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Abstract Substitution reactions of the aqua ligands from

azine-bridged dinuclear platinum(II) complexes of the type

[{cis-Pt(py)2(OH2)}2(l-pzn)](ClO4)4 [pzn = pyrazine (Pt-

PZN), 2,3-dimethylpyrazine (Pt-2,3PZN), 2,5-dimethylpyr-

azine (Pt-2,5PZN) or 2,6-dimethylpyrazine (Pt-2,6PZN)] by

thiourea nucleophiles were investigated under pseudo first-

order conditions as a function of concentration and tempera-

ture using the stopped-flow technique. The experimental

results are discussed in reference to structures obtained by

DFT calculations. The results are in good agreement with the

pKa values of the complexes as well as DFT calculations.

Compared to [{cis/trans-Pt(NH3)2(OH2)}2(l-pzn)](ClO4)4,

the complexes in this series react faster by a factor of 10 or 23

respectively due to the presence of pyridine rings, which

forces the geometry to allow p-back bonding to take place

such that the electrons from the metal centres are accepted to

the empty p*-orbitals of the pyridine subunits. The reactivity

of the nucleophile is sterically dependent, with N,N,N0,N0-
tetramethylthiourea reacting three times slower than thiourea.

In all complexes and for both substitution steps, the mode of

activation remains associative in nature.

Introduction

In order to understand how dinuclear Pt(II) complexes

interact with biological molecules, it has become

increasingly important to understand the mechanism of

their ligand substitution reactions using model molecules

which mimic bionucleophiles such as thios, certain groups

of enzymes, peptides and proteins. Kinetic investigations

of Pt(II) complexes may contribute to a better under-

standing of the rates of important biochemical transfor-

mations as well as the underlying mechanisms. In

particular, by monitoring the substitution reactions with

sulphur donors, more information can be gained on the

possible modes of interaction of Pt(II) complexes with

in vivo targets and their subsequent application in the study

of their anti-tumour properties.

Kinetic studies of the ligand substitution of dinuclear

Pt(II) complexes with flexible and rigid linkers have been

reported [1–12]. The reactivity of the metal centres has

been shown to depend on the length and nature of the

bridging ligand [1–12]. For example, when a straight ali-

phatic chain is used in dinuclear complexes with mono-

dentate ammine [8] and bis(2-pyridylmethyl)amine [1, 9–

12] carrier ligands around the Pt centres, the reactivity

increases with the increase in chain length until it reaches

the point where it is independent of the chain length. This

observation was ascribed to the decrease in charge addition

of the Pt atoms caused by a combination of increased

electrostatic interactions with a concomitant increase in the

r-donor capacity towards each Pt atom [1, 2]. A similar

trend in reactivity was observed by van Eldik et al. [1, 9–

12] when anionic and biologically relevant nucleophiles

were used to study the ligand substitution reactions in al-

kanediamine-bridged Pt(II) complexes with a bis(2-pyri-

dylmethyl)amine chelate framework around each Pt atom.

The trend in reactivity is the same in all known cases as

that reported in the study by Jaganyi et al. [8] for dinuclear

complexes with monodentate amine ligands around the

Pt(II) centres. In addition, a decrease in reactivity with an
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increase in alkanediamine chain was observed for dinuclear

complexes with the linker in the cis-position relative to the

leaving group [13]. This trend is attributed to the strong r-

donor ability of the –(CH2)n– moiety that is in the cis-

position with respect to the leaving group. This causes

accumulation of the electron density at the metal centre,

making it less electrophilic [13]. On the other hand, when

rigid and semi-rigid ligands are used to link Pt(II) centres,

the reactivity of the complex depends on the ability of the

linker to decrease the electron density at the metal centre

through p-back bonding [5, 7, 14].

The substitution results obtained for dinuclear Pt(II)

complexes show that their reactivities may be manipulated

by the geometry of the complex, especially with respect to

the relationship of the leaving group to the diamine bridge,

and the nature of the diamine bridge itself as well as the other

ligands in the Pt coordination sphere. It has been reported

that the DNA binding properties of Pt(II) complexes differ

dramatically when the ligand coordinated to the Pt centre is

varied from NH3 to pyridine [15]. The current study is an

expansion of earlier work from our group on azine-bridged

dinuclear Pt(II) complexes with NH3 ligands cis or trans to

each other [7, 14] and is intended to resolve the thermody-

namic and kinetic properties of the complexes as a function

of pyridine ligands bonded to the Pt centre. We are particu-

larly interested to know whether the pyridine rings will enter

into electronic communication with the Pt(II) orbitals

through p-backbonding and how will this affect the reac-

tivity of the complexes, taking into account the steric effects

of the methyl groups on the pyrazine linker. For this reason,

we set out to synthesize and study the kinetics of ligand

substitution of novel cationic dinuclear Pt(II) complexes

bearing two pyridine rings at each Pt centre (Fig. 1). The

choice of the pyridine ligand and azine as a linker was due to

the interesting cytotoxic activities of their mononuclear and

dinuclear Pt(II) complexes [15–18].

