH3h(OH2)2]2+] 

[Cl(OH)] = [cis-[PtCl(OH)(NH3hJJ 

[(OH)2] = [cis-[Pt(OHh(NH3h]J 

[OH(OH2)+] = [cis-[Pt(OH)(NH3)2(0H2)]+] 

[H+]0 = the total hydrogen ion concentration 

[Cl-]0 = the total chloride ion concentration 

00 

s 

F 

r 

c 
ln 

log 

= infinity 

=seconds 

=the sum of 

= ionic charges 

= the force of attraction acting between two charges 

= two charges 

= the distance between two charges 

= the dielectric constant 

=a constant 

=loge 

= loglo 

A.4 Abbreviations for Ligands and Chemicals. 

cis-DDP = cis-[PtCh(NH3)2] 

trans-DDP = trans-[PtCh(NH3h] 

en = NH2CH2CH2NH2 
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d(pGpG) 

d(pApG) 

HTF 

HAc 

HTS 

DMF 

DMSO 

EtGlyc 

BICINE 

MES 

HEPES 

TRIS 

OPDA 

R,R-chxn 

NaHmal 

gly, glyc 

H4TTF 

DMA 

Et4N 

Me 

Et 

picdien 

picditn 

MeN02 

APPENDIX A. CONSTANTS, UNITS, SYMBOLS AND ABBREVIATIONS. 

= an oligodeoxynucleotide, deoxy(phosphate-guanine-phosphate-guanine) 

= an oligodeoxynucleotide, deoxy(phosphate-adenine-phosphate-guanine) 

= trfl.uoroacetic acid, CF3C02H 

= acetic acid, CH3C02H 

= p-toluenesulphonic acid, CH3C6H4S03H 

= dimethylformamide, HCON[CH3]2 
= dimethylsulphoxide, (CH3)2SO 

= ethylene glycol, CH2(0H)CH2(0H) 

= N ,N-his( 2-hydroxyethyl )glycine 

= 2(N-morpholino )ethanesulphonic acid 

= N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid 

= tris(hydroxymethyl )aminomethane 

= ortho-phenylenediamine, C6H4(NH2)2 
= (R,R)-1,2-diaminocyclohexane, C6H10(NH2h 

= sodium hydrogen malonate, Na02CCH2C02H 

= glycine, NH2CH2C02H 

= tetrahydrotetrathiafulvalene 

= N,N-dimethylacetamide, CH3CON(CH3h 

= tetraethylamine, (CH3CH2)N 

= methyl group, CH3-

= ethyl group, CH3CH2-

= 1,9-bis(2-pyridyl )2,5,8-triazanonane 

= 1,11-bis(2-pyridyl )2,6,10-triazaundecane 

= ni tromethane 
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APPENDIX B 

CALCULATION OF EQUILIBRIUM CONCENTRATIONS 

For the first step of the acid hydrolysis of cis-[PtClz(NH3h] shown below, 

(B.l) 
a-x X X 

the calculated equilibrium constant ](1 = 1.01 X 10-2 at 25 °C (Chapter 2), for this 

reaction can be written as 

](
1 

= [cis-[PtCl(NH3h(OH2)]+][cl-] 
[ cis-[PtClz(NH3)2]] 

(B.2) 

It is assumed that the concentration of chloride ions, [Cl-], is equal to the concentration 

of cis-[PtCl(NH3)2(0H2)]+, therefore Equation B.2 can be written as 

(B.3) 

Using x and a-x to represent respectively, the concentrations of the chloride ions and 

the cis-[PtCiz(NH3h] (Equation B.l), Equation B.3 can be rewritten further to give 

x2 
](1 = -

a-x 
(B.4) 

where a is the total concentration of cis-[PtC!z(NH3)2] present. This equation can be 

expanded to 

(B.5) 

which is a quadratic function in the form 

lx 2 + mx + n = 0 (B.6) 

and can be solved [157] using 

-m ± Jm2- 4ln 
x= 

21 
(B.7) 

which, for Equation B.5 is written as 
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x = -K1 ± VK1 2 
+4Kla 

2 
(B.8) 

For this calculation, as an example, the total concentration of cis-[PtCh(NH3)2], a 

