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Abstract

Four dinuclear platinum" complexes viz. [{zrans-PtCI(NHs);}2-NHz(CHa) HaNJCLs (where
n =2, 3, 4 and 6) herein referred to as DiPtEn-Chloro, DiPtProp-Chloro, DiPtBut-
Chloro and DiPtHex-Chloro were successfully synthesized and fully characterized with
the aid of "H-NMR,'**Pt-NMR, IR spectroscopy and elemental analysis. The conversion of
the chloride motety to the corresponding aqua moiety, viz. DiPtEn-Aqua, DiPtProp-
Aqua, DiPtBut-Aqua and DiPtHex-Aqua, was successfully achieved via a methathesis

reaction using established literature procedures.

pK, studies were corducted on three of the complexes viz. DiPtEn-Aqua, DiPtProp-Aqua
and DiPtBut-Aqua using UV/Visible spectrophotometry. A single pK, value was obtained
for all complexes. The pK, value is seen to increase from 4.98 (DiPtEn-Aqua) 10 5.62
(DiPtHex-Aqua), with a corresponding increase in diamine chain length. This
phenomenon can be attributed to an increase in electron density around the platinum centre

via the inductive effect.

The rate of substitution of the aqua moieties from each of these four complexes by a series
of neutral nucleophiles, viz. thiourea (TU), [,3-dimethyl-2-thiourea (DMTU) and 1,1,3,3-
tetramethyl-2-thiourea (TMTU) in aqueous solution was determined under pseudo first-
order conditions as a function of concentration and temperature. All reactions studied gave
excellent fits to a single exponential and obeyed the simple rate law, k5 = £2[Nu], with the
exception of the reaction involving DiPtEn-Aqua and TU, which was found to exhibit
second-order kinetics with the observed rate constants, kon1 2 being expressed by the
equation, Kobs(1,2 = k1.zj[Nu}. The first rate constant k; ((5029.24 +0.01) x 107 M s was
found to be approximately |5 times greater than that for the second rate constant 4, ((326.6

£735)x 10° M sh.

A comparison of the second-order rate constants at 298 K shows that the reactivity of these
complexes is dependent on the length of the diamine linker. As the CH, group is increased
the rate of substitution decreases. This has been accounted for in terms of increased
electron density around the metal centres through an inductive process. Lengthening of the

backbone also increases the flexibility of these complexes resulting in increased steric



hindrance. Although the computational calculation using the B3LYP density functional
method with LACVP" pseudopotential basis set indicate that the trans effect is increased
by addition of the CH, group, through the shortening of the Pt-N bond and lengthening of
the Pt-OH; bond, this effect is small. Computational factors have also shown that the
frontier molecular orbital energies increase with an increasing number of CH, groups. The
energy gap, Enomo — ELumo was. found 1o increase from DiPtEn-Aqua to DiPtProp-Agua
indicating a decrease tn interaction between the orbitals. The results of the temperature
dependence studies indicate that the reactivity is controlled by activation entropy. The

substitution mechanism remains associative in nature.

The reaction involving DiPtEn-Aqua and TU was found to be 10 times faster than the
other complexes, and it was possible to measure the rate of substitution at each metal
centre. This shows that the interaction between the two Pt centres is dependent on the
distance between them. The unusual reactivity of DiPtEn-Aqua is thought to be mainly
caused by less steric hindrance that the molecule experiences due to [ack of flexibility. In
addition to this is the proximity of the two Pt' centres, which in this case interact with each

other.

fit
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Chapter 1

An Introduction into Platinum Chemistry




Chapter 1

An Introduction into Platinum Chemistry

1.1 Background

Platinum occupies a position of paramount importance in transition metal-complex
chemistry. Organometaliic and coordination chemistry of platinum is unusual on two
accounts:'

- due to the variety of compounds this metal forms and,

- owing to the wide variety of reactions that these participate in.

The versatility of platinum chemistry may be accounted for by the fact that coordination
compounds of platinum are known in many oxidation states viz. 0, +1, +2, +3 and +4.
Higher oxidation states are also known but these are rare. The most common of these
oxidation states are 0, +2 and +4, with derivatives of P, Pt ang PtV by far the most stable

and studies ones.'

Pt" coordination complexes were early and important examples of transition metal
complexes. Their square planar geometry was first determined in the classic isomer-
counting experiments of Werner. Pt complexes were subsequently used extensively in
studies determining the mechanisms of square-pfanar substitution reactions, since they
react at rates that are convenient for such studies in aqueous solutions. Platinum binding to
nucleic acids was first investigated in part with the aim of developing heavy metal stains
for electron microscope (EM) studies of DNA. The high electron density of platinum
complexes has also lead to their use as isomorphous replacement agents for sotving

macromolecular crystal structures.

Medicinal applications of metals can be traced back almost 5000 years ago. The
development of modern medicinal inorganic chemistry was stimulated by the serendipitous
discovery of cisplatin, and has been facilitated by the inorganic chemists extensive

knowledge of the coordination and redox properties of metal ions. Metal centres, being
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positively charged are favoured to bind to negatively charged biomolecules (the
constituents of proteins and nucleic acids), offer excellent ligands for binding to metai
ions.” The potential use of metal complexes in pharmaceuticals is vast and remains to be

exploited.

1.2 The _ Biological _ Importance _ of Platinum'"-Amine

Complexes

Broad interest in the pharmacological properties of metal compounds first arose with the
ptoneering work of Barnett Rosenburg‘“, who in the late 1960°s fortuitously discovered
the electrostatic effects of cis-diamminedich]oroplaiinum" (cisplatin) (Figure 1.1) and
related complexes. Cisplatin has been a highly successfui platinum-based antitumour agent
and has been used clinically over the last thirty years and continues to play a central role in
cancer chemotherapy. This is due to cispiatin on one hand being able to cure testicular
germ-cell cancer in about 90% of its cases, and on the other hand for its notable therapeutic
efficacy in a broad range of other solid tumours. Driven by the impressive impact of
cisplatin on cancer chemotherapy, great efforts have been made to derive new derivatives
with pharmacological properties, hence cispiatin has become the prototype of a unique
class of antineoplastic agents now comprising innumerable derivatives, many of which
have been abandoned in preclinical or earty clinical stages of their development, whilst a
few have succeeded in becoming established in routine clinical practice. Among the 33
platinum agents (Table 1.1) which have entered clinical trials after the onset of clinical
studies with cisplatin in the early 1970’s, only carboplatin has received worldwide
approval, whilst four others viz. oxaliplatin, nedaplatin, fobaplatin and SK12053R have

gained regionally limited approval and eight others continue to be evaluated in clinical

studies.>
N H3
H,N—Pt—Cl.
Cl
Figure 1.1: cis-(liammine(ﬁchloroplarinum” or cisplatin us it is commonly referred (o is u

proven and effective chemotherapeutic agent.




The vast majority of these compounds and all of the clinically established platinum drugs
essentially belong to the classic type of uncharged cis-configured square-planar Pt
complexes described by the general formula cis-[PtA.X;), whereby A can be either two
monodentate or one bidentate stable amine ligand(s) and X5 being etther two monodentate
or one bidentate anionic leaving ligand(s). These types of complexes have been favoured
since the early landmark studies conducted by Cleare and Hoeschele”® on structure activity
relationships within Pt compounds, performed soon after the antineoplastic properties of

cisplatin was established.>!



Tuble 1.):

Platinum compounds in clinical studies since 1971 in roughly chronologicul

order."!

Compound
1970s

Cisplatin (CDDP)
PAD
Platinum Uracil Biue (PUB)
MBA
JM-20 (SHP)
JM-74 (PHM)
Neo-SHP
Neo-PHM

1980’s

Carboplatin (CBCDA; JM-8)
iproplatin (CHIP; JM-9)
JM-82 (DACCP)
IM-11
Spiroplatin (TNO-6)
Oxaliptatin (I-OHP)
Nedaplatin (254-S)
Cl1-973 (NK-121)
DWAZ2114R (miboplatin)
Enloplatin
Zeniplatin

1990°s

Lobaplatin (D-19466)
Ormaplatin (tetrapiatin)
Cyclopiatam
JM-216 (satraplatin)
SK12053R
ZD0473 (AMD473)
SPI-77 (liposomai CDDP)
BBR3464

2000's

APS5280

Current Status

Approval Worldwide for a broad range of solid neoplasms
Abandoned during phase | (insufficient solubility)
Abandoned during phase [ (cardiac toxicity)
Abandoned during phase I (one case of severe hypersensitivity)
Abandened during phase | (severe allergic reactions)
Abandoned during phase I (nephrotoxicity, inferior activity)
Abandoned during phase Il (nephrotoxicity, inferior activity)
Abandoned during phase | (insufficient sotubility)

Approval Worldwide for a broad range of solid neoplasms.
Abandoned during Phase i (lower activity than carboplatin)
Abandoned during Phase 1 (chemical instability, low activity)
Abandoned after pharmocokinetic study
Abandoned during Phase I (néphrotoxicity)
Approved in over 60 countries for metastatic colorectal cancer
Approved in Japan for several solid neoplasms
Abandoned during Phase 11 (lack of activity)
Abandoned during Phase II1 (no advantage over cisplatin)
Abandoned during Phase I (nephrotoxicity)
Abandoned during Phase [l (nephrotoxicity)

Approved in China
Abandoned during Phase { (neurotoxicity)
Phase 11
Phase {il
Approved in South Korea for advanced gastric cancer
Phase 11l
Phase I1
Phase Ii

Phase [

1-4



1.3  The First Generation: Cisplatin

Cis-diamminedichlorop]atinum“ (cisplatin) has been known as Peyrone’s salt since the mid
nineteenth century. Interest in its potential pharmacological properties arose only in the
fate 1960’s, when cisplatin and its PtV analogue (cis-diamminetetrachloroplatinum'v) was
identified by Barnett Rosenburg as strong inhibitors of bacteriat proliferation in a set of
experiments, that were performed in order to investigate the effects of electric fields on celfl
division. Subsequently, their cytostatic activity was examined in tumour-bearing animafs,
with the encouraging result of complete inhibition of murine solid sarcoma-180” by

cisplattn.

Clinical trials of cisplatin were thereafter initiated in 1971, but anticancer activity was
associated with severe renal toxicity. This could be circumvented by pre-hydration,
followed by slow infusion, and by the end of the 1970’s cisplatin became the mainstay in
combination chemotherapy of advanced and metastatic testicular germ-cell cancer, which
has since become a highly curable disease. Currently, cisplatin is one of the most
commonly used compounds for the treatment of a wide spectrum of human malignancies.
As a single agent, or in combination, cisplatin is now the mainstay of treatment for
testicular, ovarian, bladder, cervical, head and neck, as well as smali~cell or non-smatl-cell

tung cancers.>'%"?

Cisplatin is usually administered in chioride-containing solution as short intravenous
infuston following either a single-dose or a split-dose schedule. In agueous solutions, the
chloride ligands are easily replaced by aqua ligands, leading to a much more reactive
species. Part of these aqua ligands may be deprotonated to hydroxo ligands consequently
resulting in a towering of the reactivity of the complex. These hydrolysis reactions result in
a mixture comprising mainly of mixed chloro/aqua and chloro/hydroxo, and in much
smaller portions aqua/hydroxo, diaqua/dihydroxo species (Figure 1.2). Hydrolytic
activation of cisplatin is 1o some extent suppressed by high chloride ion concentrations in
extracellular fluids, but is assumed to be promoted by the low chloride ton concentration
present within the cell. However, one should bear in mind that the assumptions made are

based on chemical equifibria and this is not aftained within biological systems.
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- o NH, | I+ H,0 N, T

|- |

H,N—Pt—Cl H,N—Pt—Cl

Ct OH, OH,

H -u*

TH3 TH; —| +
HNTR—al H,N—Pt—OH

OH on,

ut

NH

Figure 1.2: Structures of cisplatin and its hydrolysis products

The nephrotoxicity of cisplatin severely hampered its carly clinical development, until pre-

14-16

hydration and forced diuresis were successfully introduced to prevent renal failure.

Further frequent adverse effects include cumulative peripheral sensory neuropathy, nausea,

1% Hence, the administration of cisplatin is normally

vomiting and myellosupression.
accompanied by chemoprotective agents, which help alleviate side effects on normal
tissues without compromising antitumour efficacy. These include many sulfur-containing
agents such as glutathione, sodium thiosulphate, sodium diethyldithiocarbamate (Naddtc),

2-mercaptoethanesuifonate (mesna) and amifostine.”

These disadvantages ave provided the impetus for the development of new and improved
platinum antitumour drugs and these have mainly focused on the development of new
derivatives that display altered pharmacokinetic and pharmocodynamic properties. The

methods used in synthesizing new platinum drugs that dispiay antitumuor activity have



adhered to a set of structure activity relationships that were developed by Cleare and

911 .
Hoeschele.”!' These can be summarized as follows:

l. The first structure-activity relationship revealed that the cis isomers of both

Pt(NH;);Cl, and Pt(NH3)2Cl; uniquely interfered with the cell division in E. coli,

but the equivalent rrans-isomers (Figure 1.3) were ineffective.

H,N

3

\/

. /Cl
t
HN \Cl

3

cis-| Pt(NH,),ClL,|

HJN\P _a
t
a” i,

trans-[Pt(NH,),Cl,)

Cl

HjN\J) .
/lt\

ClI

H,N

s cl

Cl
cis-[Pt(NH,),Cl,|

Cl

H,N\J) _a
{
C1/1\NH

3

Cl :
II’RMS-IP“N Hg)zchl

Figure 1.3: Structures of the original platinum complexes studied for antibacterial and
antitymonr activity.
2. The leaving group, X, should be anionic with intermediate binding strength to

platinum and must exhibit a weak trams-cffect to avoid labilization of the amine

moiety, e.g. Cl'or SOZ . Complexes with other leaving groups such as NO;, have

been found to be highly toxic, whilst those with inert leaving groups have been

shown to be inactive.

3. The amine group in the form of a monodentate or bidentate ligand, should possess

at least one N-H moiety, which whilst still not fully understood, is thought to play a

role in hydrogen bonding interactions with the DNA fragment.
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Altering the structure of the leaving group of cisplatin to less labile leaving groups appears
to influence tissue and intracellular distribution of the platinum complexes and improve the
drugs toxicity profite, whilst the more stable (carrier) amine group usually determines the
structure of the adduct formed upon interaction with DNA, believed to be the ultimate

target for antitumour activity.

Therefore, adducts produced by cisplatin and most of the classical platinum analogues are
identical, and this explains their very similar patterns of tumour sensitivity and
susceptibility to resistance. An important question in platinum-based anticancer
chemotherapy and biology is whether the original structure-activity relationships
adequately describe the range of complexes with useful antitumour activity. Complexes

that are structurally unigue to cisplatin may be processed in a different manner by the cells.

1.3.1 Mechanism of action of cisplatin

Cisplatin reacts with many cellular components that have nucleophilic sites such as
deoxyribo nucleic acid (DNA), ribo nucleic acid (RNA), proteins, membrane
phospholipids, cytoskeletal microfilaments and thio! containing molecules.”' Currently, the
celfular target for platinum complexes is generally accepted to be DNA. Approximately
1% of the total cellular platinum binds to DNA, inducing various types of inter- and intra-

strand cross-links (Figure 1.4).22

Cisplatin reacts preferentially with DNA (Figure 1.5) by coordination to the N7 atoms of
purine nucleobases, which are exposed in the major groove of the double helix and are not
involved in base-pair hydrogen bonding. The resulting adducts may be grouped into one of

six categories viz.

- 1,2-intrastrand d(GpG)' adducts between an adjacent guanines;

- 1,2-intrastrand d(ApG)1 adducts between an adjacent guanine and adenine;

- intrastrand adducts between purines separated by one or more intervening bases;
- interstrand adducts Jinking the two strands of the DNA double helix;

- monofunctional adducts coordinated to a single purine and

Platinum bound to two adjacent N7-guanine sites.
Platimm bound to the N7 atoms of adjacent adenine-guanine sites.

+»
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- protein-DNA cross links where cisplatin coordinates a protein molecule and a

nucleobase.

Up to 90% of total platinum-DNA adducts comprise of 1,2-intrastrand cross-links
involving adjacent bases, with the most frequent adduct being the 1,2-intrastrand cross-tink
involving two adjacent guanines. This adduct is ca. 2-3 times more frequent than [,2-
intrastrand d(ApG) adducts between an adjacent guanine and adenine. Afl types of DNA
cross-links exert distorting effects on DNA, which have been extensively studied in

double-stranded oligonuc!cotides.8

\n —
Glutathionc ™~
Protein
Py
SN
INTERSTRAND INTERMOLECULAR
Figure 1.4: Diagram illustrating the main adducts formed during the interaction of cisplatin

with DNA.”



@ © @

Figure 1.5: The sequence of events in cisplatin binding to DNA.”

The consequences of these cross-links to the cell and how they bring about cell death
remain unknown. However, results to date in numerous cell lines suggest that cisplatin-
damaged DNA causes cell-cycle perturbation, an arrest in the G2-phase (a second gap or
growth phase which is the period between the completion of DNA synthesis and mitosis)
to repair damage, and in the absence of adequate repair, the cells eventually undergo an
abortive attempt at mitosis that results in cell death via an apoptotic mechanism (Figure
1.6).2™ 1t has been suggested that the G2 arrest is due to inhibition of transcription of
genes essential for passage mitosis. High concentrations of cisplatin may also induce an S
phase (synthesis phase where DNA synthesis occurs) arrest followed by apoptosis instead
of just slowing progresston to the G2 phase. However, it still remains unknown as to which
of these above mentioned cellular effects trigger the apoptotic pathway and knowledge of
the signal transduction pathways involved in cisplatin-induced apoptosis is far from

complete.
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Cisplatin Cell Survival

l ¢

DNA damage + .
p33 orpS3
recovery
+
pS3
G1 phase S phase " G2 phase

Cell cycle arrest and repair lethal mitosis

APOPTOSIS
Figure 1.6: The cell-cycle perturbations that occur as a consequence of DNA damage

induced by cisplatin. The gray box represents the period during which cells

arrest at various phases of the cell cycle with the intenl 1o repair the domage,

[p33 is a protein that mediates cell cycle arrest and mav also protect cells from

apoptosis, Gl represents a gap or growth phase, which is the period between

mitosis and the start of DNA synthesis]




1.3.2 Mechanism of Cisplatin Resistance

The occurrence of resistance is a common drawback of cancer chemotherapy, and cisplatin
is no exception. Moreover, the patterns of resistance vary considerably between tumour
types. The degree of resistance responstble for these relapses is usually of the order of 2-4
fold, which may not appear to be very high. But for cisplatin, which is routinely used in
dosages at the limit of its systemic cytotoxicity, these levels of resistance can completely
eliminate clinical effectiveness. In addition to the development of acquired resistance,
some tumours such as colorectal cancer and nonsmall lung cell cancer (NSCLC) are

predominantly sensitive to cisplatin treatment.

With a better understapding of how cisplatin exerts its antitumour effects, much insight
into mechanisms of resistance to cisplatin has been gained from preclinical [aboratory-
based tnvestigations using different cancer cell lines. Cellular resistance to cisplatin is
multifactorial and has been reviewed in detaif***?> Two broad causes of resistance has

been observed:-

- prevention of adequate amounts of the drug from reaching and binding to its
cellufar target, DNA;***

- a failure of cell death occurring after binding of platinum to DNA.®

More specifically, these mechanisms of resistance are believed to include one of the

following and can be represented schematically by Figure /. 7303

- reduced platinum accumulation;

- increased cytoplasmic detoxification by glutathione and/or metatiothioneins;

- increased DNA repair (mainly through NER machinery) and/or tolerance of
platinum-DNA adducts and;

- overexpression and mutation of other genes.
Reduced Pt accumulation and increased cytoplasinic detoxification by glutathione and

metallothioneins represent the major causes of inadequate drug concentrations reaching

DNA. Once DNA binding has occurred, resistance mechanisms include increased DNA
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repair of adducts, and an ability to tolerate greater levels of DNA damage with
concomitant failure to engage programmed cell death pathways. The efucidation of these
major biochemical mechanisms of resistance has been critical in providing a basis for the

development of platinum-based compounds capable of circumventing cisplatin resistance.

C(
H,N—Pt—Cl
i,
(cis<DDP)

. Plasma membrane | T _— Reduced
‘ Drug Delivery | ~{ Accumulation

Increased deactivation
o o (™ o
Intracellular j\r“\)‘
4 N OH
+ H o
N
(GSH)
Cytoplasm
Nucleus - increased NER
oo - Increased tolerance/ replicative
DNA Binding bypass (loss of MMR)
] - Decreased Apoptosis
Cell Death
Figure 1.7: Schematic drawing of the major biochemical mechanism of resistance to

cisplatin. Resistance mechanisms may operale prior to or after binding of cis-

DDP fo DNA. MMR = mismatch repair; NER = nucleotide excision repair; GSH

= glutathione. 12



1.3.3 DNA-Repair Mechanism

The mechanism of cisplatin-induced DNA damage towards cell killing is beginning to be
disentangled. Previously, cisplatin cytotoxicity was thought to be the result of cisplatin
inhibition of DNA synthests. However, DNA-repair deficient cells die at concentrations of
cisplatin that do not inhibit DNA synthesis. Moreover, DNA repair-proficient cells survive
at concentrations of cisplatin high enough to inhibit DNA synthesis and arrest the cefl in
the S phase.”’ Therefore, cisplatin-induced cell death does not always correlate with
inhibition of DNA synthesis. Evidence gathered recently, has indicated that the mechanism
whereby cisplatin can kill cells is via apoptosis.zg’” Apoptosis s an ubiquitous, genetically
regulated cell mechanism of active cell death that is conserved in multicellular
organisms.’*?® 1t has unique morphological and biochemical features that include cell
shrinkage, blebbing‘r of the cell surface, loss of cell-cell contact, chromatin condensation

and fragmentation.

The specific mechanism that triggers apoptosis in response to cisplatin still remains
undefined. Logically, such mechanisms must include ways to detect damage as well as to
determine whether or not the damage is severe enough to be fethal. Much attention has
therefore been focused on identification and characterization of proteins that recognize
cisplatin-induced DNA damage.*® Currently, several families of protein are implicated as

being important. These include:

- Nucleotide excision repair (NER) proteins;

- Mismatch repair (MMR) proteins;

- DNA-dependent protein kinase (DNA-PK) and
- High-mobility group (HMG) proteins.

An elevation in the skin filled with a serous fluid.
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1.4 The Second Generation: Carboplatin and its Analogues

To date, only one of the second generation platinum compounds (Figure 1.8), cis-
diammine-l,l’-cyclobutanedicarboxylatoplatinum" (carboplatin) has received worldwide
clinical acceptance. Carboplatin exhibits reduced side effects, with myelosuppression
being dose limiting.***' Whilst the lower toxicity of carboplatin has facilitated its
worldwide approval and use, it is however, only active against the same tumour lines as
cisplatin.*? Therefore, it may be deduced that the discovery of carboplatin has somewhat
made platinum based chemotherapy safer, but its spectrum of activity remains very similar
to that of cisplatin. More importantly, the problems of intrinsic and acquired cisplatin

resistance persist.

In recent years, two other second-generation drugs have been developed and approved for
several indications in certain countries. These include, cis-diammineglycolatoplatinum”
(nedaplatin), which has received approval in Japan and
1ram'—L-Diaminocyclohexane)oxalatop!atinu_m” (oxaliplatin) has received approval for
clinical use in Europe, China and the United States, both of which have been shown to

exhibit improved toxicological properties compared to that of cisplatin.

HN
H,N
)
diamine-{1,1-cyctobutanedicarboxylato(2-))-0,0'-platinum® (trans-L-diaminocyclohexanejoxalatoplatinum?!
carboplalin oxaliplatin
o
HN 0 2
Pt
VRN
H,N o
)]
cis-diamine-glycoloaw-0.0' -platinum"
nedaplatin
Figure 1.8: Second generation platinum-based antitumour drugs currently being used in the

treatment of cancer.
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1.5 Nonclassical Platinum Antitumour Agents: Perspectives for

Design _and Development of New Drugs Complementary to

Cisplatin.

An important question in platinum antitumour chemistry is whether the original structure-
activity relationships adequately describe the range of complexes with useful antitumour
activity. Cells may process complexes that are structurally different from cisplatin in an
entirely different manner. The determining factors of cytotoxicity may therefore not follow
the same patterns as found by cisplatin and its analogues. Besides affecting cetlular uptake
and interaction with biomolecules such as glutathione, the lesions induced in DNA will be
different from those of cisplatin. Altered DNA binding and conformational changes may
affect inhibition of DNA synthesis and / or differential repair of the drug-DNA lesion. The
binding of GSH or other thiols to platinum may also be modulated by steric effects. This
warranted a new approach to the design of Pt drugs that can circumvent cisplatin resistance
by devefoping compounds that are capable of forming radically different Pt-DNA adducts

to current platinum drugs.

In recent years the antitumour activity of a number of well-defined platinum complexes
differing in structure from the parent cisplatin have been reported.* The fact that these
complexes have shown antitumour activity serves as an indication that cisplatin-tike
lesions are nol/ unique arbiters of cytotoxicity and antitumour activity. What 1s important
however, is to examine how radically different are the mechanisms of action of these
compounds as compared to that of the parent drug. The biological consequences of these
new mechanisms in terms of spectrum of antitumour activity, especiatly activity in

cisplatin resistant lines is also important.

At least four series have been recognized that violate the empirical structure-activity

relationships for platinum antitumour drugs viz:*

- Dinuclear bis(platinum) Complexes: To this endeavour Farreli®® and co-workers

have successfully synthesized muitinuclear complexes with bridging ligands,

particularly dinuclear platinum complexes with the general formula
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[{PtCl2(NH3):}u-HaN-R-NH,]Cl, (where R is a linear or substituted aliphatic
linker), that has exhibited activity against both cisplatin-sensitive and cisplatin
resistant cells. These complexes are one of the very first class of antitumour agents

based on the dinuclear family.

- Complexes of formula trans-[PtCly(py)2] (where py = pyridine) are more Cytotoxic
than their cis counterparts, and, in fact, demonstrate equivalent activity to cisplatin
in tissue culture.!’ The presence of the planar ligand dramatically enhances the

cytotoxicity of the trans complexes.

- Cationic Complexes: Two series of cationic complexes have been reported with

antitumour activity. The general structures are [PICI(R’R”SO)(diam')]NO;]“ and
cis-[PtICI(NH;).amine]” (amine = pyridine or pyramidine).”” In the case of
asymmetrical sulfoxides, such as methyl-p~(toty))sulfoxide )MeTolSO), preparation
of the optically pure forms demonstrated a distinct effect of chirality of the

sulfoxide ligand on the biological activity.

- the ability to alter the type of antitumour activity is demonstrated by complexes
containing redox active ligands such as nitroimidazoles in cis and rrans-
[PtCL(NH;)(NO,Im)], which, in contrast to cisplatin, are more cytotoxic in hypoxic

. .5
cells than in air.”