Experimental

Chemicals and reagents

Pyrazine (99 %), 2,3-dimethylpyrazine (99 %), 2,5-

dimethylpyrazine (99 %), 2,6-dimethylpyrazine (99 %),

NaClO4�H2O (98 %), HClO4 (70 %), AgClO4 (99.98 %)

and pyridine (99 %) were obtained from Aldrich and used

without further purification. Potassium tetrachloroplatinate

[K2(PtCl4)] (99.99 %) was purchased from Strem. Thio-

urea, TU (99 %), 1,3-dimethyl-2-thiourea, DMTU (99 %),

1,1,3,3-tetramethyl-2-thiourea, TMTU (98 %) used in the

kinetic measurements were obtained from Aldrich. Ultra-

pure water (PureLab Systems) was used in all experiments.

All other reagents used were of analytical grade quality.

Synthesis of trans-[PtCl2Py2]

The mononuclear starting compound of general formula

[trans-PtCl2(Py)2] was prepared according to a literature

procedure [19]. To a solution of K2PtCl4 (1.62 g,

3.89 mmol) in water (100 mL) was added pyridine

(1.25 mL, 15.58 mmol), and the mixture was heated at

reflux temperature until the yellow precipitate which

formed redissolved to give a clear solution. HCl (2.0 M,

100 mL) was added to the hot solution, and the mixture

heated at reflux until the solution turned yellow. On

reducing the volume of the solution to ca 10 mL, a light

yellow solid precipitated. This was filtered off and washed

with water and acetone. The crude product was recrystal-

lized from CHCl3/ether.

trans-[PtCl2Py2] Light yellow powder, yield 1.44 g

(89 %). 1H NMR (CDCl3, 400 MHz,): d = 8.92 (d, 4H),

7.79 (t, 2H), 7.32 (t, 4H). 13C NMR (CDCl3, 400 MHz,):

153.7, 138.3 and 125.2. Anal. Calcd. for C10H10N2PtCl2: C

28.3, H 2.4, N 6.6. Found C 28.3, H 2.4, N 6.5. TOF MS

ES?: m/z, [M ? Na]? = 446.97.

Synthesis of [trans-{PtCl(Py)2(DMF)}]ClO4

The title compound was prepared following the literature

method [20–22]. To a solution of a known amount of trans-

[PtCl2(Py)2] in DMF (10 mL) was added one equivalent of

AgClO4. The solution was stirred in the dark overnight at

room temperature. After cooling to 5 �C, the precipitated

AgCl was filtered off and the yellow filtrate retained.

Synthesis of dinuclear Pt(II) complexes

The synthesis of the new tetrapyridyl coordinated dinuclear

complexes was adopted from a previously published

method [22] starting with [trans-{PtCl(Py)2(DMF)}]ClO4

and pyrazine derivatives as the bridging ligand, with some

Fig. 1 Structures of the complexes investigated in this study (charges

omitted for clarity)
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minor modifications. To a filtrate of [trans-{PtCl(Py)2

(DMF)}]ClO4 was added dropwise a solution of the pyra-

zine derivative (half equivalent that of the metal complex)

in DMF (2 mL). The mixture was stirred overnight at

30–40 �C in the dark. The solution was then cooled and

concentrated on a rotary evaporator at reduced pressure to a

volume of approximately 2 mL. The off-yellow com-

pounds that precipitated out after the addition of methanol

(20 mL) was filtered off and repeatedly recrystallized from

minimal H2O/ethanol. All complexes were prepared as

perchlorate salts and characterized by 1H NMR and ele-

mental analysis. Characterization data were in excellent

agreement with the proposed structures.

Pt-PZN Light yellow powder, yield 76.60 mg (35 %).
1H NMR (DMSO-d6, 400 MHz,): d = 8.95 (d, 2H), 8.79

(d, 8H), 8.02 (t, 4H), 7.73 (d, 2H), 7.53 (dd, 8H). Anal.

Calcd. for C24H24N6O8Pt2Cl4: C 27.3, H 2.6, N 7.9. Found

C 27.6, H 2.5, N 7.6.

Pt-2,3PZN Light yellow powder, yield 74.40 mg

(33 %). 1H NMR (DMSO-d6, 400 MHz,): d = 8.97 (d,

8H), 8.94 (d, 2H), 8.22 (t, 4H), 7.76 (dd, 8H), 2.35 (s, 6H).

Anal. Calcd. for C26H28N6O8Pt2Cl4: C 28.8, H 2.6, N 7.7.

Found C 28.2, H 2.8, N 7.5.

Pt-2,5 PZN Light yellow powder, yield 67.64 mg

(30 %). 1H NMR (DMSO-d6, 400 MHz,): d = 8.95 (d,

8H), 8.39 (s, 2H), 8.19 (t, 4H), 7.74 (dd, 8H), 2.43 (s, 6H).

Anal. Calcd. for C26H28N6O8Pt2Cl4: C 28.8 H 2.6, N 7.7.

Found C 28.7, H 2.5, N 7.6.

