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Abstract.1 Kinetics and mechanism of ligand substitution 
reactions on square planar platinum (II) complexes have 
been explored continuously over the last few decades. This 
was after the fortuitous discovery of the antiproliferative 
activity of cisplatin by Barnett Rosenberg in 1965, which 
attracted much attention from various other investigators to 
design new Pt(II) drugs with better activity and fewer side 
effects. Cisplatin's clinical success as a chemotherapeutic 
drug has promoted the discovery of succeeding generations 
with efficacy and less toxicity. The focal aim of these 
investigations was based on tailoring the steric and 
electronic properties of spectator ligands to influence the 
solubility, pKa, and molecular association or reactivity of 
the platinum complexes to promote the potential of the 
antitumor drugs. This mini-review provides accounts on: i) 
the mechanisms of substitution at the Pt(II) complexes in 
general and the key factors that control the reactivity, and 
ii)  the trends in experimentally measured rate data and how 
they are controlled by varying the σ-donation and π-
acceptance abilities of the spectator ligand. Furthermore, 
the reactivity patterns of platinum complexes are analyzed, 
highlighting how σ-donating and π-accepting ligands 
influence their biological activities. The insights gained 
from kinetic and mechanistic studies are essential for the 
development of more effective and less toxic platinum-
based anticancer drugs. 
 
Keywords: antitumour, bifunctional mononuclear plati-
num(II), kinetics, mechanism, reactivity, square planar. 

1. Introduction 
All syntheses and uses of a chemical compound are 

futile until the kinetic aspects of the compound are 
investigated. Kinetic aspects convey the reactivity, the 
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chemical composition of a substance, as well as its 
stoichiometric and intimate mechanism of interaction with 
other compounds. The reaction mechanism is the por-
trayal of a complete stereochemical picture of each phase 
that occurs simultaneously or sequentially to conclude the 
observed overall reaction.1–5 This is the importance of stu-
dying the kinetics and mechanism of chemical reactions. 

Several complexes of essential micrometal ions, 
e.g., Fe3+, Cr3+, Cu2+, Ca2+, Zn2+, Co3/2+, and Se have an 
indispensable role in different cell functions in living 
systems. Epigenetic studies have not distinctly established 
the bio-chemical aspects of such metal ion's activity, 
molecular association, and mechanism of action. Current 
research in bio-inorganic chemistry is seized with the 
exploration of the role and mechanisms of action of metal-
containing pharmaceuticals in biological systems.6–11 
Following the serendipitous discovery of the anticancer 
activity of cisplatin in 1965, a new era in the use of 
inorganic metal complexes as medicines appeared.12 Pre-
sently, cisplatin is one of the most successful anticancer 
drugs, both by itself and in combination with chemo-
therapy.13 Driven by the impressive success of cisplatin, a 
large number of new platinum based complexes have 
been prepared and evaluated as anti-cancer agents, but 
only a small fraction has shown a promising result to enter 
human clinical trials.14–16 

However, the clinical use of cisplatin has been 
limited by numerous toxic side effects such as nausea, 
ototoxicity, allergic reactions, vomiting, kidney problems, 
hemorrhage and the development of cellular resistance to 
cisplatin, especially that associated with the reduced 
platinum accumulation and/or increased platinum-based 
drug efflux.17 The shortcomings of cisplatin have been the 
driving force to develop new platinum- and/or other 
metal-based compounds as promising anticancer drugs.18  

The reaction rates of platinum complexes with 
different S-, O-, and N-donor molecules are well studied 
and established. Despite a large amount of rate-structural 
correlation data that has been generated in literature, the 
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interplay between the reaction rate and structure of the 
complexes which are still not clear.19–22 This review will 
highlight the simple structural features of cisplatin and 
modified properties by replacing primary amines with 
chelating amines bearing different σ-donor or π-acceptor 
properties and water molecule(s) as a leaving group in-
stead of chloride ion. The consequences of such structural 
modifications on platinum complexes were presented as 
their interactions with different bio-molecules in terms of 
rate constants and activation parameters. 

Moreover, the point of view on the biological 
importance of pharmacologically active bifunctional 
mononuclear platinum-am(m)ine complexes on cancer 
treatment is presented. This review also covers the kinetic 
and mechanistic aspects of substitution reactions on 
various platinum(II) systems and the evaluation of the role 
of σ-donation and π-acceptance in affecting the reaction 
rates. Variations in the thermodynamic and kinetic 
parameters of these platinum complexes can represent the 
mechanistic pathway, drug distribution and metabolism, 
and will shed some light on the development of improved 
antitumor drugs. 

2. Mechanism of Substitution  
on Square Planar Complexes 

The majority of reactions between square planar 
metal complexes and nucleophilic ligands follow an 
associative substitution mechanism, in which one or more 
coordinated ligand(s) around the metal center is replaced 
by the incoming ligand: 

L3MX+Y →L3MY+X                      (1) 
This type of reaction mechanism involves a pre-

equilibrium formation of a five-coordinate intermediate 
complex, L3(X)M←Y , where 'X' is the leaving group, 'L' 
is the spectator ligand, 'M' is the central metal ion and 'Y' 
is the entering group, which may also be the solvent 
species. The final product complex (L3(Y)M) is formed 
from this intermediate complex as the rate-determining 
step. The overall rate depends on the concentration of the 
complex as well as the incoming ligand. The emergence 
of Taube's seminar articles on ligand substitution kinetics 
has accelerated the growth in the area of inorganic 
reaction mechanism.23 Advanced kinetic techniques and 
spectroscopy-based equipment are now in constant use to 
reveal the intimate mechanism of substitution reactions. 
To date, several vital articles on the mechanism of 
substitution on square-planar complexes have appeared, 
highlighting the development achieved in this field.24–31 

Transition metal ions with the d8 configuration 
[e.g., Pt(II), Pd(II), Co(I), Ni(II), Rh(I), Ir(I), and Au(III)] 
commonly are 4-coordinated square planar complexes. 