1.5.1 Activation of the trans Geometry in Platinum Complexes

The paradigm of structure-activity relationships of platinum antitumour complexes is that
the frans geometry is therapeutically iractive. An important point to remember is that
trans-DDP is cytotoxic, albeit much reduced in comparison to the cis isomey. Possible
explanations for the differences observed in cytotoxicity can be accounted for by the fact
that cis compounds form platinum-DNA adducts that inhibit DNA replication to a greater
extent than those formed from trans-DDP*'?, or alternatively, that DNA adducts formed
by the trans compounds may be repaired more rapidly.” Sequencing studies and adduct
analysiss" of DNA modifted by trans-DDP show a preference for GC (guanine-cytosine)

crosslinking in comparison to cis-DDP. The trans isomer also produces bidentate adducts
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on DNA, such as a 1,3-intrastrand crosslink, which are assumed to account for its
cytotoxicity. The structures of the cI(GprG)55 and d(GpCpG)'S" adducts have been
characterized by nuclear magnetic resonance studies. The intervening base (C or T in the
above studies) is destacked and “bulged out”, this feature may contribute significantly to
disruption of the DNA helix. The monofunctional trans-DDP-DNA intermediate is {onger
lived than its cis-DDP analogue and may react readily with glutathione, preventing closure

to the bidentate lesion.>”=?

It has been reported that the presence of a planar ligand such as pyridine greatly enhances
the cytotoxicity of the trans-structure, such that its cytotoxicity is equivalent to its cis
isomer and indeed cisplatin itself. This feature has been shown to be the general property
of complexes with planar ligands, as exemplified by the structural classes shown in

Figure 1. 9.

The cytotoxicity of frans complexes containing planar ligands is highlighted by a
remarkably low resistance factor in both murine and human tumour cisplatin-resistance
cell lines (Table 1.2). These trends are further confirmed by results from the ovarian
carcinoma panel of Harrap™, where the patiern of activity and indeed range of cytotoxicity

are remarkably different from those of the clinically used agf:nts.59

\ /)
Ci N
\_P/ \
t
AN (@ N=—
—N Cl \P/
£ t
W /N
HJN ClI R'R"(0)S Cl
trans-1PtCl(py),] rrans-[P1CL(NH, }(quin){ trans-[PtClL(R'R"SO){quin)|
R'=Me, R" = Me, Ph, Bz
Figure 1.9: Structures of trans-platinum complexes with cylofoxicity equivalent to that of
cis-DDP.
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Table 1.2: Cytoroxicity of Selected truns-Platinun'’’ Complexes in L1210 Leukemia Cells. 3

IDso (uM)

Complex L1210/ L1210/DDP’ L1210/dack
trans-[PtCla(py)s] 1.20 I.1(0.92) 2.26 (1.88)
trans-[PtClx(Tz)] 1.60 7.4 (4.63) 5.96 (3.73)

trans-[PtCly(Me;SO)quin) 0.36 0.38 (1.06) 0.39 (1.08)
trans-[PtCl2(NHs)quin) 051 1.35 (2.65) 0.96 (1.88)

Cisplatin 0.33 9.22 (28) 1.81 (5.48)
trans-[PtC1y(NH3)-] 15.7 22.0(1.40) 1.6 (1.25)
[Pt(R,R-dach)SO,] 0.23 0.75 (3.26) 5.65 (25)

The following features may be extracted from these data:*

- in tissue culture frans-platinum complexes with planar ligands may be equally

cytotoxic as cisplatin and dramatically more so than trans-[PtCh(NHs),);

- trans-platinum complexes give a different pattern of cytotoxicity in comparison to

cisplatin;

- replacement of NH; by pyridine even in cis-PtCly(amine); causes a large change

in tumour specificity.

Y L1210/0; Sensitive to most types of platinum compounds.
Y L1210:DDP:  Resistant to platinun compounds with the ethylenediamine (en) carrier ligand but
sensitive to those with the diaminocyclohexane (dach) ligand.

"LI2I0/DACH:  Resistant 10 dach-Pt compounds but sensitive 10 en-Pt compounds.
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1.5.2 Bi-functional Platinum Centres

The synthesis of multi-nuclear complexes was initially based upon the linking of two
cisplatin like centres as shown in Figure 1.10.5%%° The first complex developed (2,2/¢.c)’
(1) was a simple cisplatin derivative with two cisplatin units linked by a flextble diamine
chain.**® This was in keeping with the traditional structure activity rule, of a neutral
complex consisting of a square planar platinum with two cis-chloro ligands and with at
least one aminc group. The replacement of the chloro ligands with malonate (2) to improve
water solubility, resulted in a series of 2,2/c,c complexes with good activity in cisplatin
resistant cancer cell lines. Whilst these complexes are capable of binding DNA in a manner
similar to that of cisplatin, GpG intrastrand cross-links, they were also capable of forming
longer-range intra- and interstrand adducts.*® Méchanistic studies have demonstrated that

the 2,2/c,c complexes produce a high percentage of interstrand adducts.*

: 0 [}
iy NH H N al 0 H,N o
AN YN N /NH’ 2 Nl
E Pt Pt Pt t
7N / AN /N
{a! NH,(CH,) H,N cl o NHy(CH,) H,N o

1(2.2%e.c) 2

Figure 1.10:  Dinuclear platinum complexes containing two linked cisplatin centres, where

n=_2-6.

An approach similar to this was adopted by Broomhead® ™ and coworkers, who linked
two cisplatin centres together with a 4,4’-dypyrazolylmethane (dpzm) ligand. A series of
double bridged dinuclear complexes with either a square planar or octahedral structure
have been synthesized and tested for anticancer activity, both in vitro and in vivo (Figure
111, 3-7).6"63 This series was thereafter extended to single bridged dinuclear complexes,
with either two chloro/DMSO ligands present on each platinum centre (Figure .12, 8-
11)57%°

System of abbreviations adopled whereby the numbers represent the number of chloride leaving
groups on each platinum centre, whilst the lettering refers o the geometry of the leaving group with
respect (o the nitrogen on the bridging diamine.
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Figure 1.11:  Double bridged, mulli-nuclear platinum complexes linked by the 4.4’-

dipyrazolylmethane (dpzm) ligand _synthesized by Broomhead® % and

co-workers.
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Figure 1.12:  Singularly bridged, multi-nuclear platinum complexes linked by the 4,4°-

dipyrazolylmethane (dpzm) ligana'.“'“

1.5.3 Mono-functional Platinum Centres

Whilst the synthesis of dinuclear complexes with two bi-functional centres resuited in
complexes that could bind to DNA in a different manner than cisplatin, the most important
development was the subsequent synthesis of dinuclear complexes that contained mono-

167082 The first complexes called 1,1/t

functional platinum centres (Figure /.13, 12-16).
(12) and 1,1/c,c (13) represented a truly new class of metal-based anticancer compound, as
these were cationic complexes containing one chloro leaving group on each platinum

centre.

The 1,1/,t series, for example BBR30035 (14), was identified as having the most promising
pattern of antitumour activity as well as DNA birding. Complexes with improved DNA
affinity for long range cross-linking were also accomplished through the incorporation of a
third platinum centre with the alkane diamine chain such as BBR3464 (16). The overall
charge of 4" combined with the presence of at least two platinum coordination units
capable of binding to DNA, and the consequence of such DNA binding is a remarkable
departure from the cisplatin structural prototype. BBR3464 (16) represents a highly

promising agent, where in preclinical studies, it exhibited a complete lack of cross-
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resistance 1o cisplatin resistant cell lines.¥** It is also more potent than cisplatin in vitro in

.88
an osteosarcoma cell line.

1 N NH cl Cl H
aL N j\m/ HN o C \p/N ,
Pt Pt t
< PARN (NO,), AR PN (NO),),
1N NH,(CH,),H,N NH, H,N NH,(CH,), H;N NH,
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Cl\ /NHJ NH,\ /Cl CI\ /NHJ Cl\ /NHJ
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VRN N\
H3N NHI(CHI)ﬁHEN NH] }[JN Cl

NH(CH,) H;N NH
A4

16 (1.0, 1/1.L1)

Figure 1.13: The range of dinuclear platinum complexes synthesized by Fuarrell and

co-workers®, that contain charged mono-functional plaiinum centres.

The DNA binding profiles of the multinuclear compounds differ significantly from that of
cisplatin with both the 1,1/t (12) and 1.1/c.c (13) complexes showing some differences
amongst themselves (Figure 1.14).86 The fimiting modes of reaction of bis-platinum
complexes are highly dependent on the structure of the complex. Upon initial monodentate

binding, further reaction may result in a series of structurally distinct adducts including:

- DNA (Px, Pt} interstrand cross-links by binding of one of Pt atom to each strand of
DNA;Y

- (Pt, Pt) intrastrand cross-links by binding of the two Pt atoms to the same strand;®*

- cis-DDP-like intrastrand cross-tinks from one bidentate unit of a bis(Pt) complex as

well as DNA-protein crosshnks.
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(Pt,Pt) Intrastrand Cross-link

(Pt,Pt) Interstrand Cross-link

Figure 1.14:

Schematic binding modes for dinuclear bifunctional DNA-binding compounds.

The 1,14,t ceomelry forms both types of adducts whereas the 1,1/c,c geomelry

forms only interstrand cross-links, 4

In a different approach, Komeda ef al.,®'*

¢

produced a series of pyrazole linked complexes

(Figure 1.15, 17-19), These pyrazole linked complexes were synthesized to mimic

cisplatin binding without the major DNA kinking. The distance between the two platinum

centres is simjlar to the distance between two sequential G bases in B-type DNA. These

complexes were synthesized in the hope that upon binding to DNA the DNA helix would

remain intact,

Figure 1.15:

The dinuclear pyrazole linked complexes of Komeda

41,82

2t ul., designed to mimic

the binding of cisplatin to sequential G bases of DINA.
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1.5.4 Complexes Incorporating Cationic and Hydrogen-Bonding Linking

Ligands.

The development of trinuclear as well as dinuclear complexes linked with polyamine
ligands that incorporate charge and hydrogen-bonding functionality into the bridging

46.64 .
66485 The amine

ligand further increased the multinuclear series (Figure 1.16, 20-22).
groups of the polyamine linkers, or the central platinum centre, provide groups capable of
hydrogen bond formation with DNA atoms such as the O6 or O3 of guanine and thymine
respectively. These complexes exhibit excellent water solubility, which is good for the
administration of the drug. More importantly whilst the dinuclear complexes shown in
Figure 1.13 exhibit cytotoxicity at micromolar concentrations, some of these complexes

. ) . 60
(20-22) are active at panomolar concentrations.

4
cl NH NH SN, I
PN N N_\ /NH3
Pt Pt Pt
VRN AN RN
H,N N\/\/\/N NH, H;N Cl
H, H,

20 (BARI464)

N
3
HZ
21 (BBR3571)
4+

Ct NH —l

3 NH Cl .
4 3\Pt/
H,N N\/\/\/H\/\/\ /\/\/\N/ \NH
H, 2 N H, ’

H,

22 (BBR3610)

Figure 1.16: A selection of mulfi-nuclear platinum complexes, synthesized by Farrell and co-

workers'®. that incorporate hydrogen-bonding capacity and charge into the

linker.
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1.6 DNA Interactions of Bis(Platinum) Complexes

Upon initial monofunctional binding, further reaction of the second platinum site may tead

to a series of structurally distinct adducts including:

- DNA (Pt, Pt) interstrand cross-links by binding of one Pt atom to each strand DNA;
- (Pt, Pt) intrastrand cross-links by binding of the Pt atoms to the same strand as well

as DNA-protein cross-links.

The DNA binding modes shown in Figure /./7 are minimal in the sense that they require
only leaving group (chloride) on each Pt atom. A fully reacted bis(platinum) complex with
cis-DDP like coordination spheres are in fact tetrafunctional. In situations of this nature,
the second step of binding to DNA is important because a competition arises between the
formation of (Pt, Pt) interstrand cross-links or a cisplatin-like intrastrand adduct by
preferential reaction of one cis-Pt unit (Figure 1.18). A summary of the binding
preferences and conformational changes in bis~(Pt)-DNA interactions arc presented

hereafter.
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(Pt, Pt) Iatrastrand (Pt, Pt) Interstrand
Cross-link Cross-link

p |Ptnfo!inl
t

(Pt, Pt) DNA-Protein (Pt, Pt) DNA-Protein
Cross-link Cross-link

Figure 1.17:  Schematic limiting modes for possible DNA-DNA and_ DNA-protein cross-

linking induced by dinuclear platinum cam_plexes.“

- Mongdentate
me= {ntrastrand (cis-p1)
«=ees [nteratrand (PLPY

Figure 1.18:  Schematic _demonstration of compelitive binding of a dinuclear platinum

complex containing bifunctional coordination spheres. Formation of the first P1-

purine bond, results in a competition being set up between the cis-DDP like

intrastrand cross-link formation and the (Pt, Pt) interstrand cross-link. Suitable

modification of coordination sphere or backbone may affect the reaction

pathways. #
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1.6.1 Kinetics of Binding of Bis(Platinum) Complexes

Early studies have indicated that bis(platinum) complexes react faster than cis-DDP with
DNA.” Sequencing studies have also shown binding to alternating purine-pyramidine
GCGC runs*® The initial rates of reaction of bis(platinum) complexes with self
complementary oligonucleotides 5-aTATAGCGCATATAT-3" (GCGC) and 5'-
ATATATGGCCATATAT-3" (GGCC) were catculated in order to determine the kinetic
preferences between the two sequences. The GGCC oligonucleotide reacted faster than its
GCGC counterpart with both the mononuctear and dinuclear platinum complexes. The
bis(platinum) complexes are nevertheless, much more reactive with GCGC sequences than
cis-DDP.*' The presence of GCGC runs in many promoter sequences of DNA suggests that
dinuclear complexes may be designed to specifically modify such regions. The kinetic
results obtained indicate that the differences in antitumour activity between dinuclear and
monomeric platinum complexes are dictated primarily by the nature of adducts formed

within a similar sequence (i.e. GGCC) rather than different sequence specificity.

Recently, the kinetics and mechanism of formation of both the inter- and intrastrand cross-
links formed by dinuclear complex [{U‘GVZS-PtClz(NH3)2}Z-HQN(CHz)éNH2]2+ was
investigated” using ['H, "N} HSQC NMR spectroscopy. It is taken that aquation is
usually the rate determining step in the binding of Pt' ammine complexes to DNA and the
aqua ligands are more labile to substitution than hydroxo ligands, therefore it is important
to understand the speciation profile of dinuclear compiexes in aqueous sofution. A

generalized reaction scheme for the dinuclear complex is shown in Scheme 1.1.
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K, -C'+ H,0 K,-Cl + H,0 -2H

A T -
/0l = CQ/H0 ————— H0/H0 —————= OH/OH
/ 2 3 6

Scheme 1.1:  Schematic representation of mono- and di- aquation of [{trans-PtCl,(NH ;) 2}~
HoN(CH ) (NH

The study conducted using ['H, *N] HSQC NMR spectroscopy could not distirguish
between the {PtONs} group of the aqua / chloro complex 2 as well as the diaqua complex
3. However, given that the positively charged {PtNs} groups are separated by a six carbon
chain linker, it is reasonable to assume that the two platinum centres act independently of
one another and the equilibrium constant for the second aquation step (K3) will be simitar

to that of the first aquatton step (K,).92

1.6.2 The (Pt, Pt) Intrastrand Cross-Link

Studies detailing the (Pt, Pt) intrastrand cross-link were conducted using a combination of
NMR studies on model dinucleotides, sequencing on oligonucleotides.of defined sequence,

and protein recognition of bis(platinum)-damaged DNA.

1.6.2. 1 NMR Studies on Model Dinucleotides

The formation of a unique macrochelate formed by the reaction of d(GpG) and
[{trans-PtCI(NH1)2} -HaN(CH2)NHF (LItt, n = 6)*® has been reported and
characterized using NMR spectroscopy. This structure represents a model for the (Pt, Pt}
intrastrand cross-link and is the direct dinuclear analogue of the major intrastrand adduct of
cis-DDP with DNA. The important features are a separation of 1.8 Hz for the two
independent (5" and 37) H8 protons and a complicated NMR pattern for the H1 protons of
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the sugar groups. Kinetic studies have shown that the rate of formation of the chelate is
dependent on the chain length with n =6 >4 >2. The H(8) separation is also dependent on

the chain length %

1.6.2.2 Sequencing of Bis(Pt)-DNA Lesions

The assignment of intrastrand and interstrand cross-links produced by platinum complexes
was aided by the development of a new assay taking advantage of the fact that 3" — §°
exonuclease digestion of randomly platinated DNA produces a pool of fragments of
different length.” Farrell er al” reasoned that termination of exonuclease activity prior to
an interstrand cross-linking site would teave a fragment with complementary base pairs at
the cross-linking site, which may act as a primer template for extension upon subseguent
treatment with a DNA polymerase. Alternatively, degradation of intrastrand adducts will
not produce fragments with complementary base pairs and the fragmenis will not act as
templates for DNA replication. Using the properties of Pt-DNA adducts atlowed for
intrastrand links to be distinguished from the interstrand cross-linked fragments, and the
formation of the (Pt, Pt) intrastrand cross-link in a 49-bp (base pair) duplex DNA was

37
confirmed.

1.6.2.3 Conformational Changes Due to the (Pt, Pt) Intrastrand Cross-Link

How similar is the (Pt, Pt) intrastrand cross-link to that of czs-DDP? A principle feature of
the cis-DDP intrastrand cross-link is a2 kink or bend of the double helix toward the major
groove.” Recent studies have implicated this conformational change as responsible for the
recognition of cis-DDP-damaged DNA by the family of HMG proteins.l’s‘96 Molecular
modeling has shown that the (P1, Pt) intrastrand cross-links results in kinking due to the
relative orientations of the two guanine bases. [nterestingly enough, HMG proteins
recognize DNA damaged by bis(platinum) complexes but not as efficiently as for cis-DDP-
damaged DNA.”” This protein recognition implies that the bisplatinum complexes induce

the conformational changes similar 1o those that are induced by cisplatin.
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1.6.3 The (Pt, Pt) Interstrand Cross-Link

cis-DDP, and indeed most atkylating agents, give rise to only |,2-interstrand cross-tinks. In

3% suggests that

contrast, the sequencing work described above and in previous studies
both the length and flexibility of the diamine chain in dinuclear complexes allow the
targeting of much larger DNA sequences for cross-link formation. For binding between
guanines on opposite strands, in addition to 1,2 cross-links, 1,3 together with 1,4-DNA

interstrand cross-links may also be formed.”

1.6.3.1 Conformational Changes Due (o the (P1,P1) Interstrand Cross-Link

The differences between mononuclear and dinuclear complexes can further be ilfustrated if
one considers the stabilization of Z-form DNA. Bis(platinum) complexes, more especially
[{1rans-PtCI(NH3)2} 2-HaN(CH)eNH:J** , are particularly efficient at inducing the B — Z
transifion at poiy(dG.dC)—poly(dG.dC).°9 The effect of different adduct structures on
conformational changes within a similar sequence may be appreciated by the fact that cis-
DDP stabilizes B-form poly (dG.dC)-poly(dG.dC).'**""" Studies with a series of dinuclear
complexes have delineated the mechanistic scheme for Z-DNA formation shown in Figure
1.19°"° Of interest to note is that bifunctional binding is not a prerequisite for the B — Z
transition, Instead, bifunctional binding or interstrand cross-finking “tocks” the DNA in the
left-handed conformation. In accordance with this, ethidium bromide does not reverse the

Z-conformation caused by the interstrand cross-linking ageants.
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(i)
pt—pt + B—DNA ————> [Pt—Pt| [DNA] zi

(i)

Pt (iii) _
DNA -~ Pt— Pt—DNA

2l 2

Figure 1.19:  Proposed mechanism of Z-form DNA induction by dinuclear complexes. Z; Z;;

and Zy; refer to different forms of left-handed DNA. Z; is induced by purely

electrostatic interactions from fefra-amine bis(platinum) cations and Z; is

induced by monofunctional binding from only one Pt unit of a bis(platinum)

complex and Zy; is caused by covalent binding of the second Pt unit resulting in

bifunctional binding on the polynucleotide. The cross-linked form Z; is

irreversible.”

1.6.4 Cross-Linking of Platinated DNA to Repair Proteins

B1I02 51c0 recognizes bis(Pt)-DNA adducts formed

The excision repair UVrABC complex
either by tetrafunctional (2,2/c,c) or bifunctional (1,1/t,t) complexes. The polyfunctional
nature of the bis(platinum) complexes suggests that the availability of multiple
coordination sites (> 2 ) could be used to induce covalent cross-linking of protein to
platinated DNA. This possibitity was confirmed for both the homodinuclear (Pt, Pt) and
heterodinuclear (Pt, Ru) complexes using a radiolabeled 49 bp DNA fragment combined
with native and polyacrylamide ge! electrophoresis.®” The DNA lesion responsible for
efficient protein-DNA cross-linking is in all probability a DNA-DNA interstrand cross-link
in which each metal atom is coordinated with one strand of the DNA helix as depicted in
Figuyre 1.20. The cross linking efficiency is significantly greater than for mononuclear
complexes such as cis and trans-DDP and suggests novel ways for designing specific
DNA-protein cross-linking agents. The formation of ternary DNA-protein adducts could
play an important role in the development of “suicide” agents capable of activating repair

proteins as well as in the isolation of DNA-bound proteins from cells.
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Figure 1.20:  Scheme for formation of ternary Pt-DNA-protein cross-links. Cross-linking of

UvrAB proteins probably occurs via a pre-formed DNA-DNA interstrand cross-

links (1 — 2 — 3). This mode of DNA-profein_cross-linking is only available

through a polyfunctional complex, such as the dinuclear complexes.®”'"*
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1.7 Objectives of the Current Study

Multinuciear platinum complexes comprising of either di- or trinuclear platinum centres
linked by variable length diamine chains constitute a new and discrete class of platinum-
based anticancer agents.'®” Development of these complexes were driven by the hypothesis
that complexes with distinctly different DNA binding mechanisms may exhibit unique

biological activity in comparison to the current mononuclear clinically used agents.

Di- or winuclear compounds exemplified by the structures preseated in Figure 1.2/,
represent only one structurally distinct subclass of potynuclear platinum compounds, they
are bifunctional platinating agents because only two Pt-C! bonds are present. Their
intrinsic difference are dictated by the separation between the two platinating centres and
the overall charge on the molecule, that is caused by the presence of the extra

2.103

“noncoordinating™ tetraammineplatinum moiety.9 These structures display biological

activity that differs substantially from that of cisplatin.

a NH NH C 2+
N/ N/ |
Pt Pt
N AN

H,N NH,(CH,),H,N NH

3 3

Lt

4+
ENLLF NH /NHz(Cﬂz)nﬂzN\ NH;, |
Pt P
Pt Y, s t\ (NOJ}.t

7N AN
H N NH,(CH,) H,N NH, H,N Ct

LO, 14t

Figure 1.21:  General structure diagram for di- and trinuclear Pt complexes.

There are several aspects of the DNA binding profiles of these complexes that are
remarkably different to that found for cisplatin and other mononuclear platinum'
complexes. Firstly, these compounds are capable of forming bifunctional DNA adducts

that are structurally different to that of cisplatin, especially long-range (Pt, Pt) interstrand
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cross-links. "% These cross-links represent a new class of DNA adducts of anticancer
agents, situated in the major groove by virtue of guanine N7 binding. In principle, the
bifunctional DNA binding modes of dinuclear complexes imay be manipulated by
geometry of the complex, especially with regard to the relationship of the leaving groups to
the diamine bridge, and the nature of the diamine bridge itseif as well as the other ligands

present within the platinum coordination sphere.92

The flexibility of the bridging group allows for the formation of a number of different
cross-links, while classically bifunctional mononuclear compounds are restricted in the
number and type of cross-links they can form, 03103106 Depending on seguence, both A-
and Z- form DNA are induced by binding to DNA of polynuclear platinum complcxes.|07
Further, 1,3- and 1.4- (Pt, Pt)-interstrand cross-links formed by the I,1/t,t compounds do
not significantly bend DNA and thus are not recognized by HMGI proteins.'™ Such
protein recognition is postulated 10 he an important aspect of the antitumour activity of

19111 and lends support to the hypothesis that structurally unique DNA adduct

cisplatin
structures may lead to different “downstream™ effects which may result in a significantly

different profile of antitumour activity.''?

An interesting aspect in the chemistry of bis(platinum) complexes containing two platinum
centres linked by a diamine bridge is their mode of substitution. Bis(platinum) complexes
with two identical coordination spheres are equally likely to react at either metal centres. In
a substitution reaction this equivalence is broken upon reaction of Pt centre. There now
exists a competition between the two non-equivalent platinum centres and the final product

will therefore be dependant on the incoming ligand.

Comprehensive studies on the role of DNA binding properties and product formation have
been conducted on bis(platinum) complexes, with the results being interpreted in terms of
charge, hydrogen bonding, length and flexibility of the bridging ligand.'However, there is
limited information available with regard to the reactivity and thermodynamic properties of
the two platinum centres. Such data is only available for the complexes shown in Figure
1.22, and suggests that the reactivity and properties of the first platinum centre is
independent of the state of the second and vice versa.''>''* Data available in literature is
insufficient to formulate a relationship between the reactivity of the two platinum centres

and the nature of the bridging ligand.
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In an effort to gain more insight into the role of the bridging diamine linker, the following
study was undertaken whereby the influence of four different bridges on the reactivity of
each of the platinum centres was investigated. The variation of the bridging diamine spacer
enabled a systematic study of the influence of chain length, flexibility and hybridisation of
the bridge on the thermodynamic and kinetic properties of the two platinum centres
(Figure 1.22). A similar study was conducted by Hofmann and van Etdik'”(Figure 1.23),
whereby four different bridges on the reactivity of each of the platinum centres was

investigated.

TB3 TH: I (CIO4)4§

[H,0—Pt—H,N(CH,) ]NH,—p(—0H,

NH; NH,

where n = 2-4, 6

Figure 1.22:  Structures of the complexes synthesized for the purposes of this work.

mPh pPh Pro But

Figure 1.23:  Structures of the complexes investigated by Hofmann and van Eldik.'™
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Chapter 2

Substitution Reactions

2.1 General Considerations

A substitution reaction may best be described as a process whereby a ligand in the
coordination shell is replaced by another tigand from the environment.'? 1f there is no
temporary change in the oxidation state of the reaction centre the process can be referred to

as a simple substitution reaction.’

In the act of a simple substitution a bond is made and a bond is broken, so the reaction
centre must undergo a temporary change in coordination number.'® There are two
important parts to the description of a single act of ligand substitution. The first concerns
the changes in electron distribution that occur as the acts of bond making and bond
breaking take place. The second deals primarily with the timing of the bond making as well

as the bond-breaking processes.'

In the seminal work of Ingolds and Hughes, substitution reactions at the carbon were
classified in terms of the mode of the breaking of the bond between the reaction centre and
the leaving group, which could either be homolytic or heterolytic and, if heterolytic it
could further be subdivided according to whether electrons of the bond remain with the
reaction centre or depart with the leaving group. These modes of bond breaking may be

represented as follows:"

A¢B — A + B Homolysis 2.1
A:B — A + :B  Nucleophilic Heterolysis 2.2
A:B — A: + B Electrophilic Heterolysis 2.3

However, this method of classification was timited, in that it worked well only for carbon

centres and therefore could not be extended to incorporate inorganic systems.
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2.2 Classification of Substitution Mechanisms

In 1965 an operational approach, first formulated by Langford and Gray’?, was used to
classify reaction mechanisms in refation to the type of information the kinetic studies of
various types can provide. It delineates what can be said about the mechanism on the basis
of the observations from certain types of experiments. The mechanism can be ciassified by

two properties, viz. its stoichiometric character and its intimate character.