Pt-2,6 PZN Light yellow powder, yield 67.64 mg

(30 %). 1H NMR (DMSO-d6, 400 MHz,): d = 8.74 (s,

2H), 8.96 (d, 8H), 7.81 (t, 4H), 7.32 (dd, 8H), 2.61 (s, 6H).

Anal. Calcd. for C26H28N6O8Pt2Cl4: C 28.8, H 2.6, N 7.7.

Found C 29.1, H 2.6, N 7.7.

Preparation of solutions for kinetic analysis

The desired solutions of the diaqua complexes were pre-

pared by reacting a known amount of chloro Pt(II) complex

with AgClO4 in a molar ratio of 1:1.98 molar respectively

in 0.1 M HClO4. The mixture was vigorously stirred in the

dark at 50 �C for 24 h. After cooling in ice, the precipitated

AgCl was filtered off with a 0.45-lm nylon membrane

filter using a Millipore filtration apparatus. The resulting

aqueous solution was diluted with 0.1 M HClO4 to a final

complex concentration of 3.4 9 10-4, 2.15 9 10-4,

4.37 9 10-4 and 5.78 9 10-4 M for Pt-PZN, Pt-2,3PZN,

Pt-2,5PZN and Pt-2,6PZN, respectively.

Instrumentation and measurements

NMR spectra were recorded on a Bruker Avance III 500

spectrometer at 500 MHz using either a 5-mm BBOZ

probe or a 5-mm TBIZ probe. All proton chemical shifts

are quoted relative to the relevant solvent signals at 30 �C.

Elemental compositions of the complexes were determined

with a Carlo Erba Elemental Analyzer 1106. The pH values

of aqueous solutions of the complexes were measured

using a Jenway 4330 Conductivity/pH meter equipped with

a Micro 4.5 diameter glass electrode. The electrode was

calibrated at 25 �C using standard buffer solutions of pH

4.0, 7.0 and 10.0 (Merck). The pH electrode was filled with

3.0 M NaCl rather than KCl to prevent the precipitation of

KClO4. An Applied Photophysics SX 20 stopped-flow

spectrophotometer thermostated to within ±0.1 �C was

used for the kinetic measurements. pKa and kinetic traces

were graphically analysed using the software package,

Origin 7.5� [23].

Computational methods

The geometry optimizations of the complexes Pt-PZN, Pt-

2,3PZN, Pt-2,5PZN and Pt-2,6PZN were carried out in

water at the DFT level B3LYP [24] with LanL2DZ basis

set [25] using the Gaussian 09 program suite and the

CPCM formalism [26–28]. B3LYP relates to the hybrid

functional Becke’s three-parameter formulation, which has

been proven to be superior to traditional functionals.

LANL2DZ is double-zeta basis set containing effective

core potential (ECP) representations of electrons near the

nuclei for transition metal complexes [29]. The complexes

were optimized in their diaqua form as cations of total

charge ?4, and the singlet states were used due to low

electronic spin of Pt(II) complexes.

pKa titrations of the diaqua complexes

Spectrophotometric pH titrations of solutions of the aqua

complexes were performed using NaOH as the base in the

pH range of 1–10 at 25 �C. In order to avoid absorbance

corrections due to dilution, a large volume (150 mL) of the

metal complex solution was used during the titration.

Adjustments in pH were made by stepwise additions of

crushed solid NaOH pellets in the pH range 1–3, while

micropipette dropwise additions of NaOH solutions of

different concentrations (1.0, 0.5, 0.1 and 0.01 M) or 1 M

HClO4 (for reversibility of the pH) were added to the

solution in the pH range of 4–10 until the desired pH was

attained prior to withdrawal of a 1.0 mL aliquot from the

solution for pH measurement and 2 mL aliquots for spec-

trophotometric monitoring the absorbance. The 1 mL ali-

quot after each pH measurement was discarded to avoid

in situ contamination of the complex solution by chloride

ions leaching from the pH electrode.
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Kinetic measurements

The kinetics of the substitution of coordinated aqua ligands

of the complexes Pt-PZN, Pt-2,3PZN, Pt-2,5PZN and Pt-

2,6PZN were monitored under pseudo first-order condi-

tions with at least a 20-fold excess of the nucleophile

concentration over the dinuclear complex at pH 2 in order

to force the reactions to go to completion. The reactions

were initiated by mixing equal volumes of a solution of the

Pt(II) complex with a solution of the nucleophile directly in

the stopped-flow instrument at suitable wavelengths, pre-

determined from UV–Vis spectrophotometry (Table SI 1).

Observed rate constants, kobs1 and kobs2 were calculated by

a double exponential fit to the kinetic traces. The reported

kobs1 and kobs2 are mean values of at least five independent

kinetic runs on the stopped-flow spectrophotometer. The

second-order rate constants, k1 and k2, were obtained by a

fit of a straight line to the plot of kobs1 and kobs2 versus

concentration of nucleophile, [Nu] using a standard least-

squares minimizing procedure by Origin 7.5� software

package [23]. The temperature dependencies of the rate

constants in the range of 15–35 �C at a 5 �C intervals

allowed for calculation of the enthalpies and entropies of

activation, DH= and DS=, with the nucleophile concen-

tration held constant at 60 times the concentration of the

metal complex. The respective values were obtained by a

linear fit of the natural logarithm of the second-order rate

constant, ln k1=2
�
T

� �
versus 1=T using Eyring’s equation

[30].