Ni(II) forms square planar complexes with strong field 
ligands.32-33 Generally, Pd(II) complexes are thermodyna-
mically and kinetically less stable. Au(III) is a fairly 
strong oxidizing agent. Only a few studies have been 
performed on square planar complexes of Rh(I) and Ir(I). 
Therefore, ligand substitution studies are confined to 
square planar complexes of Pt(II) because such complexes 
are stable and easy to synthesize; their rates are slow 
enough to be monitored by spectroscopic techniques.34 
Furthermore, the reactivity of Pt(II) complexes is closely 
intertwined with their anticancer properties. Understan-
ding and manipulating the reactivity of platinum comp-
lexes are essential for enhancing their efficacy as anti-
cancer agents. Similarly, the selectivity of Pt(II) comp-
lexes plays a pivotal role in influencing their anticancer 
properties. Fine-tuning these characteristics is crucial for 
optimizing effectiveness and minimizing the side effects 
of platinum-based anticancer agents. 

Types of Reaction Mechanisms of the 
Ligand Substitution Processes on Square 
Planar Complexes 

2.1. Associative Activation 

The substitution mechanism of square planar platinum(II) 
complexes has been thoroughly studied. An associative 
mode of activation is characterized by the dependence of 
rate on the concentration of both the incoming ligand and 
participating platinum complex. This implies that both 
reactants participate in the rate-limiting step, forming the 
final product complex. This is possible because of the 
absence of axial ligands and, hence, the existence of a 
vacant '6pz' orbital for incorporating the incoming 
ligand.35 In certain cases, however, a dissociative pathway 
prevails when the system is overcrowded.36,37 Oxidative 
addition followed by reductive elimination of the co-
ligand is another known pathway for ligand substitution.38 

2.2. Two Term Rate Law  

The mechanism of ligand substitution (as presented 
in Eqn. 1) in square planar complexes is frequently 
described by a two-term rate law of the form: 

Rate = kobs [L3PtX] where, kobs = k1 + k2[Y].        (2) 
k1 is the zero order and k2 is the first order with respect to 
[Y], the concentration of the incoming nucleophilic 
ligand.39-41 The composite nature of the two-term rate law 
indicates that the reaction proceeds via two parallel 
associative reaction paths despite the difference in the 
reaction order. The rates of substitution reactions are 
generally investigated under pseudo first-order conditions 
with respect to complex ion concentration. When kobs is 
plotted against [Y], a straight line with a slope of k2 and 
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an intercept of k1 is obtained. The values for the 
bimolecular rate constant k2 are dependent on the nature 
of nucleophiles, Y, but the values for k1 are independent 
of the entering nucleophiles for a given solvent at fixed 
temperature. Therefore, the k1 kinetic term is for the 
solvent-assisted reaction pathway, i.e., solvent path, and 
the k2 term originates owing to nucleophilic attack by Y, 
i.e., nucleophilic path.  

The plausible stoichiometric mechanism for the 
reaction, L3PtX + Y → L3PtY + X, is shown below 
(Fig. 1). 

 
                                                             
          PtL3X                            [PtL3XS]                        PtL3S 
                    
                                                               

                                                [PtL3XY]                       PtL3Y 

fast 
- X 

fast 
- X 

+ S 
kS, Slow 

+ Y, - S fast 
k2, Slow 

+ Y  
 

Fig. 1. Plausible stoichiometric mechanism for substitution 
reactions 

 
Rate = d[PtL3Y]/dt = d[PtL3XS]/dt + d[PtL3XY]/dt =  

= kS[S][PtL3X] + k2[Y][PtL3X] = 
= (kS[S] + k2[Y])[PtL3X] 

= (k1 + k2[Y])[PtL3X]  where kS[S] = k1          (3) 
(when the solvent is present in a large amount) = 
= kobs[PtL3X]  where kobs = k1 + k2[Y], which indicates the 
observed first-order or pseudo first-order rate constant. 

For polar and some potentially coordinating sol-
vents but weak nucleophiles, the kinetics of the solvent-
mediated path is more significant, i.e., the value of k1 is 
non-zero while the slope and hence k2 is small or zero. A 
typical example where the reactions were shown to 
proceed by a solvent-assisted pathway was reported for 
the substitution reaction of [Pt(dien)Br]+ with the 
nucleophiles N3

-, NO2
-, py, Cl- and OH- in an aqueous 

medium, the rates decrease in the order, N3
- > NO2

- > py > 
Cl- > OH-.42 The kinetics of ligand exchange of reaction 
(4) was studied in hexane and methanol at 25 oC.43–44 

trans-[Pr3PPtCl2
*NHEt2] + NHEt2 → 

→ trans-[Pr3PPtCl2NHEt2] + *NHEt2            (4) 
In hexane, a non-coordinating solvent, k1 (the y-

intercept on the kobs-[Nu] plot) was found to be near-zero, 
while in methanol as the solvent, k2 was found to be 
almost zero. In methanol, the reaction proceeds 
completely via the solvolysis pathway and is independent 
of the amine ligand. 

2.3. Effect of Entering and Leaving 
Groups  

In an associative mechanism, the reaction rate is 
strongly dependent on the nature of the entering 

nucleophile. The value of the rate constant, k2, is affected 
by the donor ability of the entering group. The 
quantitative measure of rate dependence on the incoming 
nucleophile in a specified solvent (usually methanol) is 
termed nucleophilicity. The rates of substitution at the 
platinum(II) complex by various incoming nucleophiles in 
the presence of the identical leaving group (e.g., the 
reaction (5)) was studied in an aqueous solution at 25°C:42  
 

[Pt(dien)Br]+ + Y−  →  [Pt(dien)Y]+ + Br –        (5) 
 
The nucleophilicity of the ligands defines their 

abilities to donate electrons at a specified metal ion in a 
complex and hence displaces the labile ligand from the 
complex. The nucleophilic reactivity order of incoming 
ligands with this complex was found to be:  

SC(NH2)2 > I- > SCN− > I− > N3
− > NO2

− > py > 
> NH3 > Cl− > H2O > OH−. 