Reactions may be classified into one of three groups based on their stoichiometric

mechanisms:*®

- Associative (A): A process that involves an intermediate of increased coordination
number.

- Dissociative (D): A process that involves an intermediate of decreased coordination

number.

- Interchange (I): A process whereby there is no evidence of an intermediate being

formed.

The intimate mechanism can be thought of as a process by which the stoichiometric

interchange mechanism is further classified and can be divided into two classes:"®

) Dissociative Activation (I4) whereby the reaction mechanism is more sensitive to
changes in the leaving group and,
2) Associative Activation (I;) where the reaction rate is more sensitive to changes in

the entering group.

True examples of pure D and A mechanisms are quite rare with most substitution reactions
proceeding via an I mechanism. Transition states and intermediates often resemble known

species; mechanisms requiring unusual or unknown postulated species are unlikely.

The distinguishing features of these mechanisms will be dealt with in greater detail below
(see Section 2.2.1 - 2.2.3). The relationship that exists as one progresses from a
dissociative mechanism (o an associative mechanism can be pictorially summarized in

Figure 2.1,
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Figure 2.1; The relationship between the mechanism of substitution, and its corresponding

energy profile, in terms of the Langford-Gray nomenclature. !

2.2.1 The Dissociative Mechanism

Let us consider the replacement of X by ¥ in a metal complex where our primary concern

is with the bond breaking and bond making between the metal centre, M and ligands X and

Y respectively.
M-X + Y &T—/—> MY + X 24
Y
M-X > M+X 2.5
M+y — MY 6

The overall reaction (2.4) proceeds in two steps (2.5) and (2.6) respectively. The energy
profile for the dissociative (D) mechanism can be seen in Figure 2.2. The reaction step 2.5
is a slow dissociation. In the transition state the M---X bond is practically broken. The
entering ligand ¥, docs not participate in the transition state, which is the highest energy
barrier. Therefore, the reaction rate does not depend on the nature of the entering ligand
(with the exception of effects that might be due to solvation). The reaction intermediate M,

has a reduced coordination number, and its relative stabilization is due to solvation.'
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Formation of the secondary transition state (TS;) requires relatively little energy, which is

mainly required for the elimination of the bound solvent. In this way, the location for new
coordination is freed and the weak MY bond is established. As can be seen from Figure
2.2, the reaction is exothermic. The reaction product M-Y is stable as a result of the reverse

reaction requiring a relatively large Gibbs free encrgy.6

A TS,
M-X+Y
N TS,
/ .
Gln / ~ N MY + X
’ N —
/ N . \
N . \
// N e \
/ —_— \\
M+X+Y \
/ \
/ \
/ \
, \
’ DI W—
— MY + X
MX +Y

Figure 2.2: Activation profile for a dissociative (D) type reaction.’

In conclusion, one can say, that for a D mechanism, the intermediate has a reduced
coordination number. The bond between the metal and the leaving ligand is virtually
broken in the fransition state and the bond with the incoming ligand has not yet been

established.

2.2.2 The Associative Mechanism

If the reaction mechanism proceeds via an associative mechanism, then the reaction

scheme can be represented as follows:

M-X+YoY- M X]|oM-vY+X 2.7

The reactions energy profile can be seen in Figure 2.3.
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/ —_
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Figure 2.3: Activation profile for an_associative (A) type reaction.’

If a reaction proceeds via an A mechanism, then the intermediate will have an increased
coordination number. In the transition state (TS)), the bond between the metal and the
incoming ligand is largely established, whilst the bond between the metal and the leaving
ligand is not essentjally weakened. The rate of the reaction depends strongly on the nature

of the incoming ligand, because ¥ participates in the transition state.'®®

2.2.3 The Interchange Mechanism

Interchange mechanisms, or “concerted” mechanisms, are the interchanges of ligands X
and Y between the inner and outer coordination spheres of the metal. These mechanisms

. . . 6
can involve different transition states, where 1 or I, are extreme border cases.

In a dissociative interchange (14) mechanism, there is no evidence of an intermediate being
formed. In the transition state there is a large degree of bond breaking to the leaving group
and a small amount of bond making to the entering group. The rate is more sensitive to the

leaving group.
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In an associative interchange (1), there is also no evidence of an intermediate being
formed. However, there is some bond breaking between the metal and the leaving group

and an increased degree of bond formation between the metal and the entering tigand.%’

2.3 The Substitution Reactions of Square Planar Complexes

Square-planar complexes are most common for metal ions having a d * configuration e.g.

P(", Pd", Ni'" and Au". Such square planar complexes are invariably spin paired

(diamagnetic).®® By far the most stable square planar complexes are those of Pt“, and as
such the synthesis and reactions of these compounds have long been the subject of
intensive research. During the past decade more quantitative studies have been conducted
on these systems and an appreciable effort has been devoted to investigations of the

kinetics and mechanisms of their reactions. '%'*

Theoretically it would appear that square planar substitution would involve a bimolecular
displacement mechanism. For both steric and electronic reasons, substitution reactions in
these systems would proceed most readily by an expansion of coordination number to
include the entering ligand. The metal is exposed to attack above and below the plane, as
there are no ligands perpendicular to the plane to obstruct the approach of the figand, and
coordination numbers of greater than four are commonplace. Furthermore, these low spin
d® systems have a vacant p; orbital of relatively low energy that can help accommodate the

pair of electrons donated by the entering ligand.'*"*

The substitution in square planar complexes is indeed bimolecular and this is supported by

the following criteria:"*

- the fact that substitution occurs with steric retention;
- the isolation of many five and six-coordinated d ® systems;
- the dependence of the rate of a reaction on the entering reagent and

- steric effects on rates.

N
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A large number of reactions of cis- and trans-PtA,LX with ¥ to yield PtA,LY have been
studied and without exception the cis and frans conformations yield cis and trans products
respectively.””” That there is complete retention of configuration requires 2 mechanism
having a high degree of stereospecificity. This would be unlikely for a dissociative process,
because the three-coordinated species involved, may at times, have a nearly regular (angles
at 120°) planar structure. Thus, depending on whether Y enters PtAoL adjacent to L or
opposite to L, the product PtALLY can be either the cis or trany isomer respectively.
Stereospecific displacement can best take place via a nucleophific attack through a trigonat

bipyramidal structure as shown in Figure 2.4.

A A X A
l +y | -X |
FA—Pt—X — A—Pt —> A—Pt—Y
H N~ :
| | Y |
L L L
Cis cis
A A X A
| | +y |, -X |
(L—Pt—X —_— L—Pt > L Pt—Y
; ~
O v |
A A A
trans - e trans
Figure 2.4: Stereochenistry of square planar substitution via _a_trigonal bipyramidal

structure which proceed with retention of stereochemistry.' "
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2.3.1 The Kinetics and Mechanism of Substitution

There s a large amount of kinetic data on the substitution reactions of square planar
complexes, all of which can best be described in terms of a bimolecular displacement

mechanism.'* For reactions of the following type:

MAX™ + Y —2L2 s MA Y™ + X 2.8

[n aqueous solution, a two-term rate law is generally followed,
Rate = k,[M4, X" ]+ k,[MA, X" [Y] 2.9

where k; and k; are first and second-order rate constanis respectively.

Under pseudo first-order conditions containing an excess of ¥, the experimental first-order

rate constamt, ks IS refated to the individuai rate constants as shown by Equation 2.10.
kobs = ky + ko[ Y] 2.10

This is frequently referred to as “ the typical rate law for square-planar substitution™. It is
of course, only typical in coordinating solvents. Hence, a plot of ks versus [¥] will be
linear with an intercept of k; for the reagent-independent path and a slope of %, for the
reagent-dependent path. Plots of this type are common for the substitution reactions of
square planar complexes, an example of which is shown in Figure 2.5 for the reaction of

trans-Pt(py),Cls with a series of different nucleophiles.”

The value for k; is normally constant for different nucleophiles, whilst &, on the other hand
is sensitive to the nature of the entering ligand, ¥. One should also consider the fact that a
positive intercept as indicated by Figure 2.5, may not always be attributed to k;. and may

reflect the rate constant for the reverse reaction instead.'®’
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-1

10% Ry, 56

1072 (Y)

Figure 2.5: Rates of reaction of trans-Pi(py),Cl; in methanol as a function of concenfration

of different nucleophiles.”

The two-term rate law (Equartion 2.9) requires a two-path reaction mechanism. Kinetic
studies detailing the substitution behaviour of Pt" complexes are largely conducted in the
presence of coordinating solvents'®, e.g. water or methanol. In cases whereby the
contribution of the reverse reaction is negligible, the %, term may be attributed to the
sofvolysis pathway. Experimental evidence overwheimingly supports the mechanism

shown in Figure 2.6.
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A +V
1V|[—X -S t-&-Y fast
| +N
A
L ]
A—M__ N A
| Ty |
A A

Figure 2.6:

Two-path _mechanism proposed for the reaction of a square planar complex,

MAX, with Y to yield MA;Y. The upper path represents the solvolytic pathway

and the lower one the direct pathway, represented by k _and ky, respeclively, in
DX L

Equation 2.11.

The rate constant k) is due to the slow displacement of X by the solvent, which is then

rapidly displaced by Y. A direct nucleophilic displacement of X by ¥ is responsibie for £».

[t therefore becomes convenient to designate the rate constant for the solvent pathway &; as

ks and the rate constant for the reagent pathway £ as ky, so that Equation 2.10 becomes

ko =k ky Y] 2.11

Evidence presented suggests that the transition state for Pt substitution reactions is six-

coordinated. This implies that the five-coordinated species is an active intermediate, and

hence the energy-reaction profile may be represented by Figure 2.7. The alternative would

be that the five-coordinated species represents the transition state. However, the existence

of the stable five-coordinated species mentioned earlier, makes this unlikely.
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Y—M-X
YorM=X X
T ®) ®
©
B Y—M—X
S
M—X + Y M—X + Y
M—Y + X
Reaction coordinate ——-
(@) ®)
Figure 2.7:  Reaction profiles for a _ displacement mechanism _involving a_ reactive

imlermediate, C or C’. For (a) the uctivation energy involves transition state A,

MY bond formation, whereas for (b} it is the transition state B" or M X bond

rupture that is important.””

In the situation represented by Figure 2.7(a), the rate-determining step is the addition of
the nucleophile accompanied by structural rearrangement. However, the bond to the
leaving group remains intact and the mechanism falls under the associative category. For
the reaction represented by Figure 2.7(b), the addition of the nucleophile is reversible and
the rate step is equal to the loss of the nucleophile, followed by rearrangement. The
mechanism is a typical assoctative mechanism, since both bond-makirg and bond-
formation occur. In either scenario, the rates would show the characteristic behaviour of a
displacement mechanism in that the nature and concentration of the incoming nucteophile

would exert a major effect on the rates of the reaction.



2.4 Factors Affecting the Rate of Substitution

2.4.1 The Effect of the Non-Labile Group

The ability of certain ligands to promote substitution reactions traws to themselves was
initially observed by Werner at the beginning of the 20" century.”?® However, this
observation was not generally utilized until after 1926, at which time Chernyaev
introduced the concept of the frans effect to correlate many reactions of Pt' complexes.
Chemyaev called attention to the general phenomenon that a negative ligand such as
CI  has a greater labilizing effect on a group trans to it than it does on groups present in the
cis positions. Furthermore, this labilizing effect is generally larger for a negative ligand

than it is for a non n-bonding neutral group, e.g. NH;.

The usefulness of the rrans effect becomes apparent if one considers a few reactions of Pt"
complexes. The trans effect has often been used as a guide in the synthesis of desired
isomeric Pt" complexes. Exarmples of the erapirical rans effect rule can be applied to the
synthesis of cis and frans 1somers of Pt(NH3),Cly, (Equations 2.12-2.13) and
P{INH3)(NO»)Cl, (Equations 2.14-2.15).
Cl1 2- Cl - Cl
CI—'Il’t—Cl_| _ Cl—!l’t— —I-——b\l—> Cl—l|?‘t—- 212

Cl Ci N
cis

N, e N, T NH,

HN—Pt—NH, — Y o c—pe—Na, — Y . Cc—Pe—C 3

NH, NH, NH,

frans
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The cis isomer of Pt(NH3);Cl; is prepared by reaction of the tetrachloro complex with
ammonia, with the success of the reaction depending on the chloride ion having a larger

trans directing influence than ammonia thus ensuring that the second ammonia enters a cis
position. This is an indication that the least reactive chloro group in PINH,CI, is the one

opposite the ammonia group. The trans isomer of Pt(NH3),Cl, is conveniently prepared by
heating the tetraamine complex, showing in the second stage that the chloride ion replaces
the most labile ammonia in Pt(NH;);C[", which is the group opposite to that of the chloride
ion. This results in the frans-Pt(NH;3),Cl complex being formed.

The synthests of cis- and trans- isomers of [Pt(NH3)(NOz)Clz]21 can be performed sunply

and elegantly by reversing the order of substituting groups.

Cl 2 Ci . NO,
| | NH | ] NO, |-
ClI—Pt—CI  — 3 = Cl—Pt—NH, ——2 = CI—Pt—NH, 2.14

Cl Cl ClI
cis

(l:l ks '\() —|2- T’nz s

c—pi—a % Cl—Pt—Cl ... . Cl—l“t cl 215
Cl Cl NH,
trans

For the above reactions, the order of frans-labilizing effectiveness is NO, > CI” > NH,.

Additional examples illustrating the usefulness of the trans effect are shown in Equations
2.16-2.19.

For example, the truns-elimination'* step may be designated as a two-step process for the

following reaction:

1’)’ '_—|2+ Ty ‘|+ T)’
py—Pt—NH, — ¢ o cl—pi—NH, — ¢ o c—p—a 216

:

NH, NH NH,

3
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Once the first chloride ion has entered the complex, the second chlonde ion replaces the

ligand trans to the first Cl since this position i1s now labilized. The chloride ion has a

larger frans labilizing effect than either pynidine or ammonia.

Three possible geometrical isomers of Pt(py)(NH;)(CI)(Br)"* can be prepared by observing

the order Br™ > Cl > py > NHj,

c—pt—NH, — B o oa—pt—Nn, — D CI—R—NH, 217

(,:1 _| F,}r —| llzr

Cl Cl pY

Cl - Br - Br
| _I Br | T NH; |
Cl—Pt—py —— Cl—Tt—py ———p» Cl—Pt—py 28

Cl cl NH,

Cl NH, + NH,
| B NH, | B Br’ |
Cl—Pt—py ——w> Cl—Pt—py —w» ClI—Pt—Br 279

pY Py PY

The success of these reactions depends upon the greater rrans effect of Brand Cl” ligands
in comparison to the py and NHj ligands, and also on the fact that the Pt-N bond strength is
greater than that of the Pt-Cl bond strength. This serves as an indication that the metal-

ligand bond strength has to be considered as well as the labilizing influence of the mrans

group.



The chemistry involved in the synthesis of Pt" complexes has made extensive use of the
role of the frans effect. These observations have provided qualitative information regarding
the trans-directing influence of various ligands. The approximate order of decreasing trans

effect is as follows:”?

CO, CN™, C;H, > PRy, H'> CH;> SC(NH;), >C,H;, NO;, I',

SCN>Br", CI' > py, NH;, OH", H;0.

An interesting point to note is that kinetically this effect can be large. A factor of 10° or
more in rates is found between a complex containing a good /rans labilizing ligand as
opposed to one with a ligand that lies low in the trans effect series. This effect is surely the

most dramatic on the rates of substitution reactions in metal complexes.'*

The trans effect is a well-established concept in Pt chemistry and several explanations
have been offered. Basolo and Pearson'’ defined the frans effect as the “effect of a
coordinated group upon the rate of substitution reactions of ligands opposite to it in a metal
complex”. Perhaps the best explanation considers both the o-donating and n-accepting
capabilities of the ligand. Strong c-donation from a ligand, giving a weaker frans bond (i.e.
a high ground state rrans-influence), increases the rate of substitution. Charge
delocalization in the transition state hefps to stabilize it and thus to increase the rate. Strong
m-acceptors typically give this kind of stabilization, and therefore have high trans

e
effects.?>?

2.4.2 The n-Bonding Theory

This theory deals only with ligands that have n-bonding abilities viz. C,Hy, PR3 and CO,
and suggests that these ligands are high in the nrans-effect series due to the fact that they
tend to stabilize the transition state for a reaction. Pauling first introduced the idea of m-
bonding to account for the short Ni-C bond distance within the Ni{(CO),s complex and also
for the large stability of the cyanide complexes of transition metals as compared to nen-
transition metals. The existence and significance of such doubie bonding are now generally

recognized. A schematic diagram of the double bond in Pt = PR3 is shown in Figure 2.8.
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Figure 2.8:  Schematic representation of the R:P-Pt double bond. If ligands PR; and X are in

the xy plane, then the d orbitals shown are either d or d;,'*”'

The donation of a pair of electrons from phosphorous towards platinum results in a ¢ bond
being formed. A corresponding n- bond is formed by the overlap of a filled d orbital of

platinum and a vacant d orbital of phosphorous.

The removal of electrons from the metal due to m-bonding should result in the
strengthening of the other ligands in general, the frans ligand in particular. Evidence
suggests that the Pr-X bond i1s weakened in almost all cases where L is a good frans
activator, the only exception being olefins, which do not always result in bond weakening.
This holds true even if L is a n-bonding ligand. Thus, it is quite evident that even for these
ligands, electron donation within the ¢ bond is more important than electron removal in the

n-bond.

It is not clear whether or not bond weakening within the ground state is always sufficient to
account for the effect of good frans activators, the increased rate of reaction should result
from a stabilization of the transition state for the reaction. Chatt and Orgel independently
proposed a n-bonding stabilization of the activated complex in order to explain the frans
effect, whereby the activated state is assumed to have a trigonal bipyramidal structure as

shown in Figure 2.9.
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Figure 2.9: Stabilization of a S-coordinate trunsition stute by a good frans-activating
ligand. "'

Chatt ef al.> placed emphasis on the fact that the removal of charge from Pt" by n-bonding
of L, aflows the addition of ¥ to become more favourable and hence a faster reaction rate.
Orgelt® stated that an increased stability of the transition state as a result of n-bonding was
mainly accounted for by the fact that the electron density along the Pr-X and Pr-Y
directions were reduced. Such an activated complex will allow for retention of
configuration and predicts that the properties of ¥ and L will influence the rate of the

reaction In a simifar manner.

2.4.3 The Molecular Orbital Theory for o- and n- trans Effect

a)  o-trans effect

A simplified molecular orbital (M.O) diagram for the complex PtCl." is shown in Figure
2.10. The most stable are the ¢ bonding orbitals, which are located primarily on the four
chlorine molecules. The next in order of stability are the m-bonding orbitals, followed by
the antibonding partners of the o- and m-bonding molecular orbitals. These are derived
from the 5d atomic orbitals of Pt and comprise of four relatively stable M.O.’s in the
foilowing order:

* *
n..%_ .0 ,m  and the relatively unstable .0.12_),-’

The p. valence orbital, which is not involved in o-bonding as well as the antibonding

orbitals, 6.* o * cy‘ are found at higher energy levels.
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Figure 2.10: Relative orbital energies in P(CI -1

Using this type of bonding allows one to account for the large trans effect for strong 6
bonding ligands such as H and CH;:

If one considers the geometries of the atomic
orbitals, it can be seen that of the four valence orbitals of the meta! (4.2

24, 8, px and p,)
participating n 6~ bonding, only the p-orbitals possess trans directional properties. This is

an indication that both the frans ligand L and the leaving group X in trans-PtAoLX must

share the same o -orbital. It follows that a strong c-bonding ligand L has a larger share in
the bonding o,_orbital than X. This results in the Pt-X bond being weakened. Irrespective

of the mechanism tnvolved in substitution, this would ultimately lead to an increased rate
of replacement of X.

Langford and Gray developed a simple and easily visualized model, whereby the frans

ligands compete for use of the appropriate p-orbital. (See Figure 2.11)
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Figure 2.11:  The o bonding of L-Pt-X, using the g, MO. (a) the o-bond strengths of L and X

are about equal. (b) The c-bond strength of L is much greater than that of X."

Whilst only one p-orbital is used for bonding of the L-Pt-X on the x axis of the square
planar complex, the addition of the entering group ¥ from the xy-plane, causes the X figand

to move out of the plane, resulting in a five-coordinate transition state.

Good o-bonding ligands such as H and CH; that use extra p character to firm up the ¢

structure in the trigonal bypyramid will have high (rans effects.

b) The n-trans Effect

For ligands that form strong n-bonds, ¢.g. CaH4. CO and CN, and are good rrans activators,
the effect has been explained in terms of the n-bonding theory described earlier in Section
2.4.2. This effect may be expressed in terms of M.O. theory and can now be referred to as
the m-trans effect. Of the five d-orbitals in a square planar compiex, only three orbitals
have the correct symmetry for 7-interaction, viz., dy, dx- and d,.. Upon addition of the
entering group Y and subsequent formation of the trigonal bipyramidal structure, four d-
orbitals meet the symmetry requircments for 7 interaction. Of importance is the fact that all
these orbitals are shared in 7 bonding with the three Jigands, L, X and Y in the trigonal
plane. Thus the trigonal bipyramidal activated state will be stabilized if L is capable of
bonding to the 7" orbitals. Electronic charge is delocalized to the ligands resulting in the
energy of the system being lowered. Thus, the net effect of a good m acceptor ligand L is to

lower the overall activation energy for a reaction.
Attempts have been made to assess the 6- and n- trans effects of numerous ligands, and the

qualitative results are given in Table 2./. It appears that hgands that are good trans

activators may fal in one of three categories viz.:
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- strong o-bonding such asH and CH?,
- strong m-bonding such as CyH4 and CO and
- moderate o- and n- bonding e.g. 1" and SC(NH;),.

Table 2.1: Estimated relative g- and n- trans effects of some ligands."
Ligand ¢ effect’  effect’
C:H;, \'% A
CcO M VS
CN M S
SnCl, wP s°
PR, N M
H VS VW
SC(NH»), M M
NO, W M
I M M
CH, S VW
-SCN M M
CeHs M W
Br M w
Cl M VW
Pyridine w W
NH; % VW
OH VW VW

u

VS, very strong; S, strong, M. medium; W, Weak; VW, very weak

» .
Assumed on the basis of NMR data relative 10 analogous CN compound.
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2.4.4 The cis- Effect

The ligands in the cis-position to the feaving ligand (X) exhibits a small electronic effect
and consequently a small replacement rate effect.**” The reactions of cis-Pt(PEt:),LCH
illustrate the magnitude expected and data obtained for the chloride exchange reaction is

given in Table 2.2.

cis - Pt(PEt,)LCI + py — cis - Pt(PEt, ), L(py) + Cl’ 2.21

In general, the cis effect is small and the order is variable, unless steric factors are
involved. Steric factors provide one of the best means of differentiating between a
dissociative and associative mechanism. An increase in the rate of a reaction ts usually
observed for a dissociative mechanism with increasing steric interactions and is known as
steric acceleration. The opposite holds true for an associative mechanism, which involves
an increase in coordination number, whereby increasing steric size would result in a

decrease in the reaction rate.

Table 2.2: Rate constants observed for substitution of CI by pyridine in the cis and trans

complexes of Pi{PEL),LCL**®

Complex Kopss S
cis-Pt(PEL;); LCI
L = phenyl 8.0x 107
L = o-tolyl 2.0x 10™
L = mesityl 1.0x10°

trans-Pt(PEt;),L.CI

L = pheny! 1.2x10%
L = o-tolyl 1.7x10°
L = mesityl 3.4x10°

The data shown in Table 2.2 provides excellent confirmation of the associative nature of
Pt" complexes and illustrates several points of interest. An increase in the size of the
ligands dramatically slows the rate of substitution reactions. The. orientation of the

aromatic aryl ligand is perpendicular to the plane of the molecule with the substituents
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occupying positions above and below the plane of the molecule, effectively blocking the

site of attack. This is shown in Figure 2.12.

Figure 2.12: Geometry _of an_aryl square-planar complex showing the ortho

substituents blocking the site of attack.

cis ligands occupy axial sites in the intermediate and interact with the entering and leaving
groups at 90° angles. Therefore an increased effect on the rate by the cis ligands is

observed.

2.4.5 The trans- and cis-Influence

The rrans and c¢is influences are two thermodynamic phenomena observed for square

| 30 {s the tendency of a ligand to weaken

ptanar platinum' complexes. The grans influence
the bond trans to itself in the ground state of a metal complex. Experimental evidence and
theoretical rationale have been thoroughly reviewed.’' Most information obtained supports
the theory that a rehybridization of metal ¢ orbitals occurs whereby the ligand that exhibits
a strong trans influence competes more effectively for the platinum 6s orbital than do the
other ligands, resulting in 2 weakening of the bond in the /rans position. The net transfer of
electron density from ligand 10 metal is also of importance. However certain

circumstances, e.g. n-bonding may outweigh the degree of metal rehybridization.

The trans influence may be determined by any one of the following viz.:

- comparing bond lengths determined by X-ray crystallogrzq)hy32 for similar
compounds;

- by nuclear magnetic resonance (NMR) chemical shifts and coupling constants

since these parameters reflect the hybridization of a metal ion’'*? ;
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. by infrared spectaroscopy3I (since these parameters are a reflection of the
hybridization of a metal ion) and

- tn the case of complexes having Pt-1 bonds, Mossbauer parameters, which reflects
differences between s character and overall a and 7 interactions in the metal-iodide

bond.”*

Although the frans influence is partially dependent upon the total composition of a

complex, the following trends have been observed:**

For neutral ligands :  PF, > PEt, > C,H, > CO > H,S > NH, > H,0

For apionic ligands: H >SiH, >CN">CH, >l >Cl >OH > NO,

A comparison of the equilibrium constants corresponding to ground-state energy
differences of Pt'-DMSO complexes has shown the frans influence to vary as NH; >
DMSO = CyHy > Br'= Cl'= H;0 with factors relative to H,O of 10(NH;) : 4(DMSO):
3(CyH4) & 1(Br, CV).% [n the case of c-bonding ligands, there appears to be a correlation
between the rans influence and the kinetic frans effect. For m-bonding ligands however,
no correlation between these two phenomena is observed, presumably owing to differences

in their origin.

There exists some degree of disagreement over the relative importance of the cis influence
in square planar complexes. Molecular orbital calculations™ performed have indicated the
cis influence to be of comparable magnitude to the trans influence. For a series of Pt'-1
complexes it was calculated that the cis influence is highest for ligands having empty, low

lying d orbitals.** The order of cis influence on a PtLlé complex was as follows:

Lis neutral:  PF, > PEt; > C,H, > H,S>NH; > H,0>CO

Lis anionic: SiH, >CH, >OH >1">CN" >H >Cl >NO,
The experimental evidence for the cis influence is much lower than that of the
corresponding zrans influence. The cis influences of Pt"-DMSO compounds were found to

be NH, >H,0=~Cl »Br >C,H, >DMSO with factors relative to H.O of
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1-2(NHs): 1(Br".CI") : 0.3 (CaHy4) : 0.1 (DMS0).”® These values are considerably lower

than those obtained for the corresponding frans influence factors.