Results

Computational analysis

In this study, one of the most important structural param-

eters is the presence of two pyridine moieties trans to each

other and cis to the leaving group at each Pt(II) centre.

Calculations were performed in order to gain an in-depth

understanding of the structural as well as the electronic

differences that exist in these complexes compared to those

reported in previous studies [7, 14]. Geometry-optimized

structures and the HOMO/LUMO maps are shown in

Table 1, while the selected metric data are presented in

Table 2.

It is important to mention that the complexes were

synthesized and are drawn as trans, but at the end of the

calculation, the pyridine rings had twisted to the equatorial

plane, adopting the cis geometry in relation to the second

pyridine ring. The calculations also show that the square

planarity around the Pt centres is maintained and the pyr-

azine ligand plus the twisted pyridine rings all lie on the

same plane with the Pt(II) centres creating an environment

for electronic communication through p-backbonding.

For all of the present complexes, the HOMOs are con-

centrated on the horizontal pyridyl p-acceptor carrier

ligands and the LUMO is centred primarily on the pyrazine

bridging ligand and partly on the dxy orbital of the Pt

centre. A general increase in the energy gap, DE (HOMO–

LUMO) of the frontier orbitals, and a decrease in NBO

charges, dependent on the position of the methyl group, are

observed upon introducing an electron-donating methyl

group to the pyrazine moiety. This is linked with the

increase in electron density at the metal centre which

results in destabilization of the molecular orbitals. Because

of the outcome of twisting the pyridine rings to the equa-

torial plane as revealed in Table 1, the thermodynamic and

kinetic data in this paper are discussed in line with the

geometry-optimized structures.

Included in Table 2 are DFT-based reactivity descrip-

tors such as chemical hardness, chemical potential and

electrophilicity index which were calculated from the

HOMO and LUMO energies [31–35] to elucidate the

observed reactivity trend of the complexes. From Table 2,

the chemical hardness decreases in the order Pt-

2,3PZN > Pt-2,5PZN > Pt-2,6PZN > Pt-PZN and tallies

well with the observed reactivity trend such that Pt-PZN is

more reactive than Pt-2,3PZN. It is worth noting that the

values of electronic chemical potential (Table 2), which

describes the escaping tendency of electrons from an

equilibrium system, are all of the same magnitude and

negative. Generally, electrophilic (nucleophilic) species are

characterized by high (low) magnitudes of the electronic

chemical potential. In the present complexes, the magni-

tude of electronic chemical potential of Pt-PZN is slightly

higher than that of Pt-2,3PZN by 0.33 eV, implying that

Pt-PZN is more reactive than Pt-2,3PZN. The negative

sign of the electronic potentials is expected because the

electron acceptance by the complexes is accompanied by a

decrease in energy. The electrophilicity trend that measures

the capacity of a complex as a whole to accept electrons is

Pt-2,3PZN < Pt-2,5PZN < Pt-2,6PZN < Pt-PZN. A

good electrophile is characterized by a high value of

electrophilicity index; therefore, Pt-PZN should be the

most reactive complex in the series and Pt-2,3PZN the

least reactive.

Acidity of the aqua complexes

Figure 2 shows an example of the spectral changes

observed during the pH titration of Pt-2,6PZN with NaOH.

The pKa values of the coordinated aqua ligands were cal-

culated from the pH profiles, an example of which is shown

as an inset in Fig. 2. Fitting of the data to separate single

sigmoidal functions (Boltzmann) using Origin 7.5�
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software [23] gave pKa values for the deprotonation of the

protons of the coordinated aqua ligands. The values are

summarized in Table 3, along with the pKa values of

analogous dinuclear Pt(II) complexes having cis NH3

ligands at each metal centre for comparison. The overall

titration process can be presented by the stepwise reactions

given in Scheme 2.

The results in Table 3 clearly show a correlation between

the pKa values and electronic as well as steric demands of the

pyrazine ligand linking the two Pt(II) centres. The pKa1

values of the deprotonation of the first coordinated aqua

ligand increase in the order of 3.14 \ 3.35 & 3.37 \ 3.59

for Pt-PZN, Pt-2,3PZN, Pt-2,5PZN and Pt-2,6PZN,

respectively. The trend in pKa values is associated with the

electronic effects of methyl substituents on the pyrazine

moiety, which through inductive effects results in the Pt–

OH2 bond being longer and increased pKa values of the

resultant complex. The second deprotonation step (Table 3)

in all these complexes occurs at higher pH values than the

first, which is attributed to the decrease in overall charge

from ?4 to ?3 upon formation of the hydroxo species.