A comprehensive study to establish the nucleo-
philicity constants, nPt (=log(kY/kS) scale for various 
incoming nucleophiles using trans-[Pt(py)2Cl2] in 
methanol at 30oC as a model complex was conducted.45 
The relative reactivity order is: S2O3

2− > SC(NH2)2, 
C6H5S− > SeCN− >> SO3

2− > SCN− > I− >> C6H5SH > Br− > 
> N2H4, NH2OH > N3

− > NO2
− > py > NH3

 > Cl− > MeO−. 
The nature of the leaving group can also influence 

the rate of substitution in square planar complexes, which 
are associatively activated. The nature of leaving groups 
has a deep effect on the reaction rate for a dissociative 
pathway.  

The above series also pointed out that the reaction 
proceeds via the associative mechanism, and the size of 
the effect of the leaving group is dependent on the degree 
of bond breaking in the transition state. It was illustrated 
by the following reaction (6) in the aqueous solution 
involving py as a common entering nucleophile.40 

[Pt(dien)X]+ + py   →  [Pt(dien)py]2+  +  X−        (6) 
From the kinetic measurements, the decreasing 

order of reaction rate was found to be NO3
− > H2O > Cl− > 

> Br− > I− > N3
− > SCN− > NO2

− > CN−.40,46-47 Notably, 
H2O departed from the metal center at about 105 times 
faster than CN− which implies that the leaving group has a 
significant impact effect on the rate rates. Therefore, Pt-X 
bond breaking makes a substantial contribution to the 
transition state along with Pt-py bond making. Moreover, 
the effect of leaving groups has a close correlation with 
the nature of the metal center, solvent polarity, and type of 
trans ligand. 

2.4. Stereospecific Substitution 
Generally, the ligand substitution reactions of 

square planar platinum(II) complexes are stereorentive 
because the entering and leaving groups occupy the same 

 k2 
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position. Therefore, the stereochemistry of the reactant 
complex is retained fully in the product. Square planar 
platinum(II) complexes are sterically uncrowded, so the 
incoming nucleophile may approach along the z-axis 
perpendicular to the square plane. Retention of stereoche-
mistry can be explained by considering the formation of 
trigonal bipyramidal intermediate in which the entering 
group, leaving group, and the group originally present in 
the trans-position of the leaving group occupy the 
equatorial plane. Then the leaving group is displaced from 
the metal centre to form stereorentive product. This 
stereospecific substitution also substantiates the asso-
ciative activation.48  

2.5. Effect of Spectator Lignds  

(Non-Leaving Groups)  

The trans effect may be defined as the labilization 
power of ligands positioned opposite to it in the square 
plane, i.e., the influence of the spectator ligand to dictate 
the incoming ligand. The trans effect is an extremely 
significant aspect of a better understanding of the kinetic 
behavior of the square planar complexes.49 Comparing a 
wide variety of platinum(II) complexes led to the 
qualitative sequence of trans-directing sequence:50,51  
"However, the trans effect order of ligands is indeed 
dependent on the substrate" 
 

C2H4, CN− , CO, NO, H− > CH3
−, 

SR2, AsR3, PR3 > SO3
2- > C6H5

−, 
SC(NH2)2, NO2

− , SCN−, 
I− > Br− > Cl− > Py > NH3 > OH−, H2O, F-. 

 

The trans effect has been regarded as the "Holy 
Grail" of inorganic reaction mechanism in the sense that it 
doesn't have a strong theoretical basis. 52 

It is established that the trans effect phenomenon 
originates from the two different contributing factors. The 
first one is the ground state bond weakening effect by σ 
donor ligands, and the second one is the transition state 
effect by π-acceptor ligands. Therefore the trans-directing 
effect is a kinetic factor (stabilization of transition state π-
acceptor ligands), and the trans influence is the 
thermodynamic phenomenon (weakening of M-L bond by 
σ-donor ligands). Among all the effects of ligands on the 
rate of substitution for square planar complexes, the trans 
effect is substantially large and spans a range of about five 
or six orders of magnitude in rate (~105).47 

Like the trans effect on the rate of substitution for 
square planar complexes, a good trans-activating ligand 
can also activate ligands at the cis position. This is known 
as the cis effect. However, this cis effect is not as strong 
as the trans effect.47 

2.6. Intimate Mechanism 

Generally, most of the substitution reactions on 
square planar complexes proceed via an associative mode 
of activation (A or Ia). In an associative mechanism, the 
axially approaching ligand 'Y' attacks the coordinatively 
unsaturated 16-electron metal center to form five-
coordinated square pyramidal species. When the bond 
between the Pt(II) ion and the leaving group weakens, the 
square pyramid quickly rearranges to the trigonal 
bipyramidal structure.53 The geometry of the transition 
state is the trigonal bipyramidal geometry because it 
allows a minimum repulsion among the five ligands. 
Moreover, such geometry accounts for the steric retention 
and trans effect phenomenon. The leaving group 'X', the 
trans ligand 'T' with respect to 'X' and the incoming ligand 
'Y' occupy the equatorial plane though the cis ligands in 
the original complex will occupy the axial position. As the 
leaving group 'X' bends away from the trigonal plane, the 
trigonal bipyramid structure passes through the square 
pyramid geometry, placing the leaving group at the axial 
position. Finally removal of 'X' regenerates the square 
pyramid geometry. The schematic representation of the 
mechanism of substitution reaction is shown below (Fig. 2). 
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Fig. 2. Mechanism of substitution reaction for square planar 