2.4.6 Effect of the Entering Nucleophile

For a reaction that would involve attack of the entering ligand, one should certainly expect

a dependence on the nucleophilicity of the entering ligand. In order to discuss the

nucieophilicity of a ligand, the species interacting with the nucleophife must be defined.

The nucleophilic reactivity order observed for Pt substitution reactions is as fotlows:®’

PR;> 1", SCN", N,> NO,> Br’ > Py > NHj, CI'>H,0> OH

and a striking feature is that the nucleophilic character of the reagents does not correlate

with their base strength.

It is generally taken that ligand nucteophilicity is influenced by various factors:®

a) Basicity -

b) Polarizability -

¢) Oxidability -

the basicity of an entering ligand is characterized by its pK, value,
which correlates very well with ligand nucleophilicity towards the

central metal atom.

the polarizability or softness of a nucleophile is an important
consideration. Soft nucleophiles have a preference for soft substrates
whereas, hard (nonpolarizable) ligands prefer hard substrates. The
observation that farger donors are effective nucleophiles toward Pt

indicates that Pt" is a soft centre.
Ligands that undergo oxidation quickly are good nucleophiles. This

ability is characterized by their standard reduction potentials or

alternatively by polographic half-wave potentials.
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d) Solvating Energy - it is expected that better solvated

nucleophiles, because in order to be bonded to a metal, a nucleophile

must be freed of the bonded solvent, a process that requires energy.

e) Metal centre - this factor limits the general applicability of nucleophilicity scales in

inorganic chemistry since most show a marked dependence on the

nature of the metal centre.

These factors mentioned above are generally difficult 1o define and as such the
nucleophilicity scales are used much less in inorganic chemistry than in organic chemistry.
In general, if the nature of the nucleophile is to be described, then a correlation of the
reactivity with other properties of the tigand is required. This type of correlation is a linear

free relationship (LFER). Experimental data that has been collected for the displacement of

chloride from trans-PtL,Cl, are presented in Table 2.3.

frans — PtL,Cl, +' Y — trans — PIL,ClY + CI”

Table 2.3: Effect of the entering nucleophile on the substitution reactions of trans-PiL,Cl,"
Y L=Py | L=Pet; e,
Cr 0.45 0.029 3.04
NH, 0.47 - 3.07
NO, 0.68 0.027 3.22
N, 1.55 0.2 3.58
B 3.7 0.93 418
I 107 236 5.46
SCN’ 180 371 6.65
PPh, 249 000 - 8.93

* Entries are 107 kwith units of M's” .
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It can clearly be seen that the ligand dependence is not on the basicity toward a proton. The

parameter, n, , defined for each ligand, is called the nucleophilic reactivity constant. This
constant is defined as

lo Ll = n, 223
gk - Pt R

¥

where ky and ky represent the rale constant for the reaction of an entering nucleophile, Y, with

P1(Py):Cl; and the rate consiant for attack by solvent (CH;OH) on the complex respectively.

This constant is a measure of the reactivity of a nucleophife toward Pt and is usefu! for
correlation with other ligand properties. Also, plots of ky for other Pt" complexes versus

ny, are observed to be linear. Examples of these plots are shown in Figure 2./3.

8r— T 1 T

5+log ky

Figure 2.13:  Correlation of the rates of reaction of Pt’ complexes with the standard trans-

Pt(py),Cl, for the different nucleophiles: ® = trans-{PI{PE?;),Cl, in methanol at

30°C; A=[Pilen)Cl,] in water at 35°C.
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An LFER is given by the following equation;

log k, = sn, +logk, 2.24

and is found to hold for a variety of Pt complexes and solvents. The constant s, which is
referred to as the nucleophilic discriminating facior, is a measure of the sensitivity of the
metal centre to the nucleophilicity of the entering ligand. A large value is an indication that

the rate is very sensitive to changes in nucleophilic character.

The comparison of the complexes Pt(dien)X" (where X = Br’, CI, H;0) offers
confirmation of an often-stated postulate. The complex that is most reactive (i.e. it has the

best leaving group) is feast discriminating in its reactions (i.e. a small value of s).

2.4.7 Effect of the Leaving Nucleophile

Studies of substitution reactions should logically include the assessment of the ease of

replacement of different groups from closely analogous substrates. The

+
Pi(dien)X complexes have provided excellent information with regard to leaving group
effects. In this complex the three other coordination positions are kept constant by using
the inert dien ligand, and the entering ligand in all cases is pyridine (py). The only variable

is X, and therefore its effect on the rate of the reaction was invesrigated.'9

In dissoctation reactions a large dependence on the nature of the leaving group is expected,
due to the bond between the metal and the leaving group being broken. However, for
associative reactions the effect of the leaving group depends primarily on the extent of

bond breaking in the transition state. Data for the reaction
Pt(dien)X * + py o Pifdien)py + X~ 225

are summarized in Table 2.4.
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Table 2.4: The effect of leaving groups on the rates of substitution for the reaction of

Pr(dien)X with pp.*"

X kops! 8™
NO; Very fast
H,0 1900
Cr 35
Br 23

I 10

N, 0.83
SCN’ 0.30
NO, 0.050
CN- 0.017

The data shows a decreasing rate for changes in X in thie order:
NO;>H;0>Cl' > Br'>[" >N; >SCN" >NO, > CN

The spread in rates of approximatety 10° in this series indicates that a substantial amount
of bond breaking occurs within the transition state. This does not demand a dissociation
process, but merely requires that the Pt-X bond breaking make a contribution comparable

to that of the Pt-py bond forming.

It is significant that with only X changing in these systems, the order of ltabilities of the
complexes does not parallel their order of instabifities. Hence, the complex Pt(dif:n)Cl+

reacts 2000 times faster than the more stable Pt(dien)CN+complex. Furthermore the
leaving groups high in the trans effect series are slowly replaced. This is in accord with the
combined ¢ and m-trans effect theory, which states that good rrans activators are strongly
bonded to the metal. The reverse, that a poor frans activator is readily replaced, need not
be true. Both NH; and OH  are low in the frans effect series, but they are very difficult to

« 1l
replace in a Pt complex.
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This lack of coordination of the bond strength with 1rans cffect is not surprising since the
amount of covalent bonding into the o, orbital must be relatively small for electronegative
ligands such as NH3 and OH’, because of the high energy of the 6, orbital of platinum.
Hence, the bond strength is largely determined by non-stereospecific g, and gy bonds and

by ionic interactions.

2.4.8 Solvent Effects

There is considerable evidence supporting the fact that the solvent path for planar
substitution involves a direct displacement by the solvent. Therefore it is expected that the
contribution made by this path to the overall rate of a reaction would increase with
increasing coordinating ability of the solvent. This is best shown by the experimental data

(Table 2.3) obtained for the solvent effect on the rate of **°Cl exchange with trans-

Pi(py).Cl>.

trans - [Pt(py),Cl,] + 3Cl.  —— trans- [Pi(py),CIP*CH] + CI° 226

Table 2.5: Effect of solvent on the rate of **CI_exchange with trans-Pt(py),Cl, at 25 °C.>
Solvents® k7107 s Solvents® kIMs!
DMSO 380 ccl, 10°
H;0 3.5 CeHe 10’
CH3NO, 32 t-C4HsOH 10"
C,H0H 1.4 EtOAc 10
n-C;H,0H 0.42 (CH3):CO 10”
DMF 107

Under experimental conditions of moderately fow 8CI concentrations, the sotvents were

divided into two groups. The first of these containing the good coordinating solvents
(i.e. a) provided a purely solvolytic pathway for exchange (k, >> kCI[“’CI_]), The poor

coordinating solvents (i.e. b) such as benzene, carbon tetrachloride, and sterically hindered

alcohols, contribute little to the overall rate of the reaction. The exchange takes place with
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*CI acting as the nucleophile (k.,[*Cl'] >> k). For good coordinating solvents, an

interesting point to note is that the values of k_increase in the following order:

ROH < H;0 < CH3NO> < DMSO

This is a strong indication that bond formation between the metal and the solvent in the
transition state is important. Since the suifur ligand is a better nucleophile than oxygen
towards Pt" it follows that DMSO is a better reagent as compared to water. It is known that
Pt forms stabte complexes with DMSO and that the mode of bonding is Pt-S. However, if
the rofe of the solvent were to primarily solvate the departing **C[, then H,O rather than
DMSO would be the more efficient solvent for the reaction. This would be the case if
bond-breaking were of primary importance and hence the experimental results would argue

against this."”

2.4.9 Steric Effects

A classical way of obtaining information on the molecularity of a substitution reaction is to
investigate the steric effect on its rate of reaction. If a bimolecular displacement is involved
an increase in steric hindrance causes a corresponding decrease in the rate, whereas steric

accelerations is generally observed for a dissociative process.

Reactivity 1s very sensitive to the electron displacement properties of the ligand 1rans to
the leaving group and insensitive to variations in its bulk whilst the opposite is teue for the
cis tigands. It is easy to see how steric hindrance exerts a much greater effect from the cis
position by using models of c¢is and frans isomers containing a selection of bulky ligands.
An increase in the cone angle of the trans ligand or the introduction of bulky ligands
adjacent to the donor atoms witl increase the non-bonding repulsions between this ligand
and iis cis partners, but this is not a drastic change on going from the ground state to the
transition state. Conversely, an increase in the bulk of the ligands cis to the leaving group
results in further crowding when the number of cis partners changes from two to three in

the trigonal bipyramidal state.
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A classic example of steric hindrance is the way in which the reactivity of complexes of
the type [P(PEt;);RCI] changes with increasing ortho-methyl substitution in the aryl
group, R, along the sequence R = phenyl, 2-methylphenyl, 2,56-trimethylphenyl
(Table 2.6)."* The absence of any significant response to changes in the nature of the
substituent in the 4-position shows that this effect is steric in origin and the much greater

response when R is ¢is to the leaving groups is fully evident in both the values for &, the

solvolytic pathway and k» for the reactions of the strong nucieophile CN". This was one of

the earliest indications that the transition state for substitution of square-planar complexes

was trigonal bipyramidal.
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Although the effects of varying the electron displacement properties of the ¢is ligands upon
the reactivities of the substrates are small compared with frans effects they can still be
seen. Due to the effect being relatively small, they become difficult to systematize and it is
not easy to distinguish a site-specific phenomenon from a general effect. A proper study of
the effect that a cis ligand might exert would include means of anchoring the ligand trans

to the site of variation; otherwise one has no control over the choice of leaving group.****

A study of this nature was conducted by Jaganyi er al.*™, whereby the substitution
behaviour of terdendate Pt complexes of the type [Pt(N-N-N)] or [PyN-N-CY] (Figure
2.14) with varying substituents on the central pyridine moiety by a series of nucleophiles,

the results of which are shown in Table 2.7, was investigated.

~ Wcr-zﬂzo
|
f AN N .| AN
: 7N\ﬁ|>!/N =

Ct

(Pt1)

{P13)

JPUAPlterpyCl] T

Ptrespy) Cl [PHL-CF-Ph)terpyClf*  [P{d-(CF -Ph)-6-Ph-bipy)Cl]

Figure 2.14:  Structural formula of the complexes investigated by Juganyi et al.”
Table 2.7: Summary of rate constanits for the substitution of Cr by TU, DMTU, TMTU in
methanol at 25 'C."
ko M
Nucleophile Pt 1 Pt2 Pt3 Pt4
TU 1494 2 10 1258 + 13 1933 + 32 123.0+ 0.3
DMTU 448 + 10 377 £ 7 662+3 72.0+0.6
TMTU 82 +4 100 £3 144 + 1 29.0+0.5

The role of the cis o- effect was established by comparing the reactivities of complexes, Pt
3 and Pt 4. The data obtained (Table 2.7) suggests that the introduction of the Pt-C bond in

the cis position to the leaving group (i.e. CI') reduces its lability by a factor of sixteen if the



entering nucleophile is TU, ard similar retardations on the rates of substitution were
observed for DMTU and TMTU. The accumulation of electron density at the platinum
centre results in the corresponding decrease in reactivity for Pt 4. The cis effect of the
carbon atom was shown to decrease the lability of complexes whose reactivity is enhanced

by the presence of strong m-electron withdrawing backbone.

An interesting point to note is that the c¢is and rrans effects have opposite net effects and
influence the lability of the leaving group in a different manner. The jatter enhances the
rate of substitution through ground state destabilization whilst the former slows down the

process by an accumulation of electron density on the metal centre.

The rate constants (Table 2.8) obtained for the hydrolysis of cis-[PtCIL(PEt3);] complexes

further illustrates the effects of steric hindrance.

Tuble 2.8: Rate Constants {or Substitution of Cl_ by H,0 in cis-[PtCIL(PEL,),] at 25 °C."*

L k/s'
AN
| 8 x 102
2
N
A
| 20x 10"
s
N~ TCH,
|\
= 1.Ox 10°
HC N~ ~cH

The methyl group adjacent to the N donor atom greatly decreases the rate in the 2-
methylpyridine complex, as they block the positions either above or below the plane. In the
2,6-dimethylpyridine both the positions above and below the plane are blocked (Figure
2.15 (a)). Therefore, along the series the attack by H,O is hindered by the presence of the
methyl groups. This effect is seen to be small if L is trans to Cl. This difference is

explained by the methyl groups being further away from the entering and leaving ligands
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in the trigonaf-bipyramidal activated complex, if the pyridine ligand is in the irigonal plane

(Figure 2.15 (b)).

CHy PEt,

Q

_—

N
QN/ \M/X
CH,
|

PEt,

Figure 2.15:  The effect of steric crowding on the cis and trans_position.”

2.5 Dissociative Mechanism for Substitution in Four-Coordinate

Planar Metal Complexes

As a result of the ready availability of the pathway for associative activation, it has long
been of considerable interest to find out just how dominant this pathway can be in the
substitution reactions of four-coordinate planar d ¥ metal complexes. The approach to be

taken in order to favour a dissociative mechanism should bear in mind the following:*

- high electron density at the metal which would prevent the approach of an axially
incoming nucleophite,

- bond weakening at the leaving group due to the trans influence of strong ¢-donors
and,

- the stabilization by the remaining set of three interplane ligands of a three

coordinated 14-electron intermediate without changing the singlet ground state.

These factors however, do not apply in the presence of ligands that have m-accepting
capabilities. This can be seen in the complex cis-[PtPhy(CO)(SEt,)], whereby the relief of
electron density at the metal by the carbon monoxide and the presence of the low lying
LUMO, n-delocalised over the Pt-C-O atoms, facilitates a changeover of mechanism from

a dissociative one to an associative pathway of activation."’
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A consequence of a mechanistic changeover for the substitution reactions of square planar
complexes is the stereochemistry that is formed. The dissociation of a ligand from a square
planar complex gives rise to a three-coordinate, T-shaped intermediate (Figure 2.16). The
first convincing evidence for the presence of a three-coordinate, 14-electron species as a
key intermediate in nucleophilic substitution reactions comes from the kinetic study of
complexes having a set of donor atoms of the type cis-[Pt{C.C)(S,S)] (where C is a strong

o~donot carbon group and S a thioether or a sulfoxide).****

H_,C,,,/’ N‘\SO(Me)z K,, - S(O)Me, H3C,,,”
Pt = Pt
ne” PR, Ky +SOMe, HC” PR,
K, |+ Nu
HC,, . Nu
_Pt
H3C/ PR,

Figure 2.16:  Diagrammatic  representation of the non-stereospecificity resulting in

intramolecular _rearrangements during the substitution _reaction of the

cis-/ PtMe(Me,SO)(PR;) complex following a dissociative pathway."®

2.6 The Substitution Reactions of Dinuclear P Complexes

Following Rosenburg’'s discovery of the anti-tumour properties of cis-[Pt(Cly(NHs)]
(cisplatin) in 1969*°, thousands of Pt complexes have been synthesized and evaluated as
potential anti-tumour drugs. Promising candidates among these complexes are bridged
dinuclear or trinuclear Pt" complexes, which can form DNA adducts that are not accessible
to mononuclear Pt" complexes, such as 1,3- and 1.4- GG interstrand cross-links.”>** The

nature of the bridging ligand varies significantly.

Although the role of the bridge on the DNA binding properties and product formation has

been investigated intensively and the results have been interpreted in terms of charge,

2-36



hydrogen bonding, length and flexibility of the bridging ligand>, there is less data
regarding the influence of the bridging ligand on the reactivity and thermodynamic
properties of the two platinum centres. Such data is available for the trinuclear complex
[{trans-PtCINH;);} 2 { p-trans-Pt(NH3)o(NHy(CH2)NH,} 1*" (BBR3464),  which s
currently being used in clinical trials and its corresponding dinuclear complex, [{wrans-
PtCI(NH1)2}2- 1t -NHa(CHa)sNH- > 1t is suggested that the reactivity and properties of the
first platinum centre is independent of the state of the second and vice versa.>*>> However
an interaction between the two platinum centres has been observed in some cases.” Data
present in literature is insufficient to formulate a relationship between the reactivity of the

two platinum centres and the nature of the bridging ligand."’

Studies conducted to date, have investigated the influence of four different bridges on the
reactivity of each of the platinum centres of the dinuclear complex and thereafter compared
to the corresponding mononuclear complex. The foliowing dinuclear complexes were
investigated by Hofmann and van Eidik”; [PtQ(N,N.N',N'-tctrakis)2-
pyridylmethyl)benzene-1i,3-diamine)(H,0)]"" (mPh), [Pta(N, N, N, N-tetrakis)2-
pyridylmethyl)benzene-1,4-diamine)(H,0),]"" (pPh), [Pts(N,N, N, N -tetrakis)2-
pyridylmethyf)1,3-propanediamine)(H,0),]" (Pro) and [Pty(N,N, N, N-tetrakis)2-
pyridylmethyl)l.4-butanediamine)(I-IQO)z]4+ (But) (Figure 2.17) as a function of

concentration and temperature, the results of which are shown in Table 2.9.

The variation of the bridging diamine spacer enabled a systematic study of the influence of
chain length, flexibility and hybridization of the bridge (aliphatic or aromatic backbone) to
be conducted, and thereafter study the effects on the thermodynamic and kinetic properties

of the two platinum centres.
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Pt
O OH

: . "
1 /N_'J’t—N_ = 1 /N—J —N._ =& | /N—-l|'>t—N _
H, 2 OH,

But

= N
(Y - O~ v o
mPh pPh Pro

Figure 2.17:  Schematic structures and ybbreviations used for the inyvestigated complexes.”’

Table 2.9: Summary _of second-order rate constants and corresponding activation

parameters for the displacement of water by chloride und pKa values for the first

and second deprolonation steps of the aqua complexes.®’

Mononuclear mPh pPh Pro But
pK. 5.5 3.33 3.34 436 3.94
pK.» - 4.76 4.46 6.07 5.46
kyM's! 19.1 £ 0.t 3126 265+ 7 649 + 38 249 £ |1
ko M5! - 24402 88+ | 132£6 40 £ 1
AR,/ kJ mol” 64.5 + 0.1 551+ 1.3 61.1+1.8 63.8 +0.7 57.8+0.8
AH*)/ kJ mol” - 60.5+0.9 60.5+1.5 60.0 + 0.8 577415
AS* /3 K mol 3.5+ -12+4 5+6 22+2 613
AS* /3 K mol! - -15+3 6+3 443 21%5

It has been shown recently that the pK;, value of a water molecule coordinated to Pt" can be
used as a measure of the electrophilicity of the metal centre.>*%° Electron withdrawing n-
acceptor effects stabilize the electron rich hydroxo species in comparison to the aqua
complex and as a result lead to lower pKj, values. Contrary to this, the pK, value increases
if the o-donor capacity of the frans ligand is enhanced. 1t is widely acknowledged that the
pKa value of anilines is lower than that of tertiary amines, with the higher basicity

suggesting that amines are better o-donor than anilines. This would account for the fact
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that the pK, values of the aniline bridged complexes (mPh and pPh) are lower than those
of the corresponding, stronger o-dorating aliphatic diamine bridged complexes Pro and

But.

The pK, values obtained for all the dinuclear complexes were at feast 1.1 units lower than
those obtained for the corresponding mononuclear complexes. Similar effects have been
observed for the following dinuclear complexes synthesized by Farrell er al,
trans-{PtC{(NH;3)2}2- { p-trans-Pt(NH3)(NH(CH2)sNH, (1.0, 1/,1,1) and trans-
[{PtCI(NH3)2}2- 1 -I\IHz(CI-Ig)éNHg]2+ (I,I/t,t)s‘l‘55 whereby the values are about 0.4 units
fower than for the corresponding mononuclear complex [Pt(NH3);0H,}**. This observation

could be related to the length of the bridging ligand and the overall charge of the complex.

An interesting point to note, is that the complexes investigated by Hofmann and van Eldik,
display a second deprotonation step, whereas the complexes investigated by Farrell et
al ™%, the pK, values for the first and second deprotonation step could not be separated.
This could be attributed to the fact that the distance between the two platinum centres is
shorter in complexes investigated by Hoffmann and van Eldik, as opposed to the (1,0,1/,t,t)
and (1,1/t.t) complexes. An important point to note, is that it ts the average distance
between the two Pt" centres that is important and not the maximum possible distance as a
number of conformers can exist with shorter Pt-Pt distance as a result of the higher

flexibility of the bridging ligand.”’

Substitution reactions studies conducted on the mononuclear complex with various
nucleophiles have shown that the mononuclear complex follows an associative mechanism.
The observed activation parameters for the mPh, pPh, Pro and But were also shown to be
associative in nature, with the exception being the first reactions steps for pPh and Pro.
There were no significant differences obtained for the enthalpy values for both steps in all
four complexes. In all cases the lability of the dinuclear bridged complexes was shown to
differ markedly from that of the corresponding mononuclear complex. This can be
attributed to the enhanced nucleophilicity of the dinuclear Pt" centres. The reactivity of one
Pt "' centre was shown to be dependent on the state of the other Pt! centre, which leads to
different thermodynamic as well as kinetic properties for the first and second reaction steps

respectively. The interactions between the two Pt' centres depend on the Pi-Pt distance; the
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closer the proximity of the two metal centres, the larger the interaction between them.
These observations have led to the suggestion that the observed interaction does not result
from an electronic effect mediated by the bridging ligand, since a larger difference between
the behaviour of the aromatic (sp’) and aliphatic (sp®) bridged complexes would be

expected. #
However, in order to fully understand the influence of the aliphatic chain length on the

dinuclear complexes in terms of their folding abilities or the average Pt-Pt distance and

Iinteractions, a wider range of bridging ligands wifl have to be studied.
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Chapter 3

Kinetic Theory & Techniques

3.1 Introduction

A reaction rate may be defined as a measure of how quickly a reaction occurs. A precise,

quantitative definition must therefore relate the quantities of reactants and products to time,

or more accurately, relate changes in quantities to changes in time. Therefore it is logical to

express reaction rates in terms of time derivatives of concentration.! Changing one of

several factors can enhance this rate. These factors include:- 2

Concentration - the rate of a reaction is proportional to the number of collisions
experienced by the molecules of reactant. Thus, the number of collisions

experienced increases proportionaily with an increase in reactant concentration.

Solvent properties - there are various factors that have an effect on the reaction

rates and these include: solvent polarity, viscosity and donor number. Buffer

components may change a reaction rate as well as added electrolytes.

Physical conditions - temperature and pressure affect reaction rates, but both are

normally kept constant in a given determination.

Intensity of absorbed radiation - there are certain reactions e.g. photosensitive

reactions that are influenced by the amount of light available to it. The light level
that is present within an optical spectrophotometer that utilizes monochromatic
light may not pose any problems, however, continuous exposure of the sample to

white light may have an adverse effect on the rate of a photosensitive reaction.

Among the factors mentioned above, the most important variable is the concentration, as

this can be used to determine the rate law whilst other variables are held constant.

Therefore a kinetic study would involve the collection of data of concentration versus time

for a reactant or product. This may be achieved by studying the time dependence of a
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vartable that is proportional to the concentration, such as absorbance. The concentration-
time data is thereafler fitted to an appropriate model that allows for the determination of

the rate constant.

A summary of some of the integrated rate laws as well as some of the experimental

techniques that are applicable to the study conducted, are presented in this chapter.

3.2 Rate Laws

The rate of a reaction is expressed in terms of time derivatives of concentration.

— d{reactant] _ df product]
dt dt

Rate = 3.1

The units of rate are expressed in molarity per second (M s"). The rate law describes the
rate of a reaction in terms of the concentrations of all species affecting the rate and a

general way of expressing this can be described as:
Rate = k[ ] (41" [x,}" 3.2

where A, is the reactants, k is the rate constant, and X; are the other species that may have

an effect on the term.

The reaction order can therefore be defined as

Reaction Order = Z a; 3.3

The units of the rate constant k are therefore dependent upon the rate order.”

32



3.3 Integrated Rate Equations

3.3.1 First-Order Reactions

Most reactions are either first~order or are carried out under conditions that approximate

first-order. For a first order reaction of the type,

k
4 —= C 34
the rate of the reaction is as follows
- di4
Rate = k,[A4] = [4) 3.3
dt
which yields on rearrangement
=dA g g 36
(4],
[ntegrating from t = 0 ([4],) to t =t ([4],) gives
(), J 1
4 __ J/n 4 37
o, 141, ;
A
Inu = -kt 3.8
(4],

Equivalent forms of the integrated first-order rate Equation 3.8 are shown below

(Equation 3.9-3.10)

M A), = —k,t + In[ 4], 3.9
of

[4), = [4], e 310

Thus for a first-order reaction, a plot of In[A], versus ¢ should be linear, with the first order
rate constant being represented by the slope. The dimension of a first-order rate constant is

time™', usually represented as s
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3.3.2 Reversible First-Order Reactions

In principle, all reactions are reversible and although simple considerations suggest ways
of driving many reactions in one direction only, there are systems where reversibility

cannot be ignored. The simplest of these is the reversible, first-order reaction.

A =—= B 301

Recognizing that loss of a reagent corresponds to a negative rate and gains to a positive rate,

the rate law applicable to this system is:

Rate = B8] _ _dA]
ar dl
= k_,.[A]l - k,[B], 3.12

At time 1 =0, [B],= 0, and [4]),= [4],, consequently at any given time
[B], =[4], —(4], 3.13
Substitution of 3.73 into 3./2 gives

_di4]

=k, [4], - k,(14), —[4},) 5.14
ai '

No net reaction occurs at equilibrium, and hence

_did) _

0 315
dt
Applying Equation 3.15 to 3.12 and 3.14 affords the following equilibrium expression
k {A],, = kB, =k, ([4], - [4],) 3.16

which impties that

k, +k
(4], =L
ky,

[A](’(/ 34 ] 7

Substitution of 3./7 into 3./4 affords the following term

A
N BRI S VR ORYN 7 B 3.18
Subsequent separation of variables
Al sk 319
([A]I - [A}(‘q)



Integration of 3./9 gives

L], 1

dLA]

— e = —(k, + k)| 3.20
.{ T |

which affords

M[[AL -[4],,

—[A]' _[4];} = _(l(/‘ + kh)l 321

An equivalent form of Equation 3.21 is shown in Equation 3.22
In({4], = [4].,)) = -(k, + k)t +In([A], - [4],,) 3.22

A plot of In(I4), —{A)ey) versus time should give a straight line with a slope that

corresponds to ~(kr-+ ks).