Interestingly, the pKa values for the first deprotonation step

obtained in this study are slightly lower than those obtained

for the analogous dinuclear complexes with an sp3-hybrid-

ized ammine unit (NH3) in the trans and cis positions relative

to the leaving group [7, 14]. This may be attributed to the

effect of the introduced pyridine rings, which helps to sta-

bilize the electron density on the Pt(II) centre and the

hydroxo ligand, as the pyridine is a poor r-donor compared

to NH3 [36].

Kinetic measurements

As already mentioned, all the kinetic measurements were

done under pseudo first-order conditions with respect to the

nucleophile in order to force the reactions to completion.

The substitution reactions of the complexes with thiourea

nucleophiles (TU, DMTU, TMTU) were carried out at pH

2 and were characterized by two reaction steps (Sche-

me 3).Both substitution steps are irreversible, and the

overall reaction can be summarized by the rate law given

by Eq. 1.

Table 1 Geometry optimized

structures and DFT-calculated

(B3LYP/LACVP ? **) HOMO

and LUMO for the investigated

complexes

Transition Met Chem (2014) 39:939–949 943
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kobs1=2 ¼ k1=2 Nu½ � ð1Þ

The kinetic traces of the ligand substitution reaction

for all complexes investigated gave excellent fits to a

double exponential decay, yielding the pseudo first-order

rate constants, kobs1 and kobs2 at specific nucleophile

concentration and temperature for the first and second

substitution step, respectively. An example of the kinetic

trace obtained for the reaction of Pt-2,3PZN with TU is

shown in Fig. 3.

The values of k1 and k2 were obtained from the slope of

the plot of kobs1 or kobs2 against nucleophile concentration

at 25 �C and are summarized in Table 4. Representative

plots for the first and second substitution step for Pt-PZN

with the three investigated nucleophiles are shown in Fig. 4

(also Figures SI 11, 13 and 15). The dependence of rate

constant on temperature was studied between 15 and

35 �C. Typical Eyring plots are shown in Fig. 5 (also

Figures SI 12, 14 and 16), and the activation parameters,

DH= and DS=, are presented in Table 4.

Discussion

Previous studies have shown that there is a relationship

between pKa values and electrophilicity of the metal centre

[9, 11, 37–39]. It has also been reported that electron-

withdrawing p-acceptor ligands tend to stabilize the elec-

tron-rich hydroxo species in comparison with the aqua

species, resulting in lower pKa values [11, 37, 38]. Alter-

natively, if the r-donor capacity of the ligand trans to the

aqua moiety is enhanced, then a higher pKa value is

obtained [40]. In this study, the pKa results show that the

introduction of methyl groups to the pyrazine moiety as in

Pt-2,3PZN, Pt-2,5PZN and Pt-2,6PZN decreases the

electrophilicity of the metal centre through electron dona-

tion via the pyrazine ring. This results in a moderate

increase in pKa values for these complexes compared to Pt-

PZN. One can see that the position of the methyl groups in

the pyrazine moiety of Pt-2,3PZN and Pt-2,5PZN gave

equal distribution of the charges at each Pt(II) centre,

explaining why these two complexes have very similar pKa

values. However, donation of charge from the methyl

groups of Pt-2,6PZN is not symmetrical, resulting in Pt1
being more electrophilic compared to Pt2. This is in line

with the large difference in pKa values observed for this

complex when compared with other complexes in this

study. The trend in pKa values is in good agreement with

the DFT NBO calculated charges and the reactivity

descriptors (Table 2).

Comparing the current pKa findings with those of related

cis-complexes [14] [cis-{Pt(NH3)2(OH2)}2-l-pzn]4?

(Table 3), the pKa values obtained in this study were

slightly lower. This indicates that the electron density on

the PtOH moiety is less enhanced by the poor r-donor

pyridine rings [36] compared to NH3 which is a strong r-

donor. Further observation also shows that deprotonation

of the second aqua ligand occurs at higher pH values than

the first step in all four complexes. This is ascribed to

reduction of the overall charge from ?4 to ?3 following

deprotonation of the first aqua ligand, causing a decrease in

acidity and electrophilicity of the second Pt(II) centre. This

increase in pKa value due to the change in overall charge of

the complex has also been observed in previous studies

[1–14].

Substitution reactions of the series of dinuclear Pt(II)

complexes with thiourea nucleophiles were monitored at

pH 2 where all the complexes exist in their diaqua form

and protonation of thiourea can be ruled out [41]. Two

substitution steps were observed for all dinuclear Pt(II)

complexes studied, indicating that there is electronic

communication between the two Pt centres resulting in

each having different kinetic properties. The smallness

and rigidity of the azine linker enhances metal–metal

electronic communication via electrostatic charge transfer

OH2OH2

Scheme 1 Numbering Scheme followed for the present complexes

Table 2 DFT-calculated parameters for the investigated Pt(II)

complexes

Pt-PZN Pt-2,6PZN Pt-2,5PZN Pt-2,3PZN

HOMO–LUMO energy

LUMO/eV -14.10 -13.83 -13.64 -13.54

HOMO/eV -17.26 -17.30 -17.16 -17.16

DE/eV 3.16 3.47 3.52 3.62

NBO Charges

Pt1 0.756 0.719 0.702 0.694

Pt2 0.756 0.690 0.702 0.694

Chemical hardness (eV) 1.58 1.73 1.76 1.81

Chemical potential (eV) -15.68 -15.56 -15.40 -15.35

Electrophilicity index (x) 77.80 69.77 67.40 65.09

Bond Length (Å)