= 100 mM or 0.1 M (Table 2.2). Substituting this value into Equation B.8 gives 

-1.01 X 10-2 ± V1.02 X 10 4 + 4.04 X 10 3 
X= 

2 
(B.9) 

and thus x = 0.027 M or 27 mM. Using this value in Equation B.4 gives 

l.01 X 10_2 = (0.027? 
[ cis-[PtCh(NH3)2]] 

(B.10) 

and therefore, at equilibrium, the concentration of cis-[PtCh(NH3h] present is 0.073 

M or 73 mM. This method of calculation was used for all the initial concentrations of 

cis-[PtCb(NH3h] shown in Table 2.2. 

For the second step of the acid hydrolysis of cis-[PtCl2(NH3)2], 

(B.ll) 
a-x X X 

the calculated equilibrium constant K2 = 2.70 X 10-4 at 25 °C (Chapter 3), for this 

reaction can also be written as 

](
2 

= [cis-[Pt(NH3h(OH2h]2+][Cl-] 
[ cis-[PtCl(NH3)2( OH2)]+) 

(B.12) 

It is assumed that the concentration of chloride ions, [Cl-), is equal to the concentration 

of cis-[Pt(NH3h(OH2h]2+, and x and a-x are used to represent the concentrations of 

the chloride ions and the cis-[Pt(NH3h(OH2)2]2+ respectively (Equation B.ll), there

fore Equation B.12 can be rewritten as 

or 

Expansion of Equation B.13 gives 

x2 
](2 = -

a-x 

(B.13) 

(B.14) 

(B.15) 

which is a quadratic function of the form shown in Equation B.6 and can be solved 

using Equation B.7 as 
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(B.16) 

For this example, the total initial concentration of cis-[PtCl(NH3)2(0H2)]+, a = 
100 mM or 0.1 M. Substituting this value into Equation B.16 gives 

-2.70 X 10-4 ± V7.29 X 10-8 + 1.08 X 10-4 

x= 
2 

(B.17) 

and thus x = 0.005 M or 95 mM. Using this value in Equation B.14 gives 

(B.l8) 

and therefore, at equilibrium, the concentration of cis-[PtCl(NH3)2(0H2)]+ present is 

0.095 M or 95 mM. This method of calculation was used for all the initial concentra

tions of cis-[PtCl(NH3)2(0H2)]+ shown in Table 3.8 and the rest of the calculations 

are done in the same way as above. 





149 

APPENDIX C 

CALCULATION OF CONCENTRATIONS OF PLATINUM(II) 

SPECIES UNDER PHYSIOLOGICAL CONDITIONS. 

Using LeRoy's method [159], but with more modern estimates for the equilibrium con

stants (K1 = 1.13 X 10-2 M at 35 °C (Chapter 2) and ](2 = 2.7 X 10-4 M at 25 

°C (Chapter 3)) and p](a values (for cis-[PtCl(NH3h(OH2)]+- cis-[PtCl(OH)(NH3)2] 

pK 3 = 6.85 [151], for cis-[Pt(NH3)2(0H2)2]2+ - cis-[Pt(OH)(NH3)2(0H2)]+ pK 4 = 

5.93 [151]) and for cis-[Pt(OHh(NH3h] - cis-[Pt(OH)(NH3)2(0H2)]+ pK 5 = 7.87 

[151]), the concentration and hence the percentage of each platinum(II) species present 

at equilibrium could be calculated. The following method was used. These equations 

used are taken from LeRoy's paper [159]. 

](1 = 
[Cl(OH2)+][cl-] 

(C.1) 
[Ch] 

= [Cl(OH2)+] 

[Cl-]0 + [Cl(OH2)+] + [Cl(OH)] + 2([(0H2)~+] + [OH(OH2)+] + [(OH)2]) 
X 

[Ch]0 - [Cl(OH2)+]- [(OH2)~+]- [Cl(OH)]- [OH(OH2)+]- [(OH)2] 

](2 = 
[(OH2)~+][cl-] 

(C.2) 
[Cl(OH2)+] 

= [(OH2)~+] 

[Cl-]0 + [Cl(OH2)+] + [Cl(OH)] + 2([(0H2)~+] + [OH(OH2)+] + [(OH)2]) 
X [Cl(OH2)+] 