Evaluation of the equilibrium constants allows one to determine the individual rate

constants kyand k, respectively.

- {B]c(/ = ﬂ‘ 3 23
tq [A]L’tl kA
With the observed rate constant, kss
kul!_r = (k/ + kb) 324

The most difficult problem encountered in treating reversible first-order reactions is in

accurately measuring [A]eq."5



3.3.3 Second-Order Reactions

Second-order reactions can be divided into two types. The first type is that when the rate is
second order with respect to one of the reactants and zero order with respect to the second
reactant, The second type that will be analyzed in further detajl ts that whereby the second-

order reaction is first order with respect to each reagent.
For the reaction
k,
A + B—— (C 3.25

the rate equation can be written as

dic) _ d[4) _ d[B]

= k,[A],[B], 3.26
e AU
Separation of variables ieads to
] I 3.27
[4),[B],
o ) . . : ! ! ] . .
By substituting ————— in Equation 3.27 with { - }, the Equation
[4),18], (4], =181, |[B], [4),
3.27 can now be expressed as
I / 1
- d{4) = -k, d 3.28
(41, -[8],) {[B], [A],} ‘
Integration of 3.28 leads to
[ lrl [B]o[A]I —
([A]n - [B]l») [A]O[B]u ’ 3‘29

In order to evaluate the second-order rate constant k3 (M™'.s') for the reaction, one needs to
know the concentrations of both 4 and B, both initially and at any time ¢, i.e. [4]e, [Blon
fA4),, and [B],. However, this presents a complicated and time-consuming process for most
kinetic experiments. As a result of this, these experiments are often conducted with either
reactant A or B in large excess, i.e. [B] >>[A4] (at least a 10-fold excess). Under these

conditions the concentration of B remains relatively constant throughout the course of the
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reaction, and the reaction may be treated as a first-order reaction. These conditions
whereby one reactant is present in a large excess over the other are commonly referred to

as pseudo first-order conditions.

Therefore Equation 3.26 may be written as

d[ A)
~ A2k, [4) (B
o = lAB)
= (k,(B],)4], 3 30
= ko/).\'[A}l .

, R . )
where k,, is the observed rate constant with units s™.

A plot of In[4], vs. time will result in a straight line with a slope equal to ko Monitoring
the reactions for several concentrations of B, whilst simultaneously ensuring that B is in a
large excess over A, generates a series of kg, for different [B]. With reference to Equation
3.30, kops = k2| B],, and a plot of kops vs. [B), will be linear with a slope of &5 having units
of MTs!!?

3.3.4 Reversible Second-Order Reactions

Reactions may not go to completion at times, instead an equilibrium between the reactants
maybe reached. These types of reactions may be represented as follows:
kf
A+B =—= ( 3.3/
ky
Assuming that the reverse reaction is first-order, whilst the forward reaction is second-
order. Due to this the reaction ir general exhibits mixed-order behaviour. Pseudo first-
order conditions are often selected for the forward reaction, ie. [B}, >> [4],. so as to
efiminate the complexity of the problem. This results in the equation now being treated as

if it were a reversible first-order reaction.

The rate of formation of C can be written as

_dl4) __d[B] _d[C]
e d dt

=kj[A]l[B]/ _kh[C]l 332
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Application of the mass balance gives:

At any time ¢
(4), =43, -[C],
and (8], =[B], - [C],

At equilibrium
[4]., =[4], ~[C},, and [B],, =[B], - [C],

The rates of the two opposing reactions at equilibrium are equal, ie.

dlA
“MA (4,081, - kiCY, =0
at
This implies that
k,/'[A]eq [B](q = ](A [C]¢'t[

333

3.34

3.35

3.36

However, [C),= {4], — [4}and [Cleg = [A}o —{A])eq and Equation 3.36 may now be written as

k(41,8 = k,({4], —[4].)
Resulting in

K [A], = k14, [BL,, +k,14]

oy

Substituting [C), = [4)e — [4], and Eguation 3.38 into 3.32 sesults in

di A !
- C[?l[ ] = k./ [A)! [Bl - k}, [A]cq [B]"‘I - kb[A}“’ * kh[AJ’
Since [B], >> [4],, Equatiorn 3.39 can be expressed as
dlA
N Edf ] = k./'{A]/[B]A - k_/'(A]eq[B]u - kh [A]W/ + k"[A]’

= (k,[B], + k,)([A), ~[41,,)

Separation of variables and integration gives

1l

m =-(k[B], + kh)JdI
(A, ‘ « .
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which resuits in

1 [[A], - 141,
o AL

[-A]“ i [A]PII ] B _(kj[B]o —‘_ kb )[

=kt 3.42

\V”h knlsx = kj[B]o + kb'

For a second-order reversible reaction a plot of k. versus [B], will be linear with a slope
equal to krand an intercept equal to 4,. The equilibrium constant X*can be obtained from

the ratio of k// ks and may also be determined thermodynamically.'

3.3.5 Consecutive First-Order Reactions

Freguently a product of one reaction becomes a reactant in a subsequent reaction. This is
true in mufti-step reaction mechanisms. A simple case involving two consecutive

irreversible first-order reactions is represented by Equation 3.43.

ki % 5.43
4A—"'>p " >

The rates of change of [A4], [B] and [C] are as follows:

M = —k,dI 3.44
at

M N _ 3.45
o k,[A) = k,[B]

_@ = k,[B] 3.46
dt d

Since B is formed by the first reaction and is destroyed by the second reaction, the

.~ d[B]
expression for o has two terms.

Let only A be present in the system at (= 0:
[Ala #0, [Blo=10, iClo=0 3.47
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We have three coupled equations and Equation 3.44 can be represented as

[4)=[A), ™ 3.48

Substitution of Equation 3.48 into Equation 3.45 affords
as _ k,[Al,e™ — k,[B] 3.49
dr .
Integration of 3.49 yields

_ Kl e iy 3.50

(8] ko —k,

Using conservation of matter enables one to determine [C]. The total number of moles

present is constant with time, so [A]+ [B] +(Cl=[A4],. Using Equations 3.48 and 3.50

gives

(Cl=(A)| 1 - g Kt ot 351
k,— & K —k,

3.3.6 Pre-Equilibrium _ with  Parallel Reactions (one Acid-Base

Equilibrium)

Reactions are often conducted in solution, most of them being aqueous in nature.
Therefore, the reaction rates are often pH dependant. The changing of the rate with varying
pH is a direct result of the presence of different species having different reactivities. A plot
of the observed or intrinsic rate constant versus pH resembles the profile for an acid-base
titration curve. Typical examples of these types of reactions are the aqua and hydroxo

bound complexes. The general reaction scheme can be represented as follows.
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K
[M-OH,|* ———"—> [M-OH] =) +H*

k, | +L (-H,0) ky | + L (-OH")

- M-L M-L

Scheme 3.1: A general representation of a one-acid base equilibrium,

It follows from Scheme 3.1 that

diM-L)__dM-OF,]__dIM-OHl_ v on 3iL)+ k,[M - OHYL]
di dt dt )
_ M -OH, + M -OH]_} vt OH L)+ k,(M - OHI[L] 3.52

dt

Applying the law of mass balance gives

« - M- OHJH"]

a 3.53
[M - OH,]
. [H']1+K,
-OH, 1+ -OH
[M-OH]z([M OH,1+[M - OH]) 3.55
[H']+K,
When Equations 3.54 and 3.55 are substituted into 3.52 it affords
d[M -0OH, + M - OH k[H 1 +k.K
- (MO, + ]= 1+ K, [LX[M - OH,]1+[M - OH]) 3.56
dt [H']+ K, -
therefore
Ko = LA ) 0K, (L] 3.57
\ ]+ K,
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The [H'] limits Equation 3.57

Atlow [H']

kobs = k?[L] 3.58
At high (H"]

kobs = k/[L] 3.59

3.4 Activation Paramelers

Although the mechanisin of a reaction may be assigned using the rate law, it is often useful
to have other data available. Among these are activation parameters, which may be

obtained from the tcmperature or pressure dependence of a reaction’s rate constant.
Using the theory of absolute reaction rates a relationship may be formulated between a

reaction’s activation parameters and its rate law. However, empirical relationships are now,

more commonly utitized.

3.4.1 The Arrhenius Equation

Arrhenius is believed to be the first to empirically find that rate constants have temperature
dependence similar to that of equilibrium constants. These were then described by the
following exponential or logarithmic forms:>*

k,

k=Ae ™ 3.60
E
le.lnk=lnA-—= 3.61
RT
where A = Arrhenius pre-exponential factor (having the same units as k),

£, = is the Arrhenius Activation Energy (with units of J/mol);
R = gas constant (equal 10 8.315 J.K ' mol”) and

T = temperature (having units of K).
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k can be determined by appropriate experiments at several temperatures, and a plot of In &
versus 1/T has a slope of —E,/RT. The rate constant is predicted to increase with increasing

temperature.,

The Arrhenius equation is still widely used in certain aspects of kinetics and more
especially for complex systems where the measured rate constant is thought to be a

. . 4
complex composite of specific rate constants.

3.4.2 The Transition-State Theory

Since orientation and other effects cannot be treated satisfactorily via a modification of
hard-sphere collision theory, an alternative approach to the problem resulted in the
development of the transition-state theory. According to Henry Eyring and Michael
Polyani, many reactions proceed via a pre-equilibrium mechanism, which can be

represented as in Equation 3.62.2

\— Activated Complex or Transition State

3.62
The rate of the reaction can be expressed as
—d kT
ar h
k, T
= ;;K’[A][B] 3.63
1
where k, = Bolizman’s constant (1.38 x 10 2K and
h = Planck’s constant(6.626 x 10”' J.57)
K* = Equilibrium constan.
The second-order rate constant, &y, can be equated to
T
k, = k"T Kz 3.64
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But, AG™, the free energy of activation may be expressed in terms of enthalpy of

activation, AH™ and entropy of activation, AS™, as follows:
AG? =—RTInK” =AH™ —TAS® 3.65

Rearranging Equation 3.65 and substituting for K™ in Equation 3.64 in terms of AS™
affords:

h RT
k * *

= ”Texp A exp AS 3.66
h RT R

FEquation 3.66 can be expressed in a linear form as
k, AH’ k) AS”
In| —|=- + i) — |+
T RT h R

=—AH +] 238+ 45 3.67
RT R

The activation parameters, AH® (enthalpy of activation) and AS™ (entropy of activation)
can be determined from a plot of In {k»/T) versus 1/T, with the slope being equal to AH”*/R
and the intercept being equal to 23.8 + AS*/R. This plot is commonly referred to as the

Eyring Plot.

3.4.3 The Dependence of the Rate Constant on Pressure

It is much more difficult to study the effect of pressure on a sofution phase reaction than it
is to study the effect of temperature.® The reaction rate is comparatively insensitive to
changes in pressure and very substantial pressures (up to several kitobars), must be applied
before reasonably Jarge changes can be observed. The major reasons for studying such

pressure dependence is its usefulness in providing insight into the mechanism of the

reactions.
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Variable pressure measurements allows the determination of an activation volume, AV*,

which can be used as a supplementary parameter for mechanistic assignrent.””

The thermodynamic equation’
dG = SdT +VdP 3.68

when subjected to partial derivitization at constant temperature the following is obtained: >

{aAG } = AV” 3.69
;

opP

van’t Hoff’s* equation can be described using the same partial derivative of AG® with

respect to pressure:

P oP RT

7

ﬁ[ i J

.y _

= RT o

( oK™ _ AV 370
.

where AV represents the difference in partial molar volume between the reactants and the

products.

Therefore the variation of kr with P can be expressed by Equation 3.71°, since the

equilibrium constant, K™ = k—f
‘b
Olnk *
( nk, | __AY 3.71
| aP RT

where AV is the volume of activation, for the forward step of the reaction and is equal to
the difference between the partial molar volumes of the transition state and that of the

reactant,

3-15



AV® is normally assumed to be independent of pressure, therefore, by integrating between

the limits of P = 0 to P, and k,= (ky), gives rise to the following equation:’

av?
RT

where In (ky, is the value at ambient pressure.

P 3.72

Ink, = In(k,),

. In general AV™ (volume

A plot of In k; versus P should be linear with a slope of -

of activation) values are more reliable than AS™ (entropy of activation) values that are

obtained as the y-intercept from the extrapolation of the Eyring Plos. The values of
AVZand AS™both depend on the reaction mechanism. A negative value for AS™is
indicative of an associative mechanism, whereas a positive AS™ value indicates a

dissociative mechanism. This is also true for AV*.

3.5 Experimental Techniques

The essential feature of ail methods of studying the chemical kinetics of a reaction is to
determine the time dependence of concentrations of reactants and/or products. Certain
reactions are so fast that special techniques have to be employed in order for this to be
achieved. Examples of these types of reactions are proton transfers, enzymatic reactions
and non-covalent complex formation.

. - . - . 10,11
There are two reasons why conventional techriques are not suitable for rapid reactions:

i The time that it usually takes to mix reactants, or to bring them to a specified
temperature, may be significant in comparison to the half-life of the reaction. This
would result in an appreciable error being made, since the initial time cannot be
determined accurately.

2. The time taken to make a measurement of a concentration is significant compared

to the half-life of the reaction.
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The methods that are used in the study of rapid reactions falls into two main classes viz.

flow methods and pulse methods.

A summary of reaction technigues used for the study of chemical kinetics is shown in

Figure 3.1.
Reactions involving Combinations of free
: breaking of bonds radicals in the gas phase :
CHEMICAL Photochemical Photoionization:
REACTIONS isomerization photodissaciation
Diffusion-controlled reactions in solution
{e.0.. combinalions of Iree radicals)
Molecular  Molecular
rotation vibration
: PHYSICAL tntramolecular energy redistribution
: PROCESSES :
Solute-sotvant collisions:
: soiveni redistribution
: (RSN TN NN IR N NN S IS N O N S P Y S [ S o :
: Time/s 103 1 10-3 10-6 100 10-12 10-% .
: (1 ms) (1 us) (1 ns) {1 ps) (iis)
. Cormrasponding Long Short Long IR . uv :
. spectral region radio radio micro- Visible :
. waves waves waves
.: Conventional
: methods
Flow methods 1887 Ultrasonic methods 1960 ’
Pressura-jump, shock waves 1954
Temperailure-jump 1954 TECHNIQUES

arressean

NMR methods
~-—
Line-shape analysis 1960 Correlation times 1980

Microsecond Bash photolysis 1950

arvunrren

Nanosecond flash photolysis 1970

Picosecond flash photolysis 1876

Subpicosecond flash photolysis 1980

Perasasssasivaaar st EresaTanastodnn

Temuananyana

Ry P N N R R R N R R N P R S R PR R Y P Y RN

Figure 3.1:  Summary of reaction techniques and their corresponding time scales.®

There exists a number of other techniques that are currently available for the study of
chemical kinetics. These include infrared spectroscopy (IR), nuclear magnetic resonance
spectroscopy (NMR) and pulse methods. The study undertaken here made use of
UV/Visible absorption spectroscopy and stopped-flow methods. These two methods will

be discussed in greater detait.
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3.5.1 Flow Methods

Flow methods are the best way of following fast reactions in which the reagents cannot be
prematurely mixed. All fast flow methods are based on the pioneering work of Hartridge
and Roughton.'*"? These methods may be used to study reactive intermediates that are too
unstable to be isolated as well as to follow rapid changes involving stable reactants." Flow
reactors are also widely used for industrial processes because of the ease of handling large
quantities of reactants in a limited reactors space and because of the possibility of
continuous operation, This is particularly advantageous for reactions involving solid

catalysts. where emptying and filling operations may alter the activity of the catalyst.

For the measurement of reaction rates, mixtures of reactants of known initial concentration
flow through a region of known volume at a constant rate. The mixture is thereafter
analyzed after it has passed through the reaction space or at fixed points in some space.
Complete mixing of the reactants before they enter the zone of reaction is assumed.
Specially designed mixing chambers just upstream of the reaction space are usually

employed."”

Flow methods function within a time range of ca. 1 X 10”-10 s. Unlike relaxation kinetics
and NMR, it is possible to use flow methods for the study of irreversible reactions.” The
continuous flow method operates in a manner whereby solutions of both reactants are
forced by pistons into the mixing chamber, whose design contributes to rapid mixing. The
mixed solution thereafter flows into an observation chamber, where detection takes place
via spectroscopy. A schematic diagram of a continuous flow system is shown in

Figure 3.2

Figure 3.2: Schematic diagram of a continuous flow kinetic system.’
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One of the most frequently used rapid kinetics techniques is stopped-flow. Stopped-flow
techniques are frequently used for monitoring reactions with a half-life ranging from 10°—

10° seconds. A schematic diagram of the stopped-flow apparatus is shown in Figure 3.3.

Light source

Monachromator
r-—"— " " =" T T T T '\
| |
' Light beam Reservoir )
| syringes
I Y P
|

] I,
] |
I (
) ]
1 1
|Trigger \ !
! switch Drain |1 Sive ! - | Device for
p valve S Cuvette Mixing jet syringes ! | driving
Stop block” |1 1 '] syringes
[ syringe ~o=mf - | |. I
' - | I
| Photomultiplier I Constant temperature bath | |
Lo N . .
To oscilloscope
Figure 3.3: Schematic diagram of a stopped-flow instrument."'

The stopped-flow principle of operation allows small volumes of solutions to be driven
from high performance syringes to a high efficiency mixer just before passing into a
measurement flow cell. As the solutions flow through, a steady-state equilibrium is
established and the resultant solution 1s only a few miiliseconds old as it passes through the
cell. The mixed solution then passes into a stopping syringe, which then allows the flow to
be instantaneously stopped. Some of the resultant sotution will then be trapped in the flow
cell and as the reaction proceeds, the kKinetics can be followed using the appropriate
measurement technique. The most common method of following the kinetics is by
absorbance or fluorescence spectrometry, and in these cases the measurement cell is an

appropriate spectrometer flow cell.
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3.5.2

UV/ Visible Spectrophotometry

UV-Visible spectroscopy 1s a sensitive technique that can detect samples of low

concentrations and is usually applied to molecules and inorganic ions or complexes in

solution. The key components of a spectrophotometer (shown in Figure 3.4) are:

a source that generates a broad band of electromagnetic radiation:

a dispersion device that selects from the broadband radiation of the source;
a particular wavelength (a waveband);

a sample area and,

one or more detectors to measure the intensity of the radiation,

The light source is usually a hydrogen or deuterium lamp for UV measurements and a

tungsten lamp for visible measurements. The wavelengths of these continuous fight sources

are selected with a wavelength separator such as a prism or grating monochromator. Prisms

used are dependant on the region in which they absorb, with glass prisms being used for

the UV/ Visible region."”

Monochromator E;—\'
/1

//I Collimating
/ mirror

|
% ‘ +
/ !
/ |
/// | | Double-beain photometer
1y ! 1 Reference
Vs ] ' Reference compensator
4“% [ I toroid mirror
Rotatable ~\( Entrance | lexit mirror £ Reference
- sli( ( lan A b ¢ E LD oherical
ratin
i Selector grating n|am}a . . / ior
s mror .
Filter L op(icaN Reference / ;
/_/66u(_crium—g , L | \ , Chopper \
i el - AN back-up Beam \ :
L \\ Gﬂ““? Entrance Exit miror combiner\ :
) #Pere toroid  toroid : N :
mircor  mUTor
Tungsten \——:-—>—--—-—- ————— D Sample
Samp!c' Sample spherical
toroid compensator Sample mirros
mirror>. Mirror cuvetle - ' .
Figure 3.4: A_schematic diagram showing the different components of a UV-Visible

spectrophotometer."”
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When light passes through or is reflected from a sample, the amount of light absorbed is
the difference between the incident radiation (/,) and the transimitted radiation (/). The
amount of light absorbed is expressed as either transmittance or absorbance. Transmittance

usually is given in terms of a fraction of | or as a percentage and is defined as follows:

T=1/lor%T=(/1,*100) 3.73

Absorbance is defined as follows:
A=-logT 3.74

For most applications, absorbance values are used since the relationship between
absorbance and both concentration and path length normally is linear. The concentration of
the analyte in solution can be determined by measuring the absorbance at a specific

wavelength, and then applying the Beer-Lambert Law.

A=¢eCL 3.75
where A = optical absorbance
I3 = molar extinction coefficient

= concentration of the chromophore in mol / dm?

t~
i

path length in cm

For a simple ftrst-order reaction

K,
X Y
The absorbance at any time  will be expressed as follows

A, = exlX] +ey (Y] 3.76
Where A4,

absorbuance at any time, (.

&y & = molar extinction coclficient of X and Y.

the absorbance of the reaction upon contpletion would be given by
Ao = ex[X],+evfY], 3.77
where A = absorbance at the end of a reaction while [X], and [Y), = initial concentration of X

and Y respectively.
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The term required for kinetic analysis is represented purely by absorbances and is given by

e ) Ay = A } = k1 3.78
[k’]l AI - Aa.' }

Figure 3.5 shows the reaction profile for the substitution of H,O from
[{trans-Pt(H,O)(NH3)2}2-HaN(CH2)aNH2J(CiO4)s by TMTU (see Chapter 5). which has
been monitored over the wavelength range 330-460 nm. The rate constant for the reaction
can then be calculated using the least-squares fit of an observed absorbance versus time
trace at a specific wavelength where the largest change in absorbance over a period of time
can be seen. Temperature dependence data can be obtained by monitoring reactions at

various temperatures by thermostatting of the instrument.

0.6 - OeOaoTEs _
E ] O(I?QQO\;OO e i
05+ po"’ i o
1.35 5 4 6/ Absorbance versus ime at 365 nm
0.4 ' Fit. |®order exponential decay
1 g ] f Kops = 1 162 x 10745
1.08 - 57 4
3 4 .
i < o.z-q/
© 1/
o 0.81 ~
g
Ka)
5 4 T v T v T T T 1
.8 200 400 600 300 1000 1200
< (.54 H Time /s
0.27
0.00 4
I ! I ! T T ¥ ! I ! I
336 360 384 408 432 456
Wavelength / nm

Figure 3.5: UY/ Visible spectra for the substitution of H,O from [ftrans-Pi(H,0)(NH;)>};-
HON(CH ) NHHI(CLO )y by TMTU. [Pt] = 0.689 mM, [TMTU] = 68.9 mM, I =0.2

M (NaCl0,). Inset: The kinetic trace of absorbance versus time ar 365 nm and the

corresponding 1" order exponential decay curve, with the rate constant being

calculated as the inverse of ;.
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Chapter 4

Experimental: Synthesis & Kinetic Analysis of Dinuclear

Platinum"” Diamine-Brideed Complexes

All the reactions involving synthesis of the dinuclear platinum" diamine-bridged
complexes were performed in air unless otherwise stated. Characterization of these
complexes was achieved through the use of nuclear magnetic resonance (NMR)
spectroscopy, infrared (IR) spectroscopy and elemental analysis. 'H NMR spectra were
recorded on a Varian Gemini 500 spectrometer at 25 °C, referenced to the proton signal of
the solvent using transmitter presaturation of H,O resonance. Infrared spectra were
recorded as KBr discs on a Perkin Elmer Spectrum One FTIR spectrometer. Elemental
analysis was performed at the Institute for Inorganic Chemistry, University of Erlangen-

Niimberg, Ergelandstr. 1, Erlangen, Germany.

pK, determinations were petformed using a Jenway 4330 Conductivity and pH meter fitted
with a Micro 4.5 diameter glass electrode. All kinetic measurements were conducted under
pseudo first-order conditions. The wavelengths that were suitable for kinetic analysis were
initiatly determined wsing a Varian Cary 100 Bio Spectrophotometer with an attached
temperature-control unit. Subsequent kinetic measurements were performed using either 2
Varian Cary 100 Bio Scanning Kiretic Utility or an Applied Photophysics SX.18MV (v
4.33) stopped-flow system, both coupled to a temperature control unit and an online data

acquisition system. All data obtained was analysed using the software package, Origin

7.5%.

4.1 Synthesis _of Dinuclear _Platinum” _Diamine-Bridged

Complexes

The following reagents were used in the synthesis of the dinuclear p!atinum" complexes.
tran,s‘-diamminedic_h]oroplatinum“ (99%) was purchased from Strem Chemicals and used

as supplied. The following diamines; | 2-ethanediamine (99%), 1.4-butanediamine (99%)
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and },6-hexanediamine (98%) were all purchased from Aldrich and used without further
purification. [,6-hexanediamine was stored in a dessicator when not in use.
1,3-propanediamine (97%) was purchased from Fluka and used without purification. Silver
nitrate (AgNOs3, 99.99%) was obtained from Aldrich and stored under nitrogen. N N-
Dimethytformamide (DMF, Saarchem) and ethanot (EtOH. Merck) were purified via
standard methods prior to use.! Ultrapure water (Modulab systems) was used for all

aqueous reactions. All other reagents used were of the highest purity and used as supplied.

4.1.1 Synthesis of [{ trans-PtCI(NH,),} - H,N(CH) NH,]Cl, (where n = 2-4)

The complexes [{trans-PtCl,(NH3)2}2-HaN(CH2):NHR]ICly (1), [{rrans-PtCla(NH3)2}2-
H:N(CHL)3NHR]Cl, (2) and  [{rrans-PtCI:(NHs)2} 2-HoN(CH)WNH]Cly; (3) were  all

synthesized following the same general procedure adopted from literature.>?

';gCi——1|>t—Ct +  H,N(CH)NH, —1 <:|—1|>t—1r121‘1((:1-12)“m12 —)|’t-CI
. NH NH, NH, "

3

To a stirred suspension ofU‘ans-diamminedichloroplatinum” (0.500 g, 1.67 mmol) in H>O
(50 mi) was added dropwise, a half-equivalent of the appropriate diamine, viz. 1,2-
ethanediamine (0.050g, 0.837 mmol), 1,3-propanediamine (0.062 g, 0.832 mmol) and 1,4-
butanediamine (0.0734 g, 0.833 mmol). The resulting solution was then heated to ca.
50-60 °C for three hours whilst stirring, during which time all the mrans-
diaminedichloroplatinum" dissolves. The pale yellow solution was thereafter left to stir
overnight at room temperature. The resulting solution was fiftered and concentrated
in vacuo to ca. 2 ml. A large excess of ethanol was added to the filtrate to precipitate the
product as an off-white solid. The crude product was thereafter recrystallised by dissolving
it in a2 minimum amount of hot water and thereafter adding a large excess of ethanol to
precipitate the product. This process was repeated 2-3 times, until the product was found to

be pure.