Pt(II) complexes 
 

This mechanism is substantiated by confirmation 
of the existence of Pt(II) five-coordinated intermediates of 
finite chemical stability to allow detection or isolation. An 
example was the recently solved X-ray crystal structure of 
[Pt(bpy)2{PPh(PhSO3)2}]·5.5H2O. This complex was 
prepared by mixing equimolar amounts of [Pt(bpy)2]2+ and 
phosphine (PPh3) in CD3OD. Further, when the reaction was 
conducted in excess PPh3, [Pt(bpy)(PPh3)2](ClO4)2, (the final 
product of the reaction) was formed, as confirmed by the X-
ray structure, which showed a distorted square planar.54 
Such evidence strongly supports the substitution to 
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proceed via the associative mode of activation in which a 
Pt(II) five-coordinate intermediate preforms, leading to 
the subsequent formation of the final product. Where the 
intermediates are long-lived, they can be detected or 
isolated as solid. Another example is provided by the 31P 
been investigated 57 at different temperatures and 
pressures by using high pressure 17O NMR spectroscopy 
with oxygen-17 enriched water. The negative values of 
activation parameters, ∆S≠ and ∆V≠, support associative 
interchange, i.e., A or Ia.NMR spectroscopic analysis, 
which shows that 5-coordinated [Pd(Br)2(PMe3)3] and 
[Pd(Br)(PMe3)4]+ rapidly dissociate Br− and PMe3 
respectively in the dichloromethane solution.55 Moreover, 
intermolecular phosphine exchange reaction (7) has been 
identified by variable temperature 31P[1H] NMR 
spectroscopic and conductivity study.55 

[PtX2(PR3)2] +  PR3                        [PtX2(PR3)3]    
       

(7) 
The exchange of solvent at the solvated metal ion, 

e.g., the water exchange at [Pt(H2O)4]2+ has  

2.7. Dissociative Mechanism 

The dissociative pathway is considered as the less 
frequent process for substitution on square planar 
complexes compared to the usual associative pathway. 
However, it can be facilitated by using a sterically 
crowded substrate, inducing bond weakening, stabilization 
of reduced coordination numbered intermediate, or 
preventing bond formation. In theory, this can be done by 
using either electronic or steric effects.1,37,58 Thus, a T-
shaped three-coordinated intermediate is formed, which 
may experience intermolecular rearrangements, giving 
rise to the nonstereospecific reactions. However, using 
either electronic or steric factors through ancillary ligands 
for achieving dissociative mechanism remains unfruitful.  

Ample evidence in support of a dissociative mecha-
nism containing a three-coordinated intermediate of 
platinum(II) originates from organometallic complexes 
but not from classical Werner-type compounds. The 
formation of such tri-coordinated and 14-electron 
compounds provides an alternative pathway for various 
processes as a substitute for the intermediacy of four- and 
five-coordinated complexes.56 For example, the unca-
talyzed cis to trans isomerization of cis-[Pt(PEt3)2(R)X]  
(R = alkyl or aryl groups; X = halide ion) complexes 
involves a rate-determining step of breaking the Pt-X bond 
followed by the interconversion of two T-shaped three-
coordinated (i.e., 14-electrons) intermediates. Another 
straightforward instance of ligand dissociation as the 
dominant step in substitution reactions of square-planar 
complexes is obtained from the kinetics of solvent 
exchange and replacement by bidentate ligands on cis-
[Pt(R)2(L)2] (R = CH3 or C6H5; L = sulfoxide or thioether) 

complexes.59 The kinetics of nucleophilic substitution 
reactions on platinum complexes with a set of donor 
atoms of the type cis-[Pt(C,C)(S,S)] (C-strong σ donor 
carbon moiety; S-thioether or sulfoxide) has provided the 
most trustworthy example for the existence of 3-
coordinated 14-electron complex as the intermediate. The 
following factors facilitate the dissociative pathway: (i) 
accumulation of excessive electron density at the metal 
center obstructs the axial approach of the incoming ligand; 
(ii) weakening of M-L bond (L = leaving group) attributed 
to the dominating trans influence of strong σ-donor 
ligands; and (iii) the stabilization of intermediate by the 
residual set of three inplane ligands without altering the 
singlet ground state. However, such promoting influences 
are not applicable in the presence of ligands with π-
accepting properties.60-61 Interestingly, the reaction of cis-
[PtMe2(Me2SO)2] with pyridine in toluene shows two 
steps. In the presence of added Me2SO, the rate of the first 
step and the formation of the monopyridine complex are 
retarded, which suggests a dissociative mechanism (ΔS≠ = 
+86 JK-1mol-1). The second step is independent of the 
added Me2SO concentration which represents an 
associative path (ΔV≠ = -11.4 cm3mol-1).62 

2.8. Evaluation of the Mechanism  
for Square Planar Substitution Reactions 

The intimate mechanism of nucleophilic 
substitution at square planar complexes is generally 
accepted as associative, i.e., 'a' type. Therefore the energy 
of the transition state is dependent to a great extent on the 
nature of the incoming nucleophile. Moreover, theoretical 
calculations strongly suggest the associative mode of 
activation in which a 5-coordinate transition state or 
intermediate is formed. Isolation of these intermediates 
hinges on the existence of profound potential energy wells 
in the reaction profile diagram of the intermediates (Fig. 3).  