](3 = 
[Cl(OH)][H+]0 (C.3) 

[Cl(OH2)+] 

](4 = 
[OH(OH2)+][H+]0 (C.4) 

[(OH2)~+] 

Ks = 
[(0Hh][H+]0 (C.5) 
[OH(OH2)+] 

where [Ch]0 = [cis-[PtCh(NH3)2]] or the total platinum(II) species concentration 

present; [Cl(OH2)+] = the concentration of the cis-[PtCl(NH3)2(0H2)]+; [(OH2);+] = 

the concentration of the cis-[Pt(NH3)2(0H2hJ2+; [Cl(OH)] = the concentration of 

the cis-[PtCl(OH)(NH3h]; [(OHh] = the concentration of the cis-[Pt(OH)2(NH3)2]; 

[OH(OH2)+] =the concentration of the cis-[Pt(OH)(NH3)2(0H2)]+; [Cl-]0 =the total 
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chloride ion concentration present and [H+]0 = [H+], the total hydrogen ion concentra

tion present. 

Using the expressions [131], 

(C.6) 

and 

pJ( a = - loglO J( a (C.7) 

and the values for the pKa's [151] (see above) and pH= 7.5, we obtain K3 = 1.413 X 

10-7 , K4 = 1.175 x 10-6 , !(5 = 1.349 x 10-8 and [H+]0 = 3.162 x 10-8 M. These 

values can be substituted into Equations C.3 to C.5 to give the relationships 

4.47 = 
[Cl(OH)] 

[Cl(OH2)+] 
(C.8) 

37.16 = 
[OH(OH2)+] 

[(OH2)~+] 
(C.9) 

0.43 = 
[(OH)2] 

[OH(OH2)+] 
(C.10) 

These can then be rewritten as, from Equation C.8 

[Cl(OH)] = 4.47[Cl(OH2)+] (C.ll) 

from Equation C.9, 

(C.12) 

and from Equations C.9 and C.10 

(C.13) 

Also known are values for the chloride ion concentration present [cl-]0 = 0.10 M (the 

approximate chloride ion concentration present in blood plasma [48,97,92]), the total 

concentration of cis-DDP used [Cb]0 = 1 X 10-3 M and the temperature T = 37 °C. 

The above relationships and known concentrations can thus be substituted into 

Equations C.1 and C.2 to give 

J(l = [Cl(OH )+] X 0.10 + 5.47[Cl(OH2)+] + 108.28[(0H2)~+] 
2 

1 x 10-3 - 5.47[Cl(OH2)+]- 54.14[(0H2)~+] 
= 1.13 X 10-2 (C.14) 

and 
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[(OH )2+] X 0.10 + 5.47[Cl(OH2)+] + 108.28[(0H2)~+] 
2 2 [Cl(OH2)+] 

2.70 X 10-4 (C.15) 

Both Equations C.14 and C.15 are written in terms of only two variables, [Cl(OH2)+] 

and [(OH2)~+]. To simplify things further, the [Cl(OH2)+] will be written henceforth 

as x and the [(OH2 )~+] as y. Thus we have 

K1 = 1.13 X 10-2(1.0 X 10-3 - 5.47x- 54.14y) = x(0.10 + 5.47x + 108.28y) (C.16) 

and 

J(2 = 2.70 X 10-4 x = y(0.10 + 5.47x + 108.28y) (C.17) 

Further expansion of these two Equations gives 

1.13 x 10-5 = 0.16x + 5.47x2 + 108.28xy + 0.61y (C.18) 

and 

0 = -2.70 x 10-4 x + O.lOy + 5.47xy + 108.28y2 (C.l9) 

Before any attempt can be made to solve these two equations, they must be sim

plified even further. The xy terms are removed by multiplying Equation C.18 by 5.47 

and by multiplying Equation C.19 by 108.28, and then subtracting Equation C.19 from 

Equation C.18. This gives us 

6.18 x 10-5 = 0.91x + 29.92x2 - 7.49y + 11724.56y2 (C.20) 