Table 4.1: Characterization Data for Chloro-Substituted Complexes 1-3

1 2 3
C;:H;0NsCl4 Pt CiH»NCl Pty C,;H, N,Cl,Pt,
Yield 0.367 g (66%) 0.347 g (62%) 0.389 g (68%)
Elemental Analysis
% C
Calculated 3.62 5.34 6.98
Found 398 5.84 7.44
% H
Calculated 3.04 3.29 3.50
Found 3.13 3.46 3.47
% N
Calculated 12.63 (2.46 12.21
Found 12.69 12.51 12.20
IR (KBr) cm™
v(NH) 3300, 3159, 3087 3098 (br), 3162 3093, 3172
v(Pt-Cl) 340 320 337
NMR (H,0:D,0)* ppm
'H NMR 3.07 (m) 2.78,2.11 2.74 1.79
195py - 2415 - 2421 -2436.7

Designation: br = broad
Ratio. 90% H,O : {0 % D>0O
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4.1.2 Synthesis of [ftrans-PrCI(NH )} - HN(CH)NHLJ(NO), (5)

WH; AgNO, Tl, T NO;
CI—P1—C) 0.96equiv o p—pmF
l DMF |
NH, NH,
4)
/- H,N(CH,),NH,
Y
THJ THl—l (NOJ)Z
C[—Il’(—HzN(Cﬂz)éNHz—Ptha
NHJ (5) NHJ

To a stirred solution of rrans-diamminedichloroplatinum" (0.300 g, 1.000 mmol) in N,N-
dimethylformamide (DMF, 17 ml) at room temperature in the dark, was added dropwise
over three hours, a solution of silver nitrate (AgNO3, 0.165 g, 0.970 mmol} in DMF (3 mi).
Stirring was maintained for a period of eighteen hours and the resulting AgC! precipitate
was thereafter filtered through a 0.45 um nylon membrane filter using a Millipore filtration
apparatus. The resulting pale yellow solution (4) was used as the starting material for the
preparation of (5). Hexamethylenediamine (0.0581 g, 0.500 mmol) was added to (4) and
the solution was allowed to stir overnight at room temperature in the dark. The resulting
solution was thereafter filtered and taken to dryness on a rotary evaporator. The complex
was dissolved in water and filtered to remove any unreacted starting material and

recrystallized from H,O/ acetone 3-times until the product was pure.

Yield
Etemental Analysis;
Calc.for CsH4NgCl4Pty

Found

IR

4-4

0.254g (66%)

% C,9.37, % H, 3.67, % N, 14.56
% C, 9.69, % H, 3.22, % N, 14.56

v(NH) 3220, 3278 cm”!
v(Pt-Cl) 320 cm™



NMR : 'H : 2.68,1.69,1.38 ppm
9pt . 2416 ppm

4.2 Preparation of Complex and Nucleophile Solutions for

Kinetic Analysis and pK, Determinations

The neutral nucleophiles, thiourea (TU, 99%), 1,3-dimethyl-2-thiourea (DMTU, 99%) and
1,1,3,3-tetramethyl-2-thiourea (TMTU, 98%) were purchased from Aldrich and used
without further purification. Silver perchlorate (AgCiOs, 99.998 %) was also purchased
from Aldrich and stored under nitrogen prior to use. Perchloric acid (HCIOy, 10.6 M) and
sodium hydroxide (NaOH) were obtained from Saarchem and used without further

purification. Buffer solutions of pH 4, 7 and 10 were purchased from BDH chemicals.

4.2.1 Preparation of the Aqua-Metal Complexes

_ NH NH e NH NH, |[(CIO)),
CI*]Lt—J H,N(CH NH—v—ll’ _ a | Ao, _ )z 4
: U of t

P HLN(CH,), NI —E excess O TPH,N(CH,),NH,; Pt—OH,

NH, NH, NH, NH

3

where n =2-4

Tﬂj THJ I(N03)2 AgCI0 .THJ TH’ (C10,),
. . P
cu—Tt—H,N(CHz)GNH,—I{c—CI 199 equiv, HzO—Tt—HzN(CH,)ﬁNHZ—Tt—OHZ

NH, 5 NH, NH, NH,

Solutions of the aqua complexes were prepared by dissolving a known amount of the
chloro complex (1, 2 and 3) in 0.001 M perchioric acid and then adding a stoichiometric
excess (with respect to chioride) of AgClOy (150-200%).° The mixture was then stirred
overnight at 40-50 °C. The precipitated silver chloride was removed by filtration through a
0.45 um nylon membrane filter using a Millipore fiftration apparatus. The pH of the
solution was thereafter adjusted to ca 10-11 via the careful addition of 0.1 M NaOH. This
process resulted in the precipitation of a gelatinous brown solid, Ag,O, which was then

separated from the mixture by filtering it through a 0.45 pm nylon membrane. This



procedure was repeated to ensure that the removal of the brown Ag;0 precipitate had been
achieved. The pH of the resulting solution was adjusted to 2 by the careful addition of
perchloric acid (10.6 M). The colourless solution was thereafter diluted with 0.01 M
HCJO, solution to afford the desired complex concentration of 0.998 mM, 1.330 mM and

1.378 mM for the aqua analogues of complexes 1, 2 and 3 respectively.

A method used by Bugar&ic e al.” was used to prepare the aqua analogue of complex (5).
This entailed reacting a known amount of the chloro complex with 1.99 equivalents of
AgClOyq, in the presence of 0.01 M HCIOj. The solution was then heated to 40-50 °C, and
the temperature maintained for a period of 24 hours. The precipitated AgCl was removed
by filtration through a 0.45 pm nylon membrane filter using a Millipore filtration
apparatus, and the resulting solution made up to 0.991 mM using 0.0t M HCIO;. For all
investigations to be carried out the pH of the complex solutions were maintained at 2.0 and
the ionic strength was adjusted to 0.1 M by adding NaClO,. The use of an actdic medivm
ensured that only the aqua species were present in solution and not a mixture of both the

aqua and hydroxo species.

4.2.2 pK, Determinations

UV-Vis spectra for the determination of the pK, values were recorded on a Varian Cary
100 Bio Spectrophotometer. The pH of the solutions were recorded using a Jenway 4330
Conductivity / pH meter fitted with a Micro 4.5 mm diameter glass electrode. Calibration

of the electrode was achieved through the use of buffers of pH 4, 7 and 10 at 25 °C.

Preparation of the aqua complexes is described in Section 4.2.1. The starting concentration
of the complexes was 1.010 mM, 1.009 mM and 0.998 mM for the aqua analogues of
complexes 1, 2 and 3 respectively. Spectrophotometric pH titrations of the aqua complex
solutions, from pH 2-10 were performed using NaOH as the base. A large volume (100 ml)
of the complex solution was used so as to avoid absorbance changes due to ditution effects.
Initially, crushed peltets of NaOH were used to obtain a pH change from 2-3. All
subseguent pH measurements were obtained by dipping a needle into a saturated solution
of NaOH and thereafier into the complex solution. To avoid precipitation of KC1O4 within

the electrode the KClI solution was replaced with a 3 M NaCl solution. [t was found that if



the pH electrode was dipped into the test solution for a long period of time, it resuited in
the formation of the chloro complex. It was therefore necessary to take 0.6 ml aliquots
from the complex solution, which was then transferred into narrow vials for the pH

measurements. These were then discarded after each measurement.

The reversibility of the titration was also tested using aqueous solutions of perchloric acid.

The pK, values were thereafter determined using Eguation 4.1 to fit the points.

Abs=(K— (A 1K ]a+[ £ Jﬂ 41
K, +71) \K. +H"]

where H = the concentration of protons and can be expressed as 1077,

. ) .. . -pKu
K., = the acid dissociation constant and may be written as 10",
K = the fraction of {H' ] and [OH ] in solution with a maximum value of |and

a, B = the upper and lower limits of the absorbance values at the chosen wavelength

4.2.3 Preparation of Nucleophile Solutions for Kinetic Analysis

Solutions of the nucleophiles viz. TU, DMTU and TMTU, were prepared by dissolving an
appropriate amount of the nucleophile in a solution of constant ionic strength, 0.2 M
NaCiQy4. This solution was prepared by dissolving sodium perchlorate monohydrate
{(NaClO4.H,0, 56.2 g, 0.400 mmol) in 2 L of uitrapure water to afford a solution with a
final concentration of 0.2 M. The ClO; anion does not coordinate to Pt"| therefore, the
substitution reactions of platinum complexes was not going to be affected by the presence

of this ion.

The nucleophile solutions were prepared by dissolving a known quantity of the appropriate
nucleophile in 100 m! of the constant ionic strength solution (i.e. 0.2 M NaClOy) to afford
a concentration that was approximately 100 times greater than that of the metal complex.
Subsequent dilution of the stock nucleophile solution at constant tonic strength afforded a
series of concentrations, in the order of 20, 40, 60. 80 times the concentration of the metal
complex. These concentrations were chosen so as to maintain pseudo first-order
conditions, and the concentration of the nucleophife was in at least ten-fold excess with

respect to each of the platinum-bonded chlorides.
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4.3 Preliminary Kinetic Investigations

Initial studies using UV/Visible spectrophotometry were conducted, in order to ascertain
the wavelength at which kinetic analysis could be performed. Equal volumes of both the
complex and nucleophile solution were injected into separate compartments of a tandem
quartz cuvette. Care was taken to prevent premature mixing of the solutions. The solutions
was thereafter allowed to equilibrate at 25 °C in the spectrophotometric chamber for a
period of 10 minutes, prior to the initial spectrum being recorded over a wavelength range
of 190-800 nm. A second spectrum was recorded once the solutions were thoroughly
mixed. Subsequent scans were recorded at three-minute intervals until no further changes
could be observed in the absorption spectra. This was an indication that the reaction had
reached completion. The preliminary study allowed for the determination of the
wavelength at which kinetic studies could be performed in the stopped-flow and also
provides an indication of the time scale for the reactions. Reactions that reached
completion in sixteen minutes or less were within the stopped-flow range, whilst those
requiring more than sixteen minutes to reach completion were performed using the Cary

100 Bio Scanning Kinetics Application.

4.4 Kinetic Study using Stopped-Flow Spectrophotometry

The rate constants and activation parameters for substitution reactions requiring less than
sixteen minutes to reach completion were determined using a stopped-flow apparatus. This
was followed for the reaction involving [ {rrans-Pt(H20)2(NHs),} 2-HaN(CH2):NH3}(ClO4)4

with TU as the nucleophile.

The wnstrument tamp (150W Xenon Arc Lamp) was atlowed to warm for an hour prior to
analysis. Sample syringes and the reaction chamber were rinsed thoroughly with water and
0.1 M NaClO, solution. Once washing was complete, both sample syringes were then
filled with 0.1 M NaCJO, solution and allowed to equilibrate at 25 °C, and the instrument
subsequently blanked at the chosen wavelength where the absorbance change was most
noticeable. The sample syringes were then rinsed with the appropriate solutions (i.e. either
the metal complex or the nucleophile solution) and allowed to equilibrate at the desired

temperature.
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The substitution reactions were initiated by injecting equal volumes of the metal complex
and appropriate nucleophile solution, into a mixing chamber using nit rogen pressure
(800 kPa) to drive the syringe pistons. The progress of the reaction was monitored
spectrophotometrically. Once an accurate time-scale for the completion of each reaction
had been established, consecutive measurements were automatically performed; the
number of runs performed were dependant on the reproducibility of the data obtained. In
all cases, all reported rate constants represent an average value of at least eight kinetic runs

for each experimental condition.

All kinetic measurements were best described using a single exponential equation (with the
exception of the reaction between DiPtEn-Aqua + Tu which exhibited second order

kinetics, hence a second order fit was used to calculate the observed rate constant, kups.

The observed pseudo firsi-order rate constant, k., was calculated using the online non-

linear feast-squares fit of exponential data to Equation 4.2.
‘A/ = Au + (141) - Aoo)exp(-kuh_r’) 4 2

where A, A, and A, represent the absorbance of the reaction mixture initially, at time t and

at the end of the reaction respectively.

The dependence of the rate constant on the concentration of the incoming nucleophile was
performed in this manner for all concentrations, whilst maintaining the temperature at 25
°C. The rate constant, k», for the reaction of each metal complex with a particular
nucleophile was obtained from the linear regression of a plot of ks versus concentration of

the nucleophile using Origin 7.0%, a graphical analysis software package.

A similar approach was used to determine the dependence of the rate constant on
temperature, with the nucleophile concentration been held constant at 100 times the
concentration of the metal complex, whilst varying the temperature from 20-40 °C in 5 °C
intervals. Studies conducted for the concentration dependence study revealed no reverse
reaction with water, since all plots of ks versus nucleophile concentration were found to
pass through zero, therefore a single nucleophile concentration at 50 times that of the metal

complex was chosen for the temperature dependence study. Application of the Eyring



equation to values obtained from the slope and intercept of a plot of In (k»/ T) versus I/T

(where k3 = k,»/[Nu)) afforded the activation parameters AH”and AS™ respectively.

4.5 Kinetic Study using UV/Visible Spectrophotometry

Substitution reactions reaching completion after sixteen minutes viz. frans-
[{Pt(H,0)2(NH3)2}2-H2N(CH,),NH;](ClO4)s + Nu (Where Nu = DMTU and TMTU) and
trans|{Pt(H,0),(NH3)2}2-HoN(CH,)NH}(CtO4)4 (where n = 3, 4 and 6) + Nu (where
Nu = TU, DMTU and TMTU) were spectrophotometrically monitored using a Cary 100
Bio UV/Visible spectrophotometer, equipped with a Varian Peltier temperature controller

and coupled to an on-tine Kinetics application.

An approximate time of one hour was allowed for the instrument tamps, i.e. UV deuterium
(D2) tamp and a Visible QI lamp, to warm up. The instrument was thereafier blanked using
an appropriate blanking solution (i.e. 0.1 M NaClOq) at 25°C at the wavelength where the
most noticeable change in absorbance was observed (see Section 4.3). Equal volumes of
the metal complex and the nucleophile solution were injected into two separate
compartments of the tandem quartz cuvette (Path Length = 0.8 cm), with precaution taken
10 prevent premature mixing of the solutions. The solution was then allowed to equilibrate
at the required temperature for a period of approximately ten minutes. The substitution
reactions were then monitored for the time-period that had already been established during
the preliminary investigations. and were initiated by thorough mixing of the solutions of
the metal complex and nucleophile solution before the on-hne timer reached 0.00 s. The
on-line timer system, allows the user a maximum of 120 s to mix the solutions thoroughty,

i.e. the metal complex and the nucleophile, before acquiring an initial scan.

Kinetic parameters, viz. k> AH"and AS™ were calculated using the same procedure as

outlined in Section 4.4.
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Chapter 5

Results and Discussion

5.1 Synthesis and Characterization of the Dinuclear Platinum”

Complexes

The complexes [{trans-PtCl,(NH;).}2-HaN(CH2)NH,[Cly (1), [{trans-PtCly(NH;);}2-
HaoN(CH,)3NH3Ch (), [{trans-PtCly(NH;)2}2-HaN(CH)sNHLICl,  (3) and  [{trans-
PtCEH(NH;),} -HaN(CH2)sNH2(NO3)2 (5) (Figure 5.1), hereafter referred to as DiPtEn-
Chloro, DiPtProp-Chlore, DiPtBut-Chloro and DiPtHex-Chloro respectively, were

readily synthesized using established fiterature procedures.’™

TH3 TH3 —| %"
Cl—Pt—H,N(CH,), NH,—Pt—Cl

NH NH

3 3

Where
n =2 (DiPtEn-Chloro); 3 (DiPtProp-Chloro); 4 (DiPtBut-Chloro) and 6 (DiPtHex-Chloro)

X = Cl(for n=2-4); NO; (for n=26)

Figure 5.]: Structural formula of the complexes utilized in the current study.

The complexes, DiPtEn-Chloro, DiPtProp-Chloro and DiPBut-Chloro were synthesized
following the method of Farrell er al. "2, whereby the reaction of one equivalent of frans-
dichlorocliammineptatinum" with a half equivalent of the respective diammines at 50-60
°C afford the title complexes in moderate yields (50-60 %). These complexes precipitated
as off-white solids and were collected by filtration and thereafter recrystallised using

water/ethanol.

Characterization of these complexes was achieved through the aid of infrared
spectroscopy, nuclear magnetic spectroscopy and elemental analysis. The IR spectra,

recorded as KBr discs, showed strong v(N-H) stretching bands in the 3300 — 3100 cm”'
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region, for DiPtEn-Chloro, DiPtProp-Chloro and DiPtBut-Chloro. v(Pt—Cl) stretching
bands were also observed at 340, 320, 337 cm™ for DiPtEn-Chlora, DiPtProp-Chloro
and DiPBut-Chloro respectively. Elemental analysis for carbon, hydrogen and nitrogen

were found to correlate well with the expected values.

The synthesis of DiPtHex-Chloro was achieved using a slightly different approach.”* One
equivalent oftrans-dichlorodiammineplatinum” in dimethyl formamide (DMF) was treated
with 0.99 equivalents of silver nitrate (AgNOs) to afford the intermediate species, trans-
[PtCI(NH;)2(DMF)Y(NOs). The DMF moiety was then selectively displaced upon the
addition of 0.45 equivalents of 1,6-hexanediamine to afford the desired diplatinum
complex, [{trans-PtCI(NH3),}2-HaN(CH2)NH2]J(NOs), (DiPtHex-Chloro). The complex
precipitated as an off-white solid and was collected by filtration and thereafter
recrystallised using water/acetone. DiPtHex-Chloro was characterized using infrared
spectroscopy, nuclear magnetic resonance spectroscopy and elemental analysis. Data
obtained from the infrared spectra showed stretching frequencies in the 3100 — 3300 ¢cm™
region assigned to the v(N-H) stretching frequency and at 320 em’” assigned to the v(Pt-
Ch) stretching band. Elemental analysis was found to be in good agreement with the

calculated values.

The aqua analogues of the DiPtEn-Chloro. DiPtProp-Chloro and DiPBut-Chloro
complexes, hereafter referred to as DiPtEn-Aqua, DiPtProp- Aqua and DiPBut- Aqua
respectively, were easily achieved using the method of Hofmann and van Eldik.’ A known
amount of the chloro complex was dissolved in 0.001 M perchloric acid and reacted with a
stoichiometric excess (with respect to chloride) of AgClO4(150-200 %) at 40-50 °C for a
period of twenty-four hours. The precipitated silver chloride was removed by filtration
through a 0.45 wm nylon membrane filter using a Millipore filtration apparatus. The pH of
the solution was adjusted to ca 10-11 through the addition of 0.1 M NaOH, resulting in the
precipttation of brown Ag,O, which was removed from the solution by filtration. The pH
of the sotution was adjusted to 2 by the careful addition of concentrated perchloric acid
(10.6 M). The procedure was twice repeated to ensure complete removal of excess silver.
The clear, colourless filtrate was thereafter made up to the desired concenirations with
0.01 M perchloric acid. The use of an acidic solvent (HCIO4, 0.01 M, pH = 2) was
necessary to ensure that only the aqua complex, and not a mixture of both the aqua and

hydroxo species was present in solution.
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The aqua analogue of DiPtHex-Chloro was prepared using the procedure outlined by
Burgardi& er al.® One equivalent of the chloro complex was reacted with 1.98 equivalents
of silver perchlorate (AgClO;4) in 0.01 M HCIOj. The resulting solution was warmed to
approximately 40-50 °C and maintained at this temperature whilst stirred for a period of
twenty-four hours after which time the resulting white precipitate of AgCl was removed by
filtration, through 2 0.45 pum nylon membrane filter using a Millipore filtration apparatus.
The resulting clear, colourless solution of DiPtHex-Aqua was thereafter made to the
required concentration with 0.01 M HC)O4. The use of an acidic medium ensured that only
the aqua species were present in solution and not a mixture of both the aqua and hydroxo

species.

5.2 Computational Analyses

The investigated complexes, DiPtEn-Aqua, DiPtProp-Aqua, DiPtBut-Aqua and
DiPtHex-Aqua, were modeled using computational techniques in order to assist in
explaining any kinetic trends that would be observed and to determine how the molecular

structures of the complexes are likely to influence the reactivity of the metai centres.

The complexes were all modeled as cations with a +4 charge using the computational
software package Spartan® *04 for Windows® using B3LYP density functional method
(DFT) and the LACVP+"" pseudopotential basis set. The geometry-optimised structures are

shown in Figure 5.2.
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DiPtEn-Aqusa DiPtProp-Aqus
|{trans-PYOH,)(NH;),}, - HN(CH,),NH,]*" [{frans-POR,)(NH;),}, - H,N(CH,);NH,|*

: DiPtBut-Aqua DiPtHex-Aqua
| [{trans-POH:;)(NHy),}s — FuN(CB,).NH,|* | {trans-Pt(OH,)(NHs),}, - HoN(CHo)NH, [

Figure 5.2: Geomeltry optimised structures of complexes DiPiEn-Aqua, DiPtProp-Agua,
DiPtBuit-Aqua and DiPtHex-Aqua.

The electron density distribution about the complexes was also plotted and is shown in

Figure 5.3.
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DiPtEn-Aqua DiPtProp-Aqua
[{trans-P(OH,}NH;):}, — HyN(CH,),NH, < | {trans-Pt(OH,)(NH;),}; — H;N(CHo);NH,)

DiPtBut-Aqua DiPtHex-Aqua

[{trans-Pt(OH,)(NH3),}, — HiN(CH)NH, [+ [{trans-Pt(OH,)(NHy),}, — HiN(CH,)eNH; ] *

Figure 5.3: Electron density distribution about each of the investigated complexes. The blue

regions indicate the most electropositive areas whilst the red regions indicate the

most electronegative areas.

From the modeled structures, bond lengths and bond angles were obtained and are given in
Table 5.1. In addition the HOMO (Figure 5.4) and LUMO (Figure 5.5) structures of the

complexes were determined and their energies calculated (Table 3.2).
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Summoary of selected bond lengths and bond angles for each of the investigated

Table 5.1:
complexes obtained from geometry optimization studies using the
B3LYP/LACVP+" level of theory.

i Dinuctear Platinum" Complexes
DiPtEn-Aqua | DiPtProp-Aqua | DiPtBut-Aqua | DiPtHex-Aqua
Pt—OH,/ A 2.107 2.117 2.124 2134
Pt—trans N'/ A 2.125 2.105 2.093 2.084
Pt—cis N7 /A 2.109 2.107 2.101 2.105
cis N—Pt—cisN'/° 172.73 173.57 174.01 174.60

Y trans to the leaving group, i.e. OH,. " cis to the leaving group, i.e. OH,

| on the side of H,0

DiPtProp-Aqua
[{trans-Pt(OH,)(NH,),}; — H;N(CH,),NH,|*

DiPtEn-Aqua
[{trans-P{OH}(NH;),); - H,N(CH,),NH,]*

DiPtBut-Aqua
| {trans-PH(OH;)(NHs),}; - H;N(CH,)NH, ]

DiPtHex-Aqua
[{trans-Pt(OH,XNH; )}, — HoN(CH,)NH, |

Figure 5.4:

DFT-calculated (B3LYP/LACYP"™) HOMO'’s for the investigated complexes.
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DiPtEn-Aqua DiPtProp-Aqua
[{trans-Pt(OH;)(NH;),}; — HoN(CH,),NH, |+ |{trans-Pt{OH,(NH;),}; — H,;N(CH,);NH,

DiPtBut-Aqua DiPtHex-Aqua
|{trans-Pt(OH,)(NH,),), — HoN(CH,) NH, ]+ [{trans-Pt(OH,}NHs):), — HyN(CH,)NH, [

Figure 5.5:  DFT-calculated (B3LYPAACYVP "LUMO’s for the investigated complexes.

To understand the importance of the HOMO-LUMO gap, energy level diagrams showing

the interactions are illustrated in Figure 35.6.

HOMO

{ energy gain energy gain

Figure 5.6:  Energy level diagrams illustrating the interactions between the HOMO and
LUMO orbitals.

The diagrams show two interactions that result into two different energy gaps. The smaller
the gap the greater the interaction between the orbitals. This energy gap was determined

for the complexes investigated and the outcome is tabulated in Table 5.2.
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Table 5.2: Summary of the HOMO and LUMO values obtained for each of the investigated

complexes from geometry optimization studies using the B3LYP/LACVP+" level

of theorp.
Complex HOMO / eV LUMO / eV AE /eV
DiPtEn-Aqua -19.62 -14.74 4.88
DiPtProp-Aqua -19.06 -14.04 5.02
DiPtBut-Aqua -18.58 -13.49 5.09
DiPtHex-Aqua -17.90 -12.76 5.4

Figure 5.7 shows the linear correlation between chain length and the energy gap between
HOMO and LUMO orbitals. The onlty complex that does not adhere to this correlation is
DiPtEn-Aqua, which is probably a result of the stronger interaction between the metal

centres due to the shortness of the backbone chain joining them.

AE [ eV
w
o
(=
H

] T T T T T T )
DiPtEn-Aqua DiP1Prop-Aqua DiPiBui-Aqua DiPtHex-Aqua
Complex

Figure 5.7: The linear correlation between chain length and the energy gap between HOMO
and LUMO orbitals.
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From the data tabulated in Table 5./, it can be observed that upon increasing the length of
the diamine chain, the Pt-OH, and Pt-trans N bond lengths are most affected, with the
bond lengths increasing and decreasing respectively. The process of increasing the chain
length increases the electron density around the trans-atom to the platinum through the
inductive process, which is equal in both directions. This is supported by an equal decrease
and increase of the bonds at the platinum centre. The increase in o-donor capacity at the
trans-donor atom results in the shortening of the Pt-N bond length rrans to the H,O

molecule, and consequently a lengthening of the Pt-H,O bond length.

The frontier orbital energies in Table 5.2 show a clear increasing trend along the series as
shown in Figure 5.8. This results in the energy gap (Epomo-Erumo) increasing from

DiPtEn-Aqua to DiPtHex-Aqua.

LUMO
-13.0 1

-14.3 o

-15.6 1

E/eV

-16.9

1 HOMO
-18.2 4

-19.5 1

— T T ’ T T °
DiPtEn-Aqua DiPtProp-Aqua DiPiBut-Aqua DiPtHex-Aqua

Complex

Figure 5.8: The energy values of the HOMO and LUMO orbilals for the dinuclear platinum

complexes.

The increase in energy is in line with the expectation, since electron donating groups are
known to raise the energy of a molecular orbital, unlike electron withdrawing groups’'®,
which lowers the energy. This means as one increases the CH, groups, the substitution

reactions should be expected to be slower due to the increasing energy gap. '°
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5.3 Kinetic Analyses

The complexes, DiPtEn-Aqua, DiPtProp-Aqua, DiPtBut-Aqua and DiPtHex-Aqua,
were synthesized largely in an effort to determine the manner in which the bridging

diamine linker might influence the reactivity of the metal centre.

Prior to any nucleophilic substitution processes being investigated, the pK, of each of the
coordinated water moieties were initially determined. This not only served as a means of
determining pH conditions for subsequent kinetic anatyses, but also provided initial clues
in determining how the increased chain length of the diamine linker might affect the

substitution processes at the metal centres.

5.3.1 pK, Determinations

The pH titrations of the complexes were carried out in agueous solution over the pH range
of 2-10 as described in Section 4.2.2 at 25 °C. The initial concentrations and the

corresponding pK, values obtained for the complexes are given in Tuble 5.3.