Pt1–Pt2 7.033 7.045 7.039 7.027

Pt1–N1 2.105 2.128 2.114 2.119

Pt2–N2 2.105 2.105 2.116 2.119

Pt1–OH1 2.139 2.139 2.137 2.136

Pt2–OH2 2.139 2.134 2.136 2.136

Bond Angles (�)

N1–Pt1–O1 89.01 88.89 89.75 89.16

N2–Pt2–O2 89.01 88.95 88.54 89.12

Point group symmetry C2 C1 C1 Cs

Numbering scheme is shown in Scheme 1
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from the metal to the lowest unoccupied molecular

orbitals of the bridging ligand, making the Pt(II) centre

more electrophilic [42]. It is worth mentioning that as

previously reported [7, 14], the reactivity of such com-

plexes is also dependent on the electronic and steric

effect of the pyrazine linker.

Fig. 2 UV–Vis spectra of the

Pt-2,6PZN diaqua complex

recorded as a function of pH in

the range 1–10 at 25 �C. Inset:

Plot of absorbance versus pH at

300 nm

Table 3 The pKa values for the

deprotonation of Pt-bound aqua

ligands in the dinuclear Pt(II)

complexes

a pKa values extracted from

Ref. [14]

Complex Pt-PZN Pt-2,6PZN Pt-2,5PZN Pt-2,3PZN

pKa1 3.14 ± 0.03 3.59 ± 0.03 3.37 ± 0.01 3.35 ± 0.01

3.32 ± 0.06a 3.48 ± 0.51a 3.96 ± 0.12a 3.98 ± 0.11a

pKa2 5.93 ± 0.04 6.12 ± 0.05 6.15 ± 0.02 6.43 ± 0.03

DpKa 5.64 ± 0.09a 6.88 ± 0.04a 6.13 ± 0.05a 6.01 ± 0.18a

2.79 2.84 2.78 2.77

Scheme 2 Stepwise deprotonation steps for the investigated complexes in an aqueous medium where Py = pyridine and L = bridge = pzn,

2,3-pzn, 2,5-pzn and 2,6-pzn

Scheme 3 The general reaction scheme for the reactions between the Pt(II) complexes and the thiourea nucleophiles at pH 2. Charges of the

complexes are omitted for clarity and Py = pyridine and L = bridge = pzn, 2,3-pzn, 2,5-pzn and 2,6-pzn, Nu = nucleophile
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The first substitution step is assigned to the displacement

of one aqua ligand with the thiourea nucleophile (TU,

DMTU, TMTU), while the second step is assigned to

substitution of the second aqua ligand. Since other dinu-

clear Pt(II) complexes studied in our group [14] were found

to react via dechelation or dissociation of the linker, the

ligand substitution of Pt-2,5PZN-Cl2 was followed using
1H NMR to evaluate the possibility of dechelation. An

array of the 1H NMR spectra (showing only the aromatic

resonances) for the reaction between Pt-2,5PZN-Cl2 and

excess thiourea (6 equivalents) is shown in Fig. 6. The

pyridyl protons were chosen to monitor the progress of the

reaction as they are in close vicinity with the N-donor atom

bonded to the metal centre and hence to the incoming TU.

The numbering scheme employed for the pyridyl protons is

shown in the structure of the Pt-2,5PZN-Cl2 complex in

Scheme 4. From Fig. 6, the H2 and H20’ resonances of the

Fig. 3 Typical double exponential fit two step reaction between Pt-
2,3PZN (0.2 mM) and TU (1.2 mM) recorded at 295 nm,

T = 298 K, pH = 2.0, I = 0.1 M (NaClO4) on the stopped-flow

spectrophotometer

Table 4 Summary of rate constants and activation parameters of the investigated complexes for the first and second substitution steps