For example, the isolation of a trigonal bipyramid 
complex, [Pt(SnCl3)5]3- suggests that it may be the long-
lived intermediate that possibly forms during a square 
planar substitution reaction. Moreover, five-coordinate 
intermediates formed during the reactions of tertiary 
phosphines with bis-β-diketonate complexes of Pt(II) and 
Pd(II).63–65 

There are two possibilities for five-coordinate 
complex with respect to the detailed intimate 
mechanism: 'A' or 'Ia'. 'A' process involves minima in 
the energy profile diagram related to the presence of 
symmetrical (D3h) trigonal-bipyramidal intermediate and 
proceeds via two steps. 'Ia' process proceeds via a single 
step and bears the symmetric trigonal bipyramid 
structure as the transition state of the highest energy 
structure.2,66  
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Fig. 3. Energy profile diagrams for substitution reactions on square planar complexes 
 

3. Mechanism of Action and Clinical 
Applications of Platinum Complexes 

The mode of action of different platinum-based 
antitumor drugs like cisplatin and its structural analogs 
with various biomolecules are being explored explicitly. 
Several research groups have expounded substantially to 
comprehend the antitumor activity of platinum-based 
drugs. However, very little is known about the molecular 
mechanism of DNA-binding and the factors influencing 
such platination. To understand the difference between the 
biological activities of different metallo-drugs a deep 
knowledge of the bonding interactions of various 
biomolecules is needed, particularly targeting DNA with 
the metal-based drugs.67-70  

Recent studies of in vitro and in vivo interactions of 
cisplatin and analogous antitumour agents have 
established the following facts:71–75 

1. Cisplatin can be administered as an injectable 
agent both intravenously and intra-arterially. It is also used 
intraperitoneally, particularly for treating carcinomatosis 
and primary peritoneal carcinoma. Adequate hydration 
before administration and maintaining hydration and 
urinary output for 24 hours afterward are crucial. 
Additionally, anti-emetic agents can be used 
prophylactically to prevent nausea and vomiting. Cisplatin 
is generally believed to be the first transported into tumor 
cells via copper transporter 1 (CTR1).  

2. Cisplatin becomes activated upon entering the 
cell through the replacement of its chloro-ligands by water 
molecules in the cytoplasm. This replacement is facilitated 
by the significantly lower intracellular chloride ion 
concentration (around 4 mM) compared to the 
extracellular matrix (around 100 mM). This hydrolyzed 
product is a potent electrophile that reacts with various 
nucleophiles, including sulfhydryl groups on proteins and 
nitrogen donor atoms on nucleic acids. Cisplatin binds to 

the N7 reactive center on purine residues, causing DNA 
damage in cancer cells, which blocks cell division and 
leads to apoptotic cell death. The most significant DNA 
changes are the 1,2-intrastrand cross-links of purine bases 
with cisplatin, including 1,2-intrastrand d(GpG) adducts 
and 1,2-intrastrand d(ApG) adducts, representing about 
90% and 10% of adducts, respectively. Additionally, 1,3-
intrastrand d(GpXpG) adducts, inter-strand crosslinks and 
nonfunctional adducts contribute to the toxicity of 
cisplatin. 

However, the precise molecular mechanism of 
cisplatin induced cytotoxicity remains elusive. As a result, 
the reactivity data of cisplatin and its multiple analogs 
have been used as basic knowledge to attain a more 
rigorous understanding of the molecular mechanism of 
their anticancer activity.  

3.1. Development of Platinum-Based 
Anticancer Complexes 

The platinum complexes have been the heartbeat of 
cancer chemotherapy for more than three decades. 
Cisplatin was the first discovered metal complex with 
antitumor activity and also the complex with the simplest 
structure. Presently, a large number of cisplatin analogous 
are in clinical trials with at least one stable am(m)ine 
spectator ligands attached to central platinum and different 
leaving groups, and modifications are still being pursued 
worldwide. Amendments are mainly carried out either by 
changing the leaving group or by changing the spectator 
ligand. 

The second-generation drug carboplatin differs 
from cisplatin by having a bidentate dicarboxylate ligand 
as its leaving group instead of cisplatin's more labile 
chloride ions. This difference results in lower reactivity 
and slower DNA binding kinetics for carboplatin, 
although it forms the same reaction products as cisplatin at 
equivalent doses in vitro. The reduced reactivity of carbo-
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The reactivity trend among various platinum(II)-
am(m)ine-diaqua complexes (Fig. 4), featuring diverse 
spectator ligands with varying σ-donation and π-
acceptance properties, can be elucidated based on their 
activation enthalpies88-96 as  

cis-[Pt(pipen)(H2O)2](ClO4)2   
< cis-[Pt(dach)(H2O)2](ClO4)2   
<cis-[Pt(dap)(H2O)2](ClO4)2   
cis-[Pt(dmen)(H2O)2](ClO4)2   
< cis-[Pt(en)(H2O)2](ClO4)2  

< cis-[Pt(amp)(H2O)2](ClO4)2   
< cis-[Pt(bpy)(H2O)2](ClO4)2  

< cis-[Pt(phen)(H2O)2](ClO4)2. 
The reactivity sequence is arranged according to 

the activation enthalpies of the reactions with different 
nucleophiles. The low activation enthalpy is associated 
with the stability of the transition state and it implies that 
the metal center is highly reactive and electrophilic. This 
reactivity trend can also be explained by the stronger 
associative mode of activation via electrophilic Pt(II) 
centers. These characteristics are shown in Fig. 5 and 
Tables 1–3. The reactivity sequence can also be seen in 
terms of the enthalpy of activation values of different 
nucleophiles (Table 5). However, in some systems, there 
is no direct correlation between the reactivity and 
activation enthalpy, ΔH≠, suggesting that activation 
entropy plays an important role in these reactions.97       

These findings are also in good agreement with the 
pKa value of the diaqua complexes.89 Comparing the pKa 
values of the different diaqua platinum complexes, an 
increase in pKa values with increasing the σ-donor ability 
of the spectator ligands is observed.  