Table 5.3: Summary of the pK, values oblained for the investigated dinuclear platinunt'’
complexes.
Initial Concentration
Complex PK,
(mM)

DiPtEn-Aqua [.01 4.98 4 0.09
DiPtProp-Aqua 1.01 530+0.12
DiPtBut-Aqua 1.00 5.50 + 0.02
7DiPtHex—Aqua”"" 5.45 5.62 £0.03

Data obiained from literature.
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A typical example of the spectral changes observed during the pH titration is shown in
Figure 5.9 and the overall process involving the dissociation of the aqua complex may be

represented by Scheme 5.1.

A |
) F 1A04-‘ '/i./y_ -
a
08+ | 0,91 /
. ] "
-‘ § 0,784 u/
£
0.6 8 065 /
n o
, < 7
= 4
«
)
S
2 044
<
0.2 —
0.0 —

Figure 5.9: UV/Vis Spectra obtained for DiPtBut-Aqua as a function of pH in the range 2-

10 at 25 °C. Inset: Corresponding pK, graph at 280 nm.

4+
[H,0-Pt,-L-P1,-OH,]" + 2H,0

Kal

3+ +
[HO-P¢,-L-Pt,-OH,)” + H,0 + H,0

Ka?

[HO-Pt-L-Pt,-OH]"" + 2H,0"

Scheme 5.1: A general representation of an acid-base equilibria.
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The observation of isosbestic points during the titration is a clear indication that both the
hydroxo and aqua species were present in solution. The reversibility of the titration was
also tested using agueous sofutions of perchloric acid. The pK, values were thereafter

determined by the fit of Equation 4.1 (Section 4.2.2) to the data obtained.

For the complexes, DiPtEn-Aqua, DiPtProp-Aqua and DiPtBut-Aqua, only one pK,
value was obtained, similar to that obtained by Davies ez al'""? for DiPtHex-Aqua. From
the results obtained, it can be observed that the pK, value increases with increasing
diamine chain length. This phenomenon is in fotal agreement with the computational
calculation. The lengthening of the chain increases the electron density around the
platinum centre through an inductive effect. The net result is the shortening of the bond
tength trans to the H,O molecule. Since the electron density around the Pt atom increases
with increasing chain length, the c-bond interaction between the Pt-OH, becomes weaker
resulting in the Pt-O bond length becoming longer i.¢. the HyO becomes more labile. This
means that the O-H bonds become increasingly more difficult to break resulting in higher

pK,'s. This observation is in agreement with what is in literature.™"

1t has been shown that the pK, value obtained for the coordinated water moiety at the
platinum” centre is a good indicator of the electrophilicity of the metal centre.”* Electron
withdrawing m-acceptor effects tends to stabilize the electron rich hydroxo species in
comparison to the aqua species and result in lower pK, values.”® Altematively, the pK,
value increases if the o-donor capacity of the ligand trans to the aqua moiety is enhanced. 12
Thus, as the length of the bridging diamine chain increases from 2 to 6, so oo does the
effective 6-donor capacity due to the greater number of CH, groups resulting in an increase

in the pK, value as already explained.

Interestingly, the dinuclear complexes studied by Hofmann and van EMdik’® (Section 2.6),
displayed two deprotonation steps whereas in the case of the 1,1/t,t and 1,1,0/t,t

”"2, no differentiation between the pK, value of the

complexes (Section 1.6, Figure 1.21)
first and second deprotonation steps could be made. [n addition the order of magnitude of
the pK, values in this study is opposite to that reported in literature” when comparing only
the propane and butane chains. This difference is likely to be due to the ligand system

around the platinum metal.
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5.3.2 Nucleophilic Substitution Reactions

The rate of substitution of the coordinated aqua moieties from the dinuclear platinum”
complexes, DiPtEn-Aqua, DiPtProp-Aqua, DiPBuf-Aqua and DiPtHex-Aqua by a
series of neutral nucleophiles (Figure 5.10), viz. thiourea (TU), 1,3-dimethyl-2-thiourea
(DMTU) and 1.1,3,3-tetramethyl-2-thiourea (TMTU) was investigated as a function of
concentration and temperature under pseudo first-order conditions by monitoring the
substitution reactions using either conventional stopped-flow techniques or UV/Visible

spectrophotometry.

' S S
S H )J\ H H.C )J\ CH
~ N/ 3 \T T/ k]

HN" ~NH CH, CH CH, CH,

TU DMTU T™TU

Figure 5.10:  Structural formulae of the nucleophiles utilized in the study viz thiourea (TU},
1,3-dimethyl-2-thiourea (DMTU) and 1,1, 3,3-tetramethyl-2-thiourea (TMTU).

Reactions involving DiPtEn-Aqua were fast enough to be monitored using stopped-flow
technigues whilst the other reactions involving the other complexes were followed using
the UV-Visible spectrophotometer. The kinetic traces obtained using these two methods

are shown in Figures 5.1] and 5.]2 respectively.
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It was initially anticipated that the complexes investigated would all exhibit second-order
kinetics due to the presence of the two labile agua moieties. As such, all kinetic traces
obtained were initially fitted using a non-linear curve fit on Origin 7.5® using a second-
order exponential decay function (Equation 5.1).

“hexe) Aze('(N'X.J/(:) 5}

Y=y, + A,e"
It was found however that only the reaction between DiPtEn-Aqua + TU exhibited
second-order kinetics and a double exponential fit (Scheme. 5.2) had to be used to fit the

observed time dependant spectra (Figure 5.13).

[H,0-Pt,-L-Pt,-OH,]* + 2H,0

+Tu |4k,

[Tu---Pt,---L---Pt,---OH,]**

+Tu |4,

[Tu-Pt,-L-Pt,-Tu]**

Scheme 5.2:  Reaction scheme _illustrating the mode of substitution of the aqua species from

the dinuclear platinum’' species exhibiting second-order kinetics.
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Figure 5.13:  Fit of a second-order exponential for the reaction of DiPtEn-Aqua (0.499 M)
with thiourea (50 X, 49.90 mM) followed at 340 nm, I = 0.2 M NaCiQ,, T =

298I K.

The observed rate constants, kopr obtained hereafier were plotted against the
concentration of the entering nucleophile (TU). A tinear dependence on the nucleophile
concentration was observed for this reaction. The corresponding plot obtained for the
reaction of DiPtEn-Aqua + Tu is shown in Figure 5.14 for koser and Aopss. The results

obtained imply that k.. 2 may be expressed as follows:

Kopir = Ky Nul 5.2

where k) represents the second-order rate constanis.
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Figure 5.14:  Plots of K1 5 versus [Nuj for the reaction of DiPtEn-Aqua (0.499 mM) with TU
at 298.15 K.

Since no meaningful intercept was obtained, it was concluded that the reverse reaction
mvolving water was too slow to make a significant contribution on the k512 values or
was completely absent. A difference of approximately 15 times was observed between the
values of the second-order rate constants, k; and k> obtained. This distinction between k;
and k, was however, only observed for the reaction of DiPtEn-Aqua with TU as the

nucleophile.

Reactions of the remaining complexes, DiPtProp-Aqua, DiPtBut-Aqua and DiPtHex-
Aqua with all nucteophiles and DiPtEn-Agqua with the DMTU and TMTU were found to
be first-order with respect to the incoming nucleophiles and gave excellent fits to a single

exponential, a process that can be represented by Scheme 3.3

[H,0-Pt,-L-Pt,-OH,)* + 2Tu

K,

[TU-~Pt --L--Pt,~-TUJ* + 2H,0

Scheme 5.3:  Reaction scheme illustrating the mode of substitution of the aqua species from

the dinuclear platinum’ species exhibiting firsi-order kinetics.
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The pseudo first-order rate constants ks was plotted against the concentration of the
incoming nucleophiles. Once again, a linear dependence with no meaningful intercept was

obtained. Therefore, ks can be represented by Equation 5.3.

kob,( = k2 [Nu’] 53

Representative plots of the second-order rate constants, k, obtained from those reactions
exhibiting first-order kinetics are shown in Figure 5.15. The values of the second-order
rate constants, ky, which results from the direct attack of the nucleophile were obtained

from the slopes of these plots at 298.15 K and are summarized in Table 5.4.

0.00325 ~ Tu

0.00260 -

0.00195
"o DMTLU
s |
-

0.00130{

0.00065 -

T™MTU

0.00000 T T
0.000 0.015

T

1 v -1
0.030 0.045 0.060 0.075

Figure 5.15:  Plots of ks, versus [Nul for the reaction of DiPtBut-Aqua (0.689 mM) with a
series of nucleophiles viz. TU, DMTU and TMTU at 298.15 K.
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Table 5.4: Summary of rate constants and their corresponding standard deviations for the

displacement of the coordinated water molecules by TU, DMTU and TMTU;
[=0.2 M (NaClO,), T=298.15 K.

Nucleophile K/ 102 M

DiPtEn-Aqua  DiPtProp-Aqua DiPtBut-Aqua  DiPtHex-Aqua

TU 5029.24 + 0.01 70.] £ 1.0 4441 0.6 31202
(335.6 £ 7.5)

DMTU 131.78 £0.01 33.7=0.1 23.1+04 17.1 £ 0.1

TMTU 723+0.12 233 £0.02 1.61 +0.02 1.01 £0.02

The temperature dependence of the rate constant, k> was studied over the range of 15-35 °C
or 20-40 °C depending on the reactivity of the complex. A typical plot obtained is
iltustrated in Figure 5.16. The corresponding activation parameters were calculated using

the Eyring equation (Chapter 3, Equation 3.76) and are tabulated in Table 5.5.

Second-order rate constant, k;, calculaied for the second substitution step.
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Figure 5.16:  Plots of In(kyT) versus /T for the reaction of DiPtHex-Aqua with a series of

nucleophiles viz. TU, DMTU and TMTU at various temperatures, whilst keeping

the nucleophile concentration constant arf ca. 50 X greater than that of the metal

complex.
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Table 5.5: Summary of activalion parameters and the corresponding standard deviations

for the displacement of the coordinated water molecules by TU, DMTU and
TMTU; 1=0.2 M (NaCIO,).

Complex Nucleophile AH” (kJ mol™) AS* (JK' mol™)
48.7+ 6.} 676+ 199
i - TU
DiPtEn-Aqua (487 1.1)" (69.4+3.8)"
DMTU 458+2.5 108 + 8.4
TMTU 599428 82.1£95
DiPtProp-Aqua TU 382+15 -138+5
DMTU 387422 -144£7
TMTU 54.6+2.3 1138
DiPtBut-Aqua TU 49.1£1.6 -107+5
DMTU 55.7+1.5 90.5 +4.9
TMTU 60.6 % (.7 95.6 £5.6
DiPtHex-Aqua TU 56.5+0.6 -84.6 £ 1.8
DMTU 61.6%0.5 724 1.7
TMTU 64.1 £ 1.1 -87.5 £3.6

Caleulated activation parameters (AH and AS?) Jfor the second substitution step.

5-21



5.4 Discussion

What has the study achieved? It has shown that the pK, value for the coordinated water
increased with increasing length of the diamine linker as seen in Table 5.3. This trend is
supported by the computational calculations on the Pt-OH, bond iength, which were also
found to increase as the distance between the two platinum atoms was increased. One can
infer from this that the water molecule becomes more labile with the increase of the

diamine linker.

The lengthening of the Pt-OH; bond can be accounted for, by looking at the bond trans to
the water molecules. The theoretical calculation shows a decrease in length of this bond. It
can therefore be concluded that there is a net increase in c-donicity toward the platinum
cenire ie. the well-known trans-effect is influencing the basicity of the complex by
promoting ground-state destabilization. This s manifested in the elongation of the M-OH,
bonds trans to the o-bound nitrogen atom of the diamine linker. This observation is
probably the same with that observed for metal-halide and metal-water trans to the ¢-

13,14
bound carbon atom. ™

The reactivity of these di-platinum complexes were determined and found to be dependent
on the length of the diamine linker as well. Looking at the pK, values and the HOMO-
LUMO energy gap, it is reasonable to expect the reactivity of these complexes to decrease
from DiPtEn-Aqua to DiPtHex-Aqua.”'® This was indeed found to be the case. From the
bond length of M-OH; one would have expected the trend to be in the opposite direction
due to the lability of the water molecules as indicated by the theoretical calculation.
However, this is contrary to the result obtained. The interpretation of this is that, whilst the
trans-effect is operational in these molecules and increases from the En to the Hex ligand,
it does not appear to be the controlling factor. [t is obvious, that the rate of substitution
increases due to either ground-state destabilization or transition state destabilization. In this
case destabilization of the ground-state does occur as supported by the computational
calculations of the M-OH; bond lengths which have been shown to increase with an
increase in the length of the linking chain. In addition to this effect, the shortening of the
Pt-N bond in the Irans position to the water molecules results in destabilization of the

transition state. This is thought to be due to the increase in o-donicity to the metal centre.
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This decreases the electrophilic character of the metal centre with a net effect of repelling
the incoming nucleophile. In this case it is most likely that the two effects play a

simultaneous role, with the latter probably being more dominant.

The retardation on the rate of substitution from DiPtEn-Aqua to DiPtHex-Aqua can also
be attributed to steric hindrance around the Pt centre. Analysis of the geometry-optimized
structures tends to suggest that as the chain length of the diamine linker increases, 5o too
does the flexibility of the complex. It would appear that as the CH; groups are increased,
the number of rotations about these bonds increases leading to a greater number of possible
conformers for the diplatinum complexes. This increased flexibility consequently eads to a
greater degree of steric influence and in all probability do directly influence the path that
the incoming nucleophile adopts in approaching the metal centre. If it is assumed that these
complexes from DiPtProp- Aqua can fornmn curvature in solution, it becomes obvious that
the axial attack from one side will be greatly reduced. It is most likely that this steric
hindrance by itself may account for a bigger percentage of the factors influencing the

reactivity of these complexes.

ln comparing the reactivity of the aqua complexes in Table 5.4, it can be summarized that
the substitution behaviour of the complexes clearly depends on the length of the diamine
linker. The increasing of the CH» group increases the o-donicity around the platinum
centre, as reflected by the shortening of the Pt-N bond length and higher pK, for the
ionisation of the aqua ligand. This results in a net decrease in the electrophilicity at the
metal cenire. In addition, increasing of the CH: unit increases the flexibility of the
complexes, resulting in increased steric hindrance. Both these factors contribute towards

the decrease in the rate of substitution of the coordinated water molecule.

Substitution reactions with sterically less hindered thiourea (Tu) is about 107 times faster
for DiPtEn-Aqua when compared to the other complexes. The reason for the observed
trend across the complexes has been accounted for, what requires explanation is the big
difference between DiPtEn-Aqua and the other complexes. The reason for this erhanced
reactivity is due to the interaction between the two Pt centres, apart from all other factors,
which are also operational. This is strongly supported by the fact that this was the only
complex where absolute values of k; and k;could be differentiated. The findings compare

well with Farrell’s'! study involving 1,1/t,t where there was no measurable difference in
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the coordinated water and decreases the electrophilicity of the metal centre. Other factors
that slow down the rate of substitution is the increasing steric hindrance due to the
flexibility of the complexes as the chain becomes longer. it is also observed that when n >
3. the Pt--Pr interactions diminishes, and it is not possible to distinguish the two rate
constants. The associative substitution mechanism remains operational in all the systems
investigated. This study has shed some light in trying to understand the influence of the
linker backbone on the binuclear complexes with regards to folding abilities, Pt--Pt

distance and interactions.
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Appendix A

Table Al: Summary of the pK, values obtained for the deprotonation of the aqua complexes

of DiPtEn-Aqua, DiPtProp-Aqua and DiPtBat-Aqua.

Complex

DiPtEn-Aqua | DiPtProp-Aqua | DiPtBut-Aqua

pK, 4.98 530 5.50

Absorbance
g
[\ ]
[» )
1

T ™ L g T -

T T T T
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Y v T
240 270

Figure Al: UV/Vis Spectra obtained for DiPtEn-Aqua as a function of pH in the range 2-10

at 25 °C. Inset: Corresponding pX, graph at 280 nm.
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Figure A2: UV/Vis Spectra obtained for DiPtProp-Aqua as a function of pH in the range 2-

10 at 25 °C. Inset: Corresponding pK, graph at 280 nm.
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Figure A3: UV/Vis Spectra obtained for DiP¢But-Aqua as a function of pH in the range 2-10

at 25 °C. Inset: Corresponding pK, graph at 280 nm.
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Table A2: Summary of Selected Wavelengths (nm) used in Kinetic Measurements.,
Complex
Nucleophile DiPtEn-Aqua | DiPtProp-Aqua | DiPtBut-Aqua | DiPtHex-Aqua
TU 340 340 338 338
DMTU 295 340 338 338
T™MTU 365 360 365 360
Table A3: Average observed rate constants, k,, at 25 °C, for the reactions of DiPtEn-Aqua
(0.499 mM) with a series of nucleophiles at different concentrations.
[
[TU) mM Kopsy 8™ [PMTU}/ mM Koy S~ [TMTU}), mM Kopsy 8™
4476 x 107 ;
9.983 3 9.983 1.460 x 10 7.260 7.559 x 10
2567 x 107"
1.070 x 107 , .
19.97 3 19.97 2.825x 10" 14.52 1.545 x 10
5.750x 10"
1.570x 10" ,
29.95 \ 29.95 4309 x 10° 21.78 2.477x 10™
9.864 x 10
2.080 x 107 , \
39.93 2 39.93 4.869 x 107 29.04 2973 x 10°
1.34]1 x 10°
2399 x 107 \ )
49.91 " 4991 6.567 x 10 36.30 3.486 x10°
1,629 x 107

‘ [Pt] = 0.363 mM for the reaction with TMTU.

koss calculated for the second substitution step.

A-3




Table A4: Average observed rate constants, k., at 25 °C, for the reactions of DiPtProp-

Aqua (0.665 mM) with a series of nucleophiles at different concentrations.

‘ [DMTU] / , [TMTU) / ,

ITUI/ mM kob.\’ﬂ s kl)ll.\', s kubx, s

mM mvl
13.30 1.040 x 107 13.30 4988 x 10* 13.30 3.284 x 10°
26.60 1.960 x 10~ 26.60 9.439 x 107 26.60 6431 x 10°
39.90 2.660 x 107 39.90 1.294 x 107 39.90 9.486 x 107
53.20 3.720x 10 53.20 1.646 x 10~ 53.20 1.224 x 10™
66.50 4.750 x 107 66.50 2.353x 107 66.50 1.541 x (07
Table AS: Average observed rate constants, k., at 25 °C, for the reactions of DiPtBut-Aqua
(0.689 mM)) with a series of nucleophiles at different concentrations.

JTU)/ mM Koy 8 [DMTU} / mM Koper 871 [TMTU} / mM Kopey S
13.78 5.989 x 10" 13.78 3.015x 107 13.78 2303 x 107
27.56 1.259x 107 27.56 6.015x% 107 27.56 4.195x 10°
41.34 1.869 x 107 4134 9.595x 10 4134 6.418 x 10°
55.12 2338x 107 | 5512 1.226 x 107 55.12 8.798 x 10°°
68.9 3104 x 107 68.9 1.640 x 107 68.9 1.136 x 10

Table A6: Average observed rate constants, &,,., at 25 °C, for the reactions of DiPtHex-Aqua
{0.496 mM) with a series of nucleophiles at different concentrations.

[TU]/ mM Ky 8" IDMTU}/ mM R & [TMTU]/ mM Kopes 8
99] 2.885x 10 991 1.564 x 107 9.91 9329 x 10
19.82 6.185x 10 19.82 3.385x 10" 19.82 (.899 x 107
29.73 9.013 x 107 29.73 5.056 x 10™ 29.73 2.795 x 10°°
39.64 1.238x 107 39.64 6.770 x 10™ 39.64 4.097 x 10°
49.55 1.559 x 10 49.55 8.553 x 10 49.55 5.061 x 107
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Table A7: Average observed rate constants, £, at 25 °C, for the reactions of DiPtEn-Aqua
{0.499 mM) at varied temperatures, whilst maintaining nucleophile concentration
constant at = 30x [DiPtEn-Aqual.[Tu], [DMTU] were 29.95 mM.

T/X TU, kope (s™) DMTU, &, (s TMTU, &,5,(s")
8.923x 10~ R

283.15 . 2.100 x 107 -
4.521 x 10
1.082 x 10 \ ,

288.15 “ 2.738 x 107 1521 x 10
6.450 x 10~

o 1778 x 10" , .

293.15 . 4310 x 107 2177 x 10
9.864 x 10~
2.042x 107 .

298.15 ) 5.708 x 10~ 3.565 x 10
1.374 x 107!
3.682x 107 \ a

303.15 7.445 x 10 5.182 x 10
2,124 x10%

Table AS: Average observed rate constants, k... at 25 °C. for the reactions of DiPtProp-
Aqua (0.665 mM) at varied temperatures., whilst maintaining nucleophile
concentration constant at = 50x [DiPtProp-Aqua]l. {Tu), (DMTU] and [TMTU]
were 66.50 mM.

T/K TU, 4 (s DMTU, ks (s TMTU, k(s
288.15 3.503 x 10™ 1.597 x 102 9.656 x 107
293.15 4.802x 107 2.353x 107 1.542 x 107
298.15 6.294 x 107 2.999 x 107 2300x 107
303.15 8.353x 107 5.699 x 107 3217x 107
30815 1.007 x 107 7286 x 10° 4327 x 107

! [P1] = 0.363 mM, [TMTU] = 21.78 mM

k,ue caleulated for the second substitution step.
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Table A9: Average observed rate constants, k.., at 25 °C. for the reactions of DiPtBut-Aqua
{0.689 mM) at varied temperatures, whilst maintaining nucleophile concentration
constant at = 50x [DiPtBut-Aqua]. [Tu], [DMTU] and [TMTU] were 68.90 mM.
T/K TU, kb (s™) DMTU, A, (s™) TMTU, Al s)
288.15 2.104 x 10° 9.820x 10™ 7.004 x 107
293.15 3.104 x 107 1.654 x 107 1.136 x 107
298.15 4361 x 10 2.169x 107 1.552 x 10
303.15 6.243 x 107 3.263x 107 2.513 x 10™
308.15 8.042x 10" 4379x 107 3.707 x 10
Table A10: Average observed rate constants, k. at 25 °C_ for the reactions of DiPtHex-Aqua
(0.496 mM) art varied temperatures, whilst maintaining nucleophile concentration
constant at =~ 30x [DiPtHex-Aqua]. [Tu], [DMTU] and [TMTU] were 49.55 mM.
T/K TV, ke (™) DMTU. &y (s7) TMTU, ko( s)
288.15 1.041 x 10” 5.437x 10" 3.257x 10
293.15 1.558 x 107 8.553 x 107 5.061 x 107
298.15 2.308x 107 1.327 x 10° 7.613x10°
303.15 3.440 x 107 1.982 x 107 1.215% 107
308.15 4.837x 107 2.992x 107 1.855 x 107
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Figure A4: Observed change in absorbance for the reaction of DiPtEn-Aqua + TMTU at

25 °C.
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Figure AS: Observed change in absorbance for the reaction of DiPtProp-Aqua + DMTU at

25 °C.
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Figure A6: Observed change in absorbance for the reaction of DiPtProp-Aqua + TMTY at

25°C.
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Figure A7: Observed change in absorbance for the reaction of DiPtHex-Aqua + TMTU at

25°C.
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Figure AS: Graph of k. vs [Nu] for the reaction of DiPtEn-Aqua with a series of three

nucleophiles at 25.0 °C.
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Figure A9: Graph_of k. vs [Nul for the reaction of DiPtProp-Aqua with a series of three

nucleophiles at 25.0 °C.
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Figure A10:  Graph of £, vs (Nu] for the reaction of DiPtBut-Aqua with a series of three

nucleophiles at 25.0 °C.
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Figure Al11:  Graph of k. vs [Nu] for the reaction of DiPtHex-Aqua with a series of three
nucleophiles at 25.0 °C.
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Figure A13:  Graph of In_(k)/T) vs (1/T) for the reaction of DiPtProp-Aqua with a series of

different nucleophiles at varying tempecatures.
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Figure A14:  Graph of In (k/T) vs (1/T) for the reaction of DiPtBut-Aqua with a series of

different nucleophiles at varying temperatures.
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Figure A15:  Graph of In (k)/T) vs (1/T] for the reaction of DiPtHex-Aqua with a series of

different nucleophiles at varying temperatures.
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Figure A16: Representative Stopped-flow Scan obtained for the reaction of DiPtEn-Aqua
(0.499 mM) and TU (40 X. 39.92 mM) at 25 'C shown with a double exponential
fit. . =340 nm, { = 0.2 M NaClO,.
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Figure A17: Representative Stopped-flow Scan obtained for the reaction of DiPtEn-Agua
(0.499 mM) and TU (50 X, 49.90 mM) at 25 'C shown with a double exponential
fit. X =340 nm, 1 =0.2 M NaClO,.
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Figure A18:  Plots of Absorbance versus Time for the reaction of DiPtBut-Aqua (0.689 mM)
and DMTU (50 X, 68.9 mM) at 25 C.
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Figure A19:  Plots of Absorbance versus Time for the reaction of DiPtHex-Agua (0.496 mM)
and DMTU (50 X, 49.55 mM) at 25 'C.
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Figure A20: Plots of Absorbance versus Time for the reaction of DiPtEn-Aqua (0.499 mM)
and TMTU (30 X, 21.78 mM) at 25 °C.
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Figure A21:  Plots of Absorbance versus Time for the reaction of DiPtProp-Aqua (0.655 mM)
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Figure A22:  Plots of Absorbance versus Time for the reaction of DiPtBut-Aqua (0.689 M)
and TMTU (40 X, 68.9 mM) at 25 C.
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Figure A23:  Plots of Absorbance versus Time for the reaction of DiPtHex-Aqua (0.496 mM)
and TMTU (30 X, 29.73 mM) at 25 'C.
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Role of Bridging Diamine Linkers on the Rate of Ligand Substitution in a Series of

Dinuclear Pt" Complexes

D. Jaganyi, V. M. Munisamy & D. Reddy

School of Chemistry, University of KwaZulu-Natal, Pietermaritzburg, 3209, South Africa

Abstract

A series of dinuclear p]atinum" complexes of the type [{trans-Pi(H,O)NH;3),}»2-
NHQ(CH:);J‘IQNTH (where n = 2, 3, 4 and 6) were synthesized to investigate the
influence of the bridging diamine linker on the reactivity of the platinum centres. The
pK, values were determined and the rates of substitution of the aqua moieties by a series
of neutral nucleophiles viz. thiourea (TU), 1,3-dimethyi-2-thiourea (DMTU) and
t,1,3,3-tetramethyl-2-thiourea (TMTU) was studied as a function of concentration and
temperature. All reactions studied gave excellent fits to a single exponential and obeyed
the simple rate law, k. = k;[Nu], with the exception of the reaction involving [{rrans-
Pt(H,0)(NH3)2} 2-NHo(CH»);HaNHClO4)s and TU, which was found to exhibit second-
order kinetics with the observed rate constants, ks 2 being expressed by the equation,
kosscr.y = ko.»{Nu]. Negative activation entropies support an associative mode of
substitution. The results obtained suggest that the rate of substitution is definitely
influenced by the length of the diamine chain, with the rate of substitution decreasing as

the length of the diamine chain increases.