At the particular pH and chloride ion concentration used, we assume that there is no 

cis-[Pt(NH3 ) 2(0H2hJ2+ present, that is y = 0, therefore we can write Equation C.20 

as 

29.92x2 + 0.91x = 6.18 X 10-5 (C.21) 

or as 

29.92x2 + 0.91x - 6.18 X 10-5 = 0 (C.22) 

which is a quadratic function, of the form 

ax2 + bx + c = 0 (C.23) 

and this can be solved for x using [157] 



152 APPENDIX C. CALCULATION OF CONCENTRATIONS OF PLATINUM(II) SPECIES 

X= 
-b ± Jb2- 4ac 

2a 
(C.24) 

Thus we obtain a value for x or [cis-[PtCl(NH3)z(OHz)]+j of 6.77 X 10-5 M. As a 

percentage of the total cis-DDP concentration, the cis-[PtCl(NH3)z(OH2 )j+ species is 

present as approximately 7% of the equilibrium mixture. Using Equation C.8 we can 

substitute in this concentration, to get a concentration of [ cis-[PtCl( OH)(NH3)2 ]] = 

3.03 X 10-4 M or approximately 30% of the equilibrium mixture. The assumption that 

the cis-[Pt(NH3) 2(0H2 ) 2 ]
2+ species is not present at this particular chloride ion concen

tration and pH means that the species cis-[Pt(OH)2 (NH3)z], cis-[Pt(NH3)2 (0Hz)zJ2+ 

and cis-[Pt(OH)(NH3)z(OHz)]+ are present at less than 1% of the equilibrium mix

ture. Hence the cis-[PtC12 (NH3)z] is present as approximately 63% of the equilibrium 

mixture. 

Inside the cell where the chloride ion concentration drops to approximately 4mM, 

LeRoy et al. [159] calculated the composition of the equilibrium mixture to be 31% 

cis~[PtClz(NH3)z], 28% cis-[PtCl(NH3)2 (0Hz)]+, 32% cis-[PtCl(OH)(NH3) 2] and 7% 

cis-[Pt(OH)(NH3)2 (0Hz)]+, with the cis-[Pt(NH3)z(OHz)2]
2+ present at less than 1%. 

In this case the calculation of the equilibrium concentrations was carried out by LeRoy 

et al. in the same manner as demonstrated above, although the calculation is further 

complicated in this case (intracellular environment) by not being able to assume that the 

concentration of the cis-[Pt(NH3)2 (0H2 ) 2]
2+ is zero. However, the values calculated by 

LeRoy et al. most likely accurately reflect the true distribution of platinum(II) species 

inside a cell. 
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APPENDIX D 

PUBLICATIONS ASSOCIATED WITH THIS THESIS. 

S.E. Miller and D.A. House. The Hydrolysis Products of cis-Dichlorodiammine

platinum(II). 1. The Kinetics of Formation and Anation of the cis-Diammine( aqua)

chloroplatinum(II) Cation in Acidic Aqueous Media. Inorg. Chim. Acta., 161:131-137, 

1989. 

S.E. Miller and D.A. Ho~se. The Hydrolysis Products of cis-Dichlorodiammine

platinum(II). 2. The Kinetics of Formation and Anation of the cis-Diamminedi( aqua)

platinum Cation. lnorg. Chim. Acta., 166:189-197, 1989. 

S.E. Miller and D.A. House. The Hydrolysis Products of cis-Dichlorodiammine

platinum(II). 3. Hydrolysis Kinetics at Physiological pH. Inorg. Chim. Acta., 173:53-

60, 1990. 

S.E. Miller, Huo Wen, D.A. House, and W.T. Robinson. The Hydrolysis Prod

ucts of cis-Dichlorodiammineplatinum(II). 4. The Kinetics of the Reaction between 

cis-[PtCl2(NH3)2] and HgCh and the Structure of [ cis-[PtCl2(NH3h](HgCh)3]n. Sub

mitted to Inorg. Chim. Acta. 

S.E. Miller and D.A. House. The Hydrolysis Products of cis-Dichlorodiammine

platinum(II). 5. The Anation Kinetics of cis-[PtX(NH3)2(0H2)]+ X = (Cl-, OH-) 

with Glycine, Monohydrogen Malonate and Chloride. Submitted to Inorg. Chim. 

Acta. 
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