The σ-donor ability pattern of -NH3 < NH2R  
< NHR2 groups predicts the reactivity order as follows:  

cis-[Pt(pipen)(H2O)2](ClO4)2  
<cis-[Pt(dach)(H2O)2](ClO4)2  
< cis-[Pt(dap)(H2O)2](ClO4)2  

< cis-[Pt(dmen)(H2O)2](ClO4)2  
<cis-[Pt(en)(H2O)2](ClO4)2 < cisplatin-(OH2)2  

< cis-[Pt(MAMP)(H2O)2](ClO4)2  
<cis-[Pt(bpy)(H2O)2](ClO4)2  

<cis-[Pt(phen)(H2O)2](ClO4)2. 
The introduction of electron withdrawing groups 

reduces the electron density at the Pt(II) center. As a 
result, the pKa values of the diaqua complexes become 
low, and reactivity is improved. 

pKa1 values of the diaqua complexes follow the 
following order: cis-[Pt(bpy)(H2O)2](ClO4)2 < cis-
[Pt(en)(H2O)2](ClO4)2 < cis-[Pt(dap)(H2O)2](ClO4)2 < cis-
[Pt(pipen)(H2O)2](ClO4)2. Increased pKa values are 
associated with the enlarged σ-donor ability of the 
bindentate ligands. The low pKa1 value of cis-
[Pt(bpy)(H2O)2](ClO4)2 is attributed to the bpy ligand, 
which has the π-acceptor property and creates high 
electrophilicity at the Pt(II) center.  

platin  leads  to  fewer  protein-carboplatin  complexes,  which
are  then  excreted.  However,  the  lower  excretion  rate  of
carboplatin  means  more  of  the  drug  is  retained  in  the
body,  resulting  in  longer-lasting  effects  with  a  retention
half-life  of  30  hours  compared  to  1.5-3.6  hours  for
cisplatin.  The  greatest  benefit  of  carboplatin  over  cisplatin
is  its  reduced  side  effects,  particularly  the  elimination  of
nephrotoxic  effects.70

  Oxaliplatin,  a  third-generation  anticancer  drug,
comprises  a  stable  bidentate  1,2-daminocyclohexane
(DACH)  spectator  ligand  (instead  of  two  NH3  ligands)  and
an  oxalate  leaving  group.  The  mechanism  of  action  of
oxaliplatin  is  similar  to  that  of  cisplatin,  but  it  does  not
produce  cross-resistance  with  cisplatin  or  carboplatin.  The
retention  of  the  bulky  DACH  ring  by  the  activated  oxali-
platin  is  believed  to  lead  to  the  formation  of  platinum-DNA
adducts.  These  adducts  are  more  effective  at  obstructing
DNA  replication  and  exhibit  greater  cytotoxicity  than  those
formed  by  cisplatin.  Therefore,  the  DACH  spectator  ligand
contributes  a  greater  cytotoxicity  profile  of  oxaliplatin  and
low  cross-resistance  when  compared  to  cisplatin  and
carboplatin,  the  widely  used  drugs.76-80

  Phenanthriplatin  and  pyriplatin,  monofunctional
platinum  (II)  complexes,  have  recently  been  explored  as
potential  anticancer  drugs.  When  compared  to  its  parent
complex,  phenanthriplatin,  cis-[Pt(NH3)2Cl  (phenan-
thridine)]+,  a  monofunctional  anticancer  drug  generated
from  cisplatin,  has  substantially  faster  DNA  covalent-
binding  activity.81  Therefore,  one  of  the  biggest
challenges  facing  the  scientific  community  is  to  develop
platinum-based  chemotherapeutic  agents  with  increased
cytotoxicity  and  reduced  toxicity.

4.  Comparison  of  Kinetic  and 
Thermodynamic  Parameters  of 
Substitution  Reactions  with  Respect 
to the  σ-Donation  and  π-Acceptance 
Properties  of  Spectator  Ligands  in 
Bifunctional  Mononuclear
Platinum(II)  Complexes

  For  evaluating  different  kinetic  and  thermodynamic
characteristics,  some  diaqua  platinum(II)  complexes  were
chosen  as  typical  examples.  Several  research  groups  have
compared  the  substitution  rate  constants'  k1'  and  'k2'  (for
substitution  of  the  first  and  second  aqua  molecules,
respectively,  from  diaqua  PtII  complex)  for  different
ligands  (bidentate  as  well  as  monodentate)  composed  of
(O,  N),  (S,  N),  (N,  N)  and  (O,  O)  donor  sets  and  'S'  based
donor  molecules.82-87
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Fig. 4. The structure of the selected bifunctional mononuclear platinum(II) complexes 
 
Table 1. Comparison of kinetic parameters of different complexes for ligand glycine 

Complex ∆H1
≠ 

(kJmol-1) 
∆S1

≠ 

(JK-1mol-1) 
∆H2

≠ 

(kJmol-1) 
∆S2

≠ 

(JK-1mol-1) Ref 

Cis-[Pt(en)(H2O)2]2+ 53 ± 1 −100 ± 4 45 ± 1 −150 ± 2 
Cis-[Pt(dmen)(H2O)2]2+ 51 ± 1 −106 ± 3 47 ± 2  −146 ± 1 

90 

 
Table 2. Comparison of kinetic parameters of different complexes for ligand 2-Thiouracil 

Complex ∆H1
≠ (kJmol-1) ∆S1

≠ 

(JK-1mol-1) 
∆H2

≠ 

(kJmol-1) 
∆S2

≠ 

(JK-1mol-1) Refs 

Cis-[Pt(en)(H2O)2]2+ 18 ± 2   -225 ± 6 26 ± 1 -148 ± 5 91 
Cis-Pt(pipen)(H2O)2]2+ 29 ± 1  -198 ± 4 32 ± 1 -225 ± 2 
Cis-[Pt(dap)(H2O)2]2+ 27 ± 2   -197 ± 8 69 ± 13 -102 ± 42 