Complex Nu k1/M-1 s-1 k2/M-1 s-1 D H1
=/kJ mol-1 D H2

=/kJ mol-1 D S1
=/J K-1 mol-1 D S2

=/J K-1 mol-1

Pt-PZN TU 427.7 ± 8.2 72.5 ± 1.1 27 ± 1 41 ± 1 -142 ± 4 -114 ± 3

DMTU 393.3 ± 5.5 45.4 ± 1.0 41 ± 2 42 ± 2 -96 ± 6 -177 ± 7

TMTU 102.4 ± 3.1 24.6 ± 0.5 49 ± 2 47 ± 1 -79 ± 6 -104 ± 3

Pt-2,6PZN TU 338.7 ± 6.5 16.2 ± 0.3 40 ± 1 38 ± 2 -122 ± 3 -132 ± 6

DMTU 200.6 ± 4.1 5.6 ± 0.1 43 ± 2 46 ± 2 -108 ± 6 -104 ± 6

TMTU 146.1 ± 3.3 3.3 ± 0.05 48 ± 1 47 ± 2 -100 ± 4 -104 ± 5

Pt-2,5PZN TU 314.0 ± 1.4 43.4 ± 0.6 27 ± 1 37 ± 2 -151 ± 3 -139 ± 6

DMTU 304.7 ± 6.1 38.4 ± 0.6 26 ± 1 37 ± 2 -154 ± 3 -139 ± 6

TMTU 102.2 ± 0.9 27.3 ± 0.3 39 ± 1 43 ± 2 -119 ± 3 -122 ± 6

Pt-2,3PZN TU 247.8 ± 6.1 29.7 ± 0.7 31 ± 1 30 ± 1 -102 ± 3 -166 ± 3

DMTU 185.5 ± 4.6 24.1 ± 0.7 30 ± 2 47 ± 3 -124 ± 6 -120 ± 9

TMTU 136.1 ± 2.7 18.6 ± 0.6 43 ± 1 33 ± 2 -118 ± 3 -160 ± 6

(a) (b)

Fig. 4 Plots of kobs1=2 versus nucleophile concentration for the a first and b second substitution steps of the reaction of 0.25 mM Pt-PZN at pH 2

and 25 �C (I = 0.1 M, NaClO4)
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pyridine in Pt-2,5PZN-Cl2 which appear at 8.89 ppm are

shifted downfield to 9.07 ppm upon coordination of TU,

while the electronic environments of the other pyridyl and

pyrazine protons are not much affected by the coordination

of thiourea. No other resonances in support of a dechelation

process were observed during the progression of the reac-

tions with TU for up to 19 h.

Taking the first substitution with thiourea as a reference,

the reactivity of the dinuclear Pt(II) complexes decreases in

the order 427.7 [ 338.6 ^ 314.0 [ 247.8 M-1 s-1 for Pt-

PZN, Pt-2,6PZN, Pt-2,5PZN and Pt-2,3PZN respectively.

This trend in reactivity can be explained in terms of the

electronic and steric effects of the methyl groups intro-

duced into the bridging ligand as reported in previous

studies [7, 14]. The higher lability of the Pt-PZN complex

is ascribed to both reduced steric hindrance and decreased

electron density on the platinum centre caused by the p-

acceptor ability of the pyrazine ligand and the twisted

pyridine rings. This makes the metal centres in Pt-PZN

more electrophilic and favour the rapid binding of the

(a) (b)

Fig. 5 Eyring plots for the determination of the thermal activation parameters for the a first and b second substitution steps of 0.25 mM Pt-PZN
for all three nucleophiles studied at pH 2 (I = 0.1 M NaClO4)

Fig. 6 1H NMR spectra of Pt-2,5PZN-Cl2 acquired during the reaction with 6 equivalents of TU at 30 �C. The first spectrum labelled t = 0 is

for the unreacted Pt-2,5PZN-Cl2 and the rest are after the reaction with 6 equivalents of TU at the specified time

23

3'

3''

4

Scheme 4 The numbering scheme employed for the pyridyl protons

of Pt-2,5PZN-Cl2
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entering nucleophile. The high reactivity of Pt-PZN is

supported by the low pKa values, narrow HOMO–LUMO

gap, small value of chemical hardness and large values of

electrophilicity index and NBO charges. The decrease in

reactivity of the Pt-2,6PZN, Pt-2,3PZN and Pt-2,5PZN

compared to Pt-PZN can be ascribed to the increased r-

inductive effects due to the additional methyl groups on the

bridging pyrazine ligands consistent with previous studies

[7, 13, 14, 43–45].

The second-order rate constant for Pt-PZN is greater than

that for Pt-2,6PZN by a factor of ca. 1.3. These two com-

plexes differ from each other in that one of the platinum

centres in Pt-2,6PZN is hindered by methyl groups, making

it less electrophilic compared to the second metal centre as

supported by DFT-calculated NBO charges. From the NBO

charges in Table 2, the electrophilicity of the unshielded

metal centre of Pt-2,6PZN is of the same magnitude as that

of Pt-PZN. This explains why the reactivity of the first

substitution step in Pt-2,6PZN is close to that of Pt-PZN and

higher than that of Pt-2,5PZN and Pt-2,3PZN. In addition,

the determined pKa values and the observed HOMO–LUMO

gap for Pt-2,6PZN confirm the difference in electrophilicity

between the two Pt(II) centres.

In the case of Pt-2,3PZN and Pt-2,5PZN, the posi-

tioning of the methyl groups in ortho and para positions on

the pyrazine makes the two complexes symmetrical and the

charges are equally distributed between the two Pt(II)

centres. Hence, one expects the reactivity of these two

complexes to be similar in magnitude. Surprisingly, this

was not the case; it appears that the position of the methyl

groups influences the twisting of the pyridine rings which

in turn influences the extent of p-backbonding. The steric

effect brought by the methyl groups in Pt-2,3PZN causes

the twisting of the complex to the extent that the two Pt

centres lie on a different plane by 9.1� (Figure SI 20) which

interferes with the electronic communication and slows

down the reactivity.