Introduction

Platinum coordination compounds are effective chemotherapeutic agents used for the
treatment of testicular cancer, and are used in combination regimens for a variety of
other tumours including ovarian, cervical, bladder, lung, and those of the head and neck.
cis-diammincdichIoroplatinum" and {ts analogue cis-diammine(}, |
cyclobutyldicarboxylato) are effective anticancer drugs approved for the treatment of
several human malignancies.]'7 Although these drugs are among the most successful
antitumour compounds developed in recent years, they display limited activity against
some of the most common forms of the disease, such as colon and breast cancer. In

addition, a variety of adverse effects and acquired resistance are observed in patients
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undergoing chemotherapy.7 These limitations have provided the impetus for the
development of new and improved platinum antitumour drugs and these have mainly
focused on the development of new derivatives that display improved therapeutic

properties.

Multinuclear platinum complexes comprising of either di- or trinuclear platinum centres
linked by variable length diamine chains constitute a new and discrete class of
platinum-based anticancer agents. Development of these complexes were driven by the
hypothesis that complexes with distinctly different DNA binding mechanisms may
exhibit unique biological activity in comparison to the current mononuclear clinicatly

15
used agems.8 2

Di- or trinuclear compounds are bifunctional platinating agents because only two Pt-Ct
bonds are present. Their intrinsic differences are dictated by the separatjon between the
two platinating centres and the overall charge on the molecule, which is caused by the
presence of the extra “noncoordinating”™ tetraammineplatinum moiety. These structures

display biological activity that differs substantially from that of cisplatin.'*'?

There are several aspects of the DNA binding profiles of these complexes that are
remarkably different to that found for cisplatin and other mononuciear platinum”
complexes. Firstly, these compounds are capable of forming bifunctional DNA adducts
that are structurally different to that of cisplatin, especially long-range (Pt, Pt)
interstrand cross-links.'*'> These cross-links represent a new class of DNA adducts of
anticancer agents, situated in the major groove by virtue of guanine N7 binding. In
principle, the bifunctional DNA binding modes of dinuclear complexes may be
manipulated by the geometry of the complex, especially with regard to the relationship
of the feaving groups to the diamine bridge, and the nature of the diamine bridge itself

as well as the other ligands present within the platinum coordination sphere. '’

An interesting aspect in the chemistry of bis(platinum) complexes containing two
platinum centres linked by a diamine bridge is their mode of substitution. Bis(platinum)
complexes with two identical coordination spheres are equally likely to react at either

metal centre. In a substitution reaction this equivalence s broken upon reaction of the
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first Pt centre. There now exists a competition between the two non-equivalent platinum

centres and the final product will therefore be dependant on the incoming ligand.

Comprehensive studies on the role of DNA binding properties and product formation
have been conducted on bis(platinum) complexes, with the results being interpreted in
terms of charge, hydrogen bonding, length and flexibility of the bridging ligand.
However, there is limited information available with regard to the reactivity and
thermodynamic properties of the two platinum centres. Such data is only available for
[{Ir‘ans-PtCl(NH;)z}2-]‘|2N(CH2)6NI'12]2+ (BBR3005) and [(rans-PtCI(NH3)2)2{u-trans-
Pt(NH;)2(HaN(CH2)sNHa):} " (BBR3464) and suggests that the reactivity and
propetties of the first platinum centre is independent of the state of the second and vice
versa.*!" Data available in literature is insufficient to formulate a relationship between

the reactivity of the two platinum centres and the nature of the bridging ligand.

In an effort to gain more insight into the role of the bridging diamine linker, the
following study was undertaken whereby the influence of four different bridges on the
reactivity of each of the platinum centres was investigated. The variation of the bridging
diamine spacer cnabled a systematic study of the influence of chain length and
flexibility of the bridge on the thermodynamic and kinetic propertics of the two

platinum centres.

Experimental

Matertals and procedures

All the reactions involving the synthesis of the dinuclear platinum (IT) complexes were
carried out in air unless otherwise stated. Dimethylformamide and ethanol were purified
using standard literature procedures."  trans-diamminedichloroplatinum(1l)  was
purchased from Strem chemicals and used as supplied. The diamines: 1,2-
cthanediamine, 1,4-butanediamine and 1.6-hexanediamine were all purchased from
Aldrich and used without further purification. |,6-hexanediamine was stored in a
dessicator when not in use. |,3-propanediamine was purchased from Fluka and used

without purification. The nucleophiles, thiourea (TU). 1,3-dimethyl-2-thiourea (DMTU)
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and 1,1,3,3-tetramethyl-2-thiourea (TMTU) were purchased from Aldrich and used

without further purification. All other reagents were of analytical reagent quality,
Synthesis and Preparation of Complex Solutions

[{trans-PtCI(NH;3),}2-HoN(CH3)\NH,]Cl, (where n = 2-4, 6) were synthesized as
described previously.'>'® The corresponding aqua analogues for the n = 2-4 complexes
were prepared by dissolving a known amount of the chloro complex in 0.00i M
perchloric acid and then adding a stoichiometric excess (with respect to chloride) of
AgClO, (150-200%)."” The mixture was then stirred overnight at 40-50 °C. The
precipitated silver chloride was removed by filtration through a 0.45 pum nylon
membrane filter using a2 Millipore filtration apparatus. The pH of the solution was
thereafter adjusted to ca. 10-11 via the carefuf addition of 0.1 M NaOH. This process
resulted in the precipitation of a gelatinous brown solid, Ag,O, which was then
separated from the mixture by filtering it through a 0.45 um nylon membrane. This
procedure was repeated to ensure that complete removal of the brown Ag,O precipitatc
had been achieved. The pH of the resuiting solution was adjusted to 2 by the careful
addition of perchloric acid (10.6 M). A method formulated by Burgacic'® was used to

prepare the aqua analogue of the n = 6 complex.

Physical measurements and instrumentation

' H NMR spectra were recorded on a Varian Gemini 500 spectrophotometer at 25 °C,
referenced to the proton signal of the solvent using transmitter presaturation of H,O
resonance. Infrared spectra were recorded as KBr discs on a Perkin Elmer Spectrum
One FTIR spectrometer. Elemental analysis was performed using a Carlo Erba
Elemental Analyser 1106. UV-Vis spectra for the determination of the pK, values were
recorded on a Varian Cary 100 Bio Spectrophotometer. The pH of the sotutions were
recorded using a Jenway 4330 Conductivity / pH meter fitted with a Micro 4.5 mm
diameter glass electrode. Calibration of the electrode was achieved through the use of
buffers of pH 4, 7 and 10 at 25 °C. Spectrophotometric pH titrations of the aqua
complex solutions, from pH 2-10 were performed using NaOH as the base. A large

volume (100 ml) of the complex solution was used so as to avoid absorbance changes
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due to dilution effects. Initially, crushed pellets of NaOH were used to obtain a pH
change from 2-3. All subsequent pH measurements were obtaired by dipping a needle
into a saturated solution of NaOH and thereafter into the complex solution. To aveid
precipitation of KCIO4 within the electrode the KCI solution was replaced with a 3 M
NaCl solution. It was found that if the pH electrode was dipped into the test sotution for
a long period of time, it resulted in the formation of the chloro complex. It was therefore
necessary to take 0.6 m) aliquots from the complex solution, which was then transferred
into narrow vials for the pH measurements. These were then discarded after each

measurement.
Kinetic Analyses

All kinetic measurements were performed under pseudo first-order conditions using
either an Applied Photophysics SX. 18MV (v 4.33) or a Varian Cary 100 Bio Scanning
Kinetic Utility, both coupled to a temperature-control unit and an online data acquisition
system. The pseudo-first-order conditions were achieved by having the nucleophile in at
least 10-fold excess. The ionic strength of the solution was maintained at 0.1 M through

the use of NaClO,.
DFT Calculations

Density functiona! theory (DFT) calculations (pseudopotential method' ', B3LYP

functional??, LACVP" basis set”®) were performed using Spartan™ 04 for Windows®.

Results

In an attempt to understand the influence of chain length and flexibility of the bridging
ligand in the dinuclear platinum complexes on the kinetic and thermodynamic
properties of each of the platinum centres, a series of four dinuclear bridged complexes
was synthesized and characterized. Their structures together with their corresponding
abbreviations are shown in Figure 1. The similarities and differences between these
complexes was first studied by determining the pK, values of the coordinated water
moieties. The rate of substitution of the coordinated aqua moieties from the dinuclear

platinum" complexes, DiPtEn, DiPtProp, DiPBut and DiPtHex by a series of neutral
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nucleophifes viz. thiourea (TU), 1.3-dimethyl-2-thiourea (DMTU)} and 1.1,3,3-
tetramethyl-2-thiourea (TMTU) was investigated as a function of concentration and
temperature under pseudo first-order conditions by monitoring the substitution reactions

using either conventional stopped-flow techniques or UV/Visible spectrophotometry.

NH R Cl NH NH a2
as oM NI ] N N\ s L
P Pt ™ Pt
¢ /N /N /N
H,N NH,(CH,),H,N NH, H;N NHy(CH,);H,N NH,
DiPtEn DiPtProp
. 24 2+
! NH .Cl C NH NH, Ct
“\ /w’ N/ il N s N B
P( Pt Pt Pt
RN 7N\ 7N VAN
H,N NH,(CH,) H,N NH, HN NHy(CH,)H,N NH,
DiPtBut DiPtHex
Figure 1: Schematic structures and abbreviations used for the investigated complexes.

Acidity and Complex Formation

A typical example of the spectral changes observed during the pH titration is shown in

Figure 2 and the overall process involving the dissociation of the agua complex may be

represented by Scheme 1.

oI a

0,6 ~

Absorbance

g a4 -
-«
"l —
1o -
t N I ¥ I ‘ J v I I
230 70 Jon 33 350 I
Wavetengih /am
Figure 2: UV/Vis Spectra obtained for DiPtBut as a function of pH in the range 2-10 at

25 °C. tnset: Corcesponding pK, graph at 280 nm.
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3+
(H,0-Pt-L-Pt,-OH,|" + 2H,0

al

¥ +
[HO-Pt,-L-Pt,-OH,|” + H,0 + H,0

(HO-Pt,-L-Pt,-OH|*" + 2 1,0

Scheme 1: A general representation of an acid-base equilibria.

The pK, values were thereafier determined by plotting absorbance against pH at a
specific wavelength. This is shown in Figure 2. Using a non-linear least squares
procedure the data points were fitted and the results obtained are summarized in

Table 1.

Kinetics of Reactions with Nucleophiles

Reactions involving DiPtEn were fast enough to be monitored using stopped-flow
techniques whifst the other reactions involving the other complexes were followed using
the UV-Visibie spectrophotometer. The typical kinetic traces obtained using these two

methods are shown in Figures 3 and 4 respectively.
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Figure 3: Fit of a double exponential and residuals for the reaction of DiPtEn
{0.499 mM) with thicurea (50 X, 49.90 mM) followed at 340 nm, | = 0.2 M
NaClO,, T=298.15K.

0 66
Scan 1
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0 300 600 900 1200 1500
Time (min)
Figure 4: Fit of a first-order exponential decay for the reaction of DiPtBut (0.689 mM)

with 1,1,3,3-tetramethyl-2-thiourea (40 X, 55.12 mM) followed at 365 nm,
[=0.2M(CIO,), T=298.15K.

All kinetic traces obtained were initially fitted using a non-lincar curve fit on Origin

7.5% using a second-order exponential decay function. It was found however that only

the reaction between DiPtEn + TU exhibited second-order exponential decay. As such a
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double exponential fit was used to fit the observed time dependant spectra. The

substitution process for this reaction is shown in Scheme 2.
|H,0-Pt,-L-Pt,-OH, ] + 2 H,0

+Tu |4

| Tu-—Pt,~—L—Pt,—-OH, [+
+Tu [k,

[Tu-Pt,-L-Pt,-Tu|*
Scheme 2: Reaction scheme tllustrating the inode of substitution of the aqua species from

the dinuclear platinum" species exhibiting second-order kinetics.

The pseudo-first order rate constants, (kopss and kopez = kopsrr.2)) Obtained hereafter were
plotted against the concentration of the entering nucleophile (TU). A finear dependence
on the nucleophile concentration was observed for this reaction. The corresponding plot
obtained for the reaction of DiPtEa + Tu is shown in Figure 5 for kupsr and kgpsz. The

results obtained imply that kuss7,2) may be expressed as follows:

ku»..\-u‘z) = k{/.z) [Nu]

where ky; 5 represents the second-order rate constanis.

0.275 4
4
a
0.220 K, =5.019 > 0.108
)
0.165
s
-
0.110 4
0.055
%, = 0.326 % £.007
o . @ —
0.000 =k A — r ¥ r 1
6.000 0.011 0.022 0.033 0044 0.055
{No) /M
Figure S: Plots of k.. 2 versus [Nu] for the reaction of DiPtEn with TU at 298.15 K.
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Since no meaningful intercept was obtained, it was concluded that the reverse reaction
was too slow to make a significant contribution on the k4.5 values or was completely
absent. A difference of approximately 15 times was observed between the values of the
second-order rate constants, £, and k,. This distinction between £; and &, was however,

only observed for the reaction of DiPtEn with TU as the nucleophile.

Reactions of the remaining complexes, DiPtProp, DiPtBut and DiPtHex with all
nucleophites and DiPtEn with the DMTU and TMTU were found to be first-order with
respect to the incoming nucleophiles and gave excellient fits to a single exponential, a

process that can be represented by Scheme 3.

(H,0-Pt-L-Pt,-OH,}** + 2Tu

kl
[TU---Pt,—-L--Pt,~TU[* + 2 H,0

Scheme 3: Reaction scheme illustrating the mode of substitution of the aqua species from

the dinuclear platinum’ species exhibiting first-order kinetics.

The pseudo first-order rate constants ks, was plotted against the concentration of the
incoming nucleophiles. Once again, a linear dependence with no meaningful intercept

was obtained. Therefore, k5, can be represented by Equation 2.

k”,h_ = k:;[Nu] 2

Representative plots of the second-order rate constants, k, obtained from those reactions
exhibiting first-order kingtics are shown in Figure 6. The values of the second order
rate constants, k; and all the 4>'s, which resulted from the direct attack of the
nucleophile were obtained from the slopes of these plots at 298.15 K and are

summartized in Table 1.
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0.00130 <
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Figure 6: Plots of k,, versus [Nu} for the reaction of DiPtBut with a series of
nucleophiles viz. TU, DMTU and TMTU at 298.15 K.
Table 1: Sumimary of rate constants and their corresponding standard deviations for the
displacement of the coordinated water molecules by TU, DMTU and TMTU,
[=0.2 M (NaClOy), T=298.15 K.
Nucleophile K2/ 10° Mg
DiPtEn  DiPtProp  DiPtBut DiPtHex
TU 5029.24 £ 0.01 70,1+ 1.0 44,4+ 0.6 31.2+£0.2
(335.6 + 7.5)
DMTU 131.8 £0.0) 33.7+0.) 23.1+04 17.1 0.1
TMTU 723+£0.12 2.33 £0.02 1.61 £0.02 1.0} £0.02
pK, 4.98+0.09 5.30+0.12 5.50 +0.02 5.62 + 0.03%

Second-order rate constant, ks calculated for the second substitution step.

s g N
* Data obrained from literature.



The temperature dependence of the rate constant, k, was studied over the range of
15-35 °C or 20-40 °C depending on the reactivity of the complex. A typical plot
obtained is illustrated in Figure 7. The corresponding activation parameters were

calculated using the Eyring equation and are tabulated in Table 2.

-8
9
-104 T
j~
<. DMTU!
=
e -114
=124
=13 -
TMYTU
T T T T T T | A T T M
0.00320  0.00325 0.00330  0.00335  0.00340  0.0034S
(UK’
Figure 7: Plots of In(ks/T) versus /T for the reaction of DiPtHex with a series of

nucleophiles viz. TU, DMTU and TMTU at various temperatures, whilst

keeping the nucleophile concentration constant at ca. 50 X greater than that of

the metal complex.



Table 2: Summary of activation parameters and the corresponding standard deviations
for the displacement of the coordinated water molecules by TU, DMTU and
TMTU; i = 0.2 M (NaClOy).

Complex Nucleophile AH* (kJ mol™) AS* (J K mol™)
48.7£6.1 -67.6 £ 19.9
DiPtEn TU s .
(48.7£ 1.1) (-69.4 £+ 3.8)
DMTU 458+25 -108 + 8.4
TMTU 599+2.8 -82.1£95
DiPtProp TU 382+1.5 -138 £5
DMTU 38722 -144 =7
TMTU 546+23 -3 £8
DiP{But TU 494+ 1.6 -t07 £5
DMTU 557 1.5 -90.5+49
TMTU 606£1.7 0956+556
DiPtHex TU 56.5£0.6 846 £1.8
DMTU 61.6+0.5 -72.4 1.7
TMTU 64.1 £ 1.1 -875 £3.6
T Calculated activation parameteys (4H * and 457 ) for the second subslitution step.
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DFT Calculations

The investigated complexes, DiPtEn, DiPtProp, DiPtBut and DiPtHex were modeted
using computational techniques in order to assist in explaining the kinetic trends that
were observed and to determine how the molecular structures of the complexes are

likely to influence the reactivity of the metal centres.

The complexes were all modeled as cations with a +4 charge using the computational
software package Spartzm® ’04 for Windows®™ using B3LYP density functional method
(DFT) and the LACVP+"" pseudopotential basis set. The geometry-optimised structures

are shown in Figure 8.

DiPtEp DiPtProp
[ {trans-Pt(OH,)(NHj);}, — HaN(CH,),NH,) ™ |{trans-PH{OH,)(NH;)}; — HyN(CH,)sNH, [

DiPtBut DiPtHex
({trans-Pt{OH,)(NH;),): — H,N(CH,)4N Hzl“ [{trans-PH{OH,)(NH;),}; — H;N(CH,)sNH, ™
Figure 8: Geometry optimized structures of complexes DiPtEn, DiPtProp, DiPtBut and

DiPtHex.

From the modeled structures, bond lengths and bond angles were obtained and are given
in Table 3. In addition the HOMO and LUMO energies were calculated including the

energy gap between them. These are shown in Table 4.



Table 3: Summary of selected bond lengths and bond angles for each of the investigated

complexes from geometry optimization studies using the B3LYP/LACVP+"

level of theory.

Dinuclear Platinum” Complexes
DiPtEn | DiPtProp | DiPtBut | DiPiHex
Pt—OH,/ A 2.107 2.117 2.124 2.154
Pt—trans N'/ A 2.125 2.105 2.093 2.084
Pt-cisN" /A 2.109 2.107 2.10t 2.105
CisN-Pt—cisN/°
172.75 173.57 174.01 174.60
on the side of H,0

Y trans 1o the leaving group. i.e. OH,. "

Cis 1o the leaving group, i.e. OH,

Table 4: Summary of the HOMO and LUMO values obtained for each of the

investigated complexes from geometry optimization studies using the

B3LYP/LACVP+" level of theory.

Complex HOMO / eV LUMO / eV AE / eV 7
DiPtEn -19.62 -14.74 4.88 \
DiPtProp -19.06 -14.04 5.02
DiPtBut -18.58 -13.49 5.09
DiPtHex -17.90 -12.76 5.14

Figure 9 shows the linear correlation between chain length and the energy gap between

HOMO and LUMO orbitals. The only complex that does not fit on this line i1s DiPtEn.

This is probably due to the stronger interaction between the metal centres due to the

shortness of the backbone chain joining the metals.
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Figure 9: The linear correlation between chain length and the energy gap between

HOMO and LUMO orbitals.

From the data tabulated in Table 3, it can be observed that upon increasing the length of
the diamine chain, the Pt-OH; and Pt-trans N bond lengths are most affected, with the
bond lengths increasing and decreasing respectively. The process of increasing the
chain fength increases the electron density around the (rans-atom to the platinum
through the inductive process, which is equal in both directions. This is supported by an
equal decrease and increase of the bonds at the platinum centre. The increase in c-donor
capacity at the 1rans-donor atom results in the shortening of the Pt-N bond length trans

to the H,O molecule, and consequently a lengthening of the Pt-H,0 bond length.

The frontier orbital energies in Table 4 show a clear increasing trend along the series.
This is in line with the expectation, since electron donating groups are known to raise
the energy of a molecular orbital. unlike electron withdrawing groups, which lowers the
energy. This means as one increases the CH; groups, the substitution reactions should

be expected to be slower due to the increasing of the energy gap.
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Discussion

What has the study achieved? It has shown that the pK, value for the coordinated water
increases with ncreasing length of the diamine finker. This trend is supported by the
compuiational calculations on the Pt-OHa bond length, which were also found to
increase as the distance between Lhe two platinum atoms was increased. One can infer
from this that the water molecule becomes more labile with the increase of the diamine
linker. This means that the O-H bond becomes increasingly more difficuit to break

resulting in higher pK;'s. This observation is in agreement with what is in literature 2%

The lengthening of the Pt-OH> bond can be accounted for, by tooking at the bond trans
to the water molecules. The theoretical calculation shows a decrease in fength of this
bond. It can therefore be concluded that there is a net increase in 6-donicity toward the
platinum centre ie. the well-known rrans-effect is influencing the basicity of the
complex by promoting ground-state destabilization. This 1s manifested in the ejongation
of the M-OH, bonds rrans to the o-bound nitrogen atom of the diamine linker. This
observation is probably the same with that observed for metal-halide and metal-water

trans to the -bound carbon atom.*%’

it has been shown that the pKj; value obtained for the coordinated water moiety at the
platinum' centre is a good indicator of the electrophilicity of the metal centre.'%%
Electron withdrawing m-acceptor effects tends to stabilize the electron rich hydroxo
species in comparison to the aqua species and resuft in lower pKk,
values.'”? Alternatively, the pK, value increases if the c-donor capacity of the ligand
rrans to the aqua moiety is enhanced.'' Thus, as the length of the bridging diamine
chain increases from 2 to 6. so too does the effective g-donor capacity due to the greater
number of CH; groups resulting in an increase in the pK, value as already explained. in
this investigation it was not possible to distinguish between the two deprotonation steps,
simitar 10 Davies e/ al.*'" Interestingly, the dinuclear complexes studied by Hofmann
and van Eldik"” displayed the two pK,'s. This difference is likely to be due to the ligand
system around the platinum metal or the inability of the UV/Visible being able to

distinguish the two values.



The reactivity of these di-platinum complexes were determined and found to be
dependent on the length of the diamine linker as well. Looking at the pK, values and the
HOMO-LUMO energy gap, it is reasonable to expect the reactivity of these complexes
to decrease from DiPtEn 1o DiPtHex.**" This was indeed found to be the case. From
the bond length of M-OH, one would have expected the trend to be in the opposite
direction due (o the labifity of the water molecules as indicated by the theoretical
calculation. However, this is contrary to the result obtained. The interpretation of this is
that, whilst the frans-effect is operational in these molecules and increases from the En
to the Hex ligand. it does not appear to be the controlling factor. It is obvious, that the
rate of substitution increases due to either the ground-state destabilization or transition
state stabilization. In this case destabilization of the ground-state does occur as
supported by the computational calculations showing an increase in the M-OH; bond
fength. These increase with the increasing of the linking chain. In addition to this effect,
the shortening of the Pt-N bond in the /rans position to the water molecules resuits in
destabilization of the transition state. This is thought to be due to the increase in o-
donicity to the metal centre. This decreases the electrophilic character of the metal
centre with a net effect of repelling the incoming nucleophile. In this case it is most

likely that the two effects play a simultaneous role, with the latter being more dominant.

The retardation on the rate of substitution from DiPtEn to DiPtHex can also be
attributed to steric hindrance around the Pt centre. Analysis of the geometry-optimized
structures tends to suggest that as the chain length of the diamine linker increases, so
too does the flexibility of the complex. ]t would appear that as the CH; groups are
increased, the number of rotations about these bonds increases, leading to a greater
number of possible conformers for the diplatinum complexes. This increased flexibility
consequently leads to a greater degree of steric influence and in all probability do
directly influence the path that the incoming nucleophile adopts in approaching the
metal centre. If it is assumed that these complexes from DiPtProp can form curvature
in solution, it becomes obvious that the axial attack from one side will be greatly
reduced. It is most likely that this steric hindrance by itself may account for a bigger

percentage of the factors influencing the reactivity of these complexes.



In comparing the reactivity of the aqua complexes it can be summarized that the
substitution behaviour of the complexes clearly depends on the length of the diamine
linker. The increasing of the CH» groups tncreases the o-donicity around the platinum
centre, as reflected by the shortening of the Pt-N bond length and higher pX, for the
lonisation of the aqua ligand. This results in a net decrease in the electrophilicity at the
metal centre. In addition, increasing of the CH; unit increases the flexibility of the
complexes, resulting in increased steric hindrance. Both these factors contribute towards

the decrease in the rate of substitution of the coordinated water molecule.

Substitution reactions with sterically less hindered thiourea (Tu) is about 10* times
faster for DiPtEn when compared to the other complexes. The reason for the observed
trend across the complexes has been accounted for, what requires explanation is the big
difference between DiPtEn and the other complexes. The reason for this enhanced
reactivity is due to the interaction between the two Pt" centres, apart from all other
factors, which are also operational. This is strongly supported by the fact that this was
the only complex where absolute values of k; and k» could be differentiated. The
findings compare well with Farrell’s'’ study involving 1,1/t,t where there was no
measurable difference in the rate constants obtained for the first and second substitution
reactions involving chloride when the bridge was longer by two CH: groups.
Substitution reactions with the sterically hindered nucleophiles, DMTU and TMTU
show a clear dependence on the steric bulk of the nucleophiles. The most sterically

hindered nucleophile, TMTU reacting significantly slower than the less hindered TU.

On the basis of the activation parameters there is no direct correlation that is evident
between the reactivity and activation enthalpy, AH™. But a trend exists when looking at
the activation entropy. AS®, which is playing an important role in these reactions.
Comparing the compiexes where the CH; group is greater than 3, where Pt--Pt
interactions are insignificant, the value of AS” is seen to be less negative as the length of
the diamine linker increases. This is true for all the nucleophiles irrespective of the
steric bulkness. This observation can be attributed to a larger number of different

conformers that exists as a result of the greater flexibility of the bridging backbone.



The mechanism of the substitution reactions for all these complexes remains associative
in nature as supported by the large and negative values of AS*, indicating that the
structure of the transition state is more compact than that of either the reactant or
product species. This is consistent with the substitution mechanism for square-planar
systems®’, even though dissociative mechanisms have been observed but in very limited

i
cases.” 132

Conclusions

The study has investigated the effect of increasing the CH, group to the [{/wrans-
Pt(OI‘I‘_’)(NH3)2}Q-HQN(CHz)n'NHz]M complexes. The results have shown that the
reactivity of these complexes depends on the length of the diamine linker. This
increases the o-donicity to the platinum centre, increasing the pK, of the coordinated
water and decreases the electrophilicity of the metal centre. Other factors that slow
down the rate of substitution, is the increasing steric hindrance due to the flexibility of
the complexes as the chain becomes longer. it is also observed that when n > 3, the
Pt--Pt interactions diminishes, and it is not possible to distinguish the two rate
constants. The associative substitution mechanism remains operational in all the
systems investigated. This study has shed some light in trying to understand for the first
time the influence the linker backbone has on the binuclear complexes with regards to

their folding abilities, Pt--Pt distance and interactions.
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