92 

Cis-[Pt(cis-dach)(H2O)2]2+ 14 ± 1 -239 ± 3 25 ± 1 -248 ± 4 87 
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Table 3. Comparison of kinetic parameters of different complexes for ligand thiourea 

Complex ∆H1
≠ 

(kJmol-1) 
∆S1

≠ 
(JK-1 mol-1) 

∆H2
≠ 

(kJmol-1) 
∆S2

≠ 

(JK-1mol-1) Refs 

Cis-[Pt(en)(H2O)2]2+ 57 ± 3  -24 ± 11 36 ± 2  -69 ± 6 
Cis-[Pt(dach)(H2O)2]2+ 58 ± 3  -22 ± 9 60 ± 2  -23 ± 6 
Cis-[Pt(amp)(H2O)2]2+ 52 ± 3  -28 ± 9 35 ± 1  -95 ± 3 
Cis-[Pt(bpy)(H2O)2]2+ 45 ± 2  -24 ± 7 34 ± 2  -73 ± 5 

89 

Cis-[Pt(phen)(H2O)2 ]2+ 41 ± 2 −41 ± 6 37 ± 1 −61 ± 2 93 
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Fig. 5. Variation of enthalpy of activation with pKa  
of platinum complexes (Tables 4 and 6) 

 

5. The Fate of Pt(II) in the Presence 
of Deactivating Bionucleophiles 

Competition studies for Pt-amine complexes with 
N-, O- and S-donor nucleophiles may throw some light 
on understanding the rates of interaction between metal 
complexes and biomolecules and develop new 
chemotherapeutic drugs. For deeper understanding, 
various bio relevant nucleophiles were chosen as typical 
examples with varying electrical and structural 
properties, serving as a model for the binding of 
anticancer drugs to DNA. 

The rate constants (k1) were compared for the 
system cis-[Pt(cis-dach)(H2O)2] across temperatures (25 
to 45 °C) at pH 4.0, revealing the reactivity order of 
selected nucleophiles as follows:82-87 

N, N′-diethylthiourea > 2-thiouracil > DL-penicillamine   
> 1,2-cyclohexanedionedioxime > L-asparagine   

> acetylacetone > L-arginine > adenosine   
> L-glutamic acid > glycyl-L-leucine. 

The changes in size, bulkiness, pKa, and solvation 
of the entering ligands constitute the measure of nuc-
leophilicity, as revealed by the relative order of subs-

titution rates. The effect of the incoming nucleophiles' σ-
donor characteristics on reaction rates is consistent with 
what one would predict from an associative mechanism. 

From the above series, it is evident that the sulfur-
containing ligands have the higher philicity for the Pt(II) 
center due to σ-donor as well as π-acceptor ability. 
Moreover, Pt(II), a soft acid, has a higher affinity for soft 
sulfur ligands, according to the HSAB theory. For sulfur-
based ligands, the relative order of k1 (rate constant for 
the first step of substitution) at temperature 35 oC is 
N,N′-diethylthiourea > 2-thiouracil > DL-penicillamine. 
DL-penicillamine has the lowest reactivity due to the 
steric crowding of two methyl groups adjacent to the 
thiol group. 2-Thiouracil has greater reactivity compared 
to that of DL-penicillamine. This is due to the anchimeric 
effect, which reduces activation energy by hydrogen 
bonding interactions between the substrate complex and 
the nucleophile.   

For selected amino acids and dipeptides, the 
substitution trend (k1) follows the following reactivity 
order: 

glycyl-L-leucine < L-glutamic acid   
<L-arginine < L-asparagine
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The initial step of the two consecutive processes is 
the deprotonation of –COOH group. Therefore, the 
increase in rate from L-glutamic acid to L-asparagine via 
L-arginine is in accordance with their pKa values.  
 
Table 4. pKa Values of the selected ligands at 25 oC 

Ligand pKa 
Glycyl-L-leucine  3.18 (–COOH) and 8.14 (–NH3

+)  
L-glutamic acid 2.19 α(–COOH), 4.25 (–COOH),  

9.67 (NH3
+) 

L-arginine 2.17 (–COOH), 9.04 (NH3
+),  

12.48 (Guan+) 
L-asparagine 2.02 (–COOH), 8.80 (NH3

+) 
 

Of these four ligands, glycyl-L-leucine has the 
slowest rate due to its high steric crowding. The 
relatively high substitution rate constants (k1) of ligands, 
L-glutamic acid, L-arginine, and L-asparagine are due to 

better solvation of the activated complex. The second 
step, i.e., chelation reaction follows a similar order of 
reactivity. The chelation reaction is associated with the 
deprotonation of the α-NH3

+ group, which is consistent 
with the pKa value of the same group. The chelation step 
of glycyl-L-leucine is the slowest due to the steric 
crowding because it requires coordination to the amide 
group via the 'N' atom.  

In addition, the dipeptides cyclization process is a 
pH-dependent amide deprotonation step, which takes 
place in the physiological pH range.  

Therefore, at experimental pH, i.e., 4.0, the 
deprotonation of the amide becomes difficult, and the 
cyclization reaction slows down.  

Elucidation of such kinetic and mechanistic 
details of the interaction of platinum anticancer drugs at 
the molecular level, especially with DNA, may stimulate 
the design of new drugs.98-99  

 
Table 5. Comparison of kinetic parameters of some selected ligands for cis-[Pt(cis-dach)(H2O)2]2+ complex 

Ligands ∆H1
≠ (kJmol-1) ∆S1

≠ 
(JK-1 mol-1) 

∆H2
≠ 

(kJmol-1) 
∆S2

≠ 

(JK-1mol-1) Ref 

DL-Penicillamine 36 ± 4 -175 ± 12 44 ± 1 -189 ± 3 82 
Glycyl-L-leucine 52 ± 3 -152 ± 8 54 ± 2 -162 ± 5 83 
Adenosine 43 ± 1 -177 ± 4 50 ± 2 -181 ± 6 84 
N,N′-diethylthiourea 63 ± 2 -26 ± 7 66 ± 3 -61 ± 11 85 
L-Asparagine 41 ± 2 -124 ± 6 44 ± 0.3 -191 ± 1 
L-Arginine 42 ± 1 -123 ± 4 46 ± 0.2 -186 ± 1 
L-Glutamic acid 43 ± 2 -121 ± 6 49 ± 0.1 -177 ± 0.3 

86 

2-Thiouracil 14 ± 1 -239 ± 3 25 ± 1 -248 ± 4 
1,2-Cyclohexane-
dionedioxime 

40 ± 2 -168 ± 5 43 ± 2 -194 ± 5 

Acetylacetone 41 ± 2 -166 ± 6 44 ± 1 -191 ± 2 

87 

 
6. Conclusions 

The cis-[Pt(cis-dach)(H2O)2]2+ complex is 
sterically more crowded, so the reaction rate is slower 
than cis-[Pt(en)(H2O)2]2+. Here, the positive inductive 
effect of the cyclohexane ring reduces the reactivity of 
cis-[Pt(cis-dach)(H2O)2]2+. 

For the cis-[Pt(bpy)(H2O)2](ClO4)2 and cis-
[Pt(phen)(H2O)2](ClO4)2 complexes, both the ligands 'bpy' 
and 'phen' have the π-acceptance property. Withdrawing 
electron density from the Pt(II) center enhances the 
electrophilicity of the Pt (II) center and accelerates the 
nucleophilic attack. 

In the cis-[Pt(dmen)(H2O)2]2+ system, the nitrogen 
atom in ethylenediamine is substituted by methyl groups, 
which have both steric and electronic effects (+I effect). 
Therefore, the reactivity of cis-[Pt(dmen)(H2O)2]2+ 
complex is slower than cis-[Pt(en)(H2O)2]2+. Moreover, in 
cis-[Pt(dmen)(H2O)2]2+, the two methyl groups of the 

terminal nitrogen restrict the approach of the incoming 
ligand and reduce the reactivity. 

Therefore, the reviewed data has clearly shown 
that complexes that have non-leaving am(m)ine bidentate 
ligands are less reactive toward both S-, N- ligands due to 
the higher positive inductive effect (i.e., +I effect). Those 
with at least one pyridyl ring are more reactive owing to 
the π-acceptance property. 

Finally, it can be concluded that platinum 
complexes with π-acceptor spectator ligands are more 
likely to be substituted than σ-donor spectator ligands. 
Therefore, the σ-donation and π-acceptance properties of 
spectator ligands can modify the reactivity of platinum 
complexes. From the comparison of the reactivity of 
different platinum complexes, it can be seen that labile 
complexes are inactivated by binding to proteins, and the 
inert complexes are excreted from the body. Therefore, 
there must be a good compromise between the reactivity 
and inertness of metal complexes to be a promising 
anticancer drug. Therefore, the reactivity patterns of the 
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different bifunctional mononuclear platinum complexes 
can be tuned via the σ-donation and π-acceptance 
properties of spectator ligands. This allows synthetic 
chemists to provide additional tools for developing new, 
more potent, and less toxic antitumor agents. 
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ВПЛИВ σ-ДОНОРНИХ І π-АКЦЕПТОРНИХ 
ВЛАСТИВОСТЕЙ ЛІГАНДІВ-СПЕКТАТОРІВ НА 
РЕАКЦІЇ ЗАМІЩЕННЯ В БІФУНКЦІОНАЛЬНИХ 
МОНОНУКЛЕАРНИХ КОМПЛЕКСАХ ПЛАТИНИ 

(ІІ): ДОСЛІДЖЕННЯ ЗАКОНОМІРНОСТЕЙ 
РЕАКЦІЙНОЇ ЗДАТНОСТІ ПРОТИПУХЛИННИХ 

СПОЛУК 
 

Анотація. Кінетику та механізм реакцій заміщення 
лігандів у квадратних планарних комплексах платини (II) по-
стійно досліджують протягом останніх кількох десятиліть. Це 
сталося після випадкового відкриття Барнеттом Розенбергом у 
1965 році антипроліферативної активності цисплатину, що 
привернуло велику увагу інших дослідників до розробки нових 
препаратів Pt(II) з кращою активністю та меншою кількістю 
побічних ефектів. Клінічний успіх цисплатину як хіміотера-
певтичного препарату сприяв створенню наступних поколінь 
препаратів з більшою ефективністю та меншою токсичністю. 
Основна мета цих досліджень полягала в тому, щоб при-
стосувати стеричні й електронні властивості лігандів-спек-
таторів до впливу на розчинність, pKa, молекулярну асоціацію 
або реакційну здатність платинових комплексів для підвищення 
потенціалу протипухлинних препаратів. У цьому міні-огляді 
розглянуто: i) механізми заміщення в комплексах Pt(II) загалом і 
ключові фактори, які контролюють реакційну здатність; ii) 
тенденції в експериментально виміряних даних про швидкість 
реакції і те, як її можна контролювати, варіюючи σ-донорні та 
π-акцепторні здатності ліганду-спектатора. Крім того, 
проаналізовано закономірності реакційної здатності пла-
тинових комплексів і показано, як σ-донорні та π-акцепторні 
ліганди впливають на їхню біологічну активність. Результати 
кінетичних і механістичних досліджень є важливими для роз-
робки ефективніших і менш токсичних протиракових 
препаратів на основі платини. 
 

Ключові слова: протипухлинний, біфункціональна 
моноядерна платина (II), кінетика, механізм, реакційна 
здатність, квадратні планарні комплекси. 

 