The second substitution step was significantly slower

than the first in all the investigated complexes. This is

possibly due to changes in the electronic communication

between the two platinum atoms. The order of reactivity

for the second substitution step with TU is Pt-PZN [ Pt-

2,5PZN [ Pt-2,3PZN [ Pt-2,6PZN. The same trend in

reactivity is also observed for DMTU and TMTU. Similar

to the first substitution step, this trend is explained by the

increased r-inductive effect of the methyl groups of the

bridging pyrazine ligand which in turn increase its r-

donation to the metal centre and reduce its p-acceptability,

resulting in a less-positive metal centre. The incoming

nucleophile is then repelled by the increased electron

density at the metal centre, leading to a less stable five-

coordinate transition state. In the case of Pt-2,6PZN, there

is an additional steric effect which blocks entry of the

incoming nucleophile on both sides of the hindered Pt(II)

centre, as supported by the reduced NBO charges of the

second metal centre.

Comparing the reactivity of the Pt-pzn derivatives for

both substitution steps with [cis-{Pt(NH3)2(OH2)}2-l-

pzn]4? and [trans-{Pt(NH3)2(OH2)}2-l-pzn]4?, its second-

order rate constants are higher by factor of 10 and 23,

respectively [7, 14]. This indicates that the structure con-

taining pyridyl units labilizes the aqua ligands more than

their cis and trans-counterparts with NH3 as the ligand. The

introduction of pyridine groups into [cis-{Pt(NH3)2

(OH2)}2-l-pzn]4? changes the geometry of the complex in

such a way that a significant increase in p-acceptor abilities

of the ligands is induced. The net outcome is a significant

increase in the electrophilicity of the complex, as reflected

by a more positive charge on the Pt(II) centres, high

electrophilicity indices and lower pKa values for the de-

protonation of the aqua ligands. This increases the rate of

substitution of the coordinated aqua ligands. In addition,

from Table 1, the HOMO in all these dinuclear complexes

is located on the pyridine ligand and the LUMO is largely

centred on the pyrazine bridging ligand. The HOMO of the

previously studied pyrazine bridged dinuclear Pt(II) com-

plexes [7, 14] was located on the metal centres as the NH3

is a better r-donor than pyridine, making the Pt(II) centres

less electrophilic compared to the current Pt(II) complexes.

The dependence on the rate of substitution of the aqua

ligand on the steric hindrance of the incoming nucleophiles

is clearly evident from the results shown in Table 4. Sub-

stitutions involving TMTU gave the lowest rates, whereas

those with TU reacted significantly faster. This trend is in

line with the size of TMTU nucleophile relative to TU and

DMTU [39, 46, 47]. The activation parameters in Table 4

show that the entropies of activation are large and negative.

This indicates that the transition state is highly ordered and

more compact than either the reactant or product species.

In addition, the enthalpies of activation are relatively low,

showing the ease with which the new bond can form due to

the electrophilicity of the metal centre. These activation

parameters are consistent with substitution reactions for

square-planar Pt(II) complexes which are known to pro-

ceed via an associative mechanism [48].

Conclusions

Novel dinuclear Pt(II) complexes were synthesized, and

their kinetic substitution reactions undertaken. It was found

that the use of pyridine ligands instead of NH3 in

Pt(NH3)2(OH2)}2-l-pzn]4? increases the substitution rates

of the diaqua complexes by a factor of 10 and 23 for the cis

and trans complexes, respectively, while retaining an

associative mode of substitution. This is because pyridine
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enhances the p-backbonding by accepting the electrons

from the metal centres to the empty p*-orbitals of the

pyridine subunits. This is made possible due to the geom-

etry of these complexes that results in the pyridine, pyra-

zine and Pt centre all being on the same plane. This results

in lower pKa values, increased electrophilicity of the Pt(II)

centre and an increase in reactivity of the metal, as sup-

ported by DFT calculations. The trends in these azine-

bridged Pt(II) complexes are the same as those reported for

[{cis/trans-Pt(NH3)2(OH2)}2(l-pzn)](ClO4)4 complexes

containing NH3 ligands [7, 14]. Electron-donating groups

such as methyl as used in this study not only supply

electrons in the pyrazine bridge but also impart steric

hindrance against incoming nucleophiles.

Electronic Supplementary Information

The available ESI includes a number of NMR and mass

spectra, wavelengths for kinetic measurements, pH titration

spectra, concentration dependence and Eyring plots for

determination of second-order rate constants and activation

parameters, respectively, HOMO–LUMO energy diagrams

and planarity of the investigated complexes.

Acknowledgments The authors thank the University of Dar es

Salaam (Tanzania) and University of KwaZulu-Natal (South Africa)

for financial support to Grace Kinunda.

References

1. Mambanda A, Jaganyi D, Hochreuther S, van Eldik R (2010)

Dalton Trans 39:3595

2. Mambanda A, Jaganyi D (2012) Dalton Trans 41:908

3. Hochreuther S, van Eldik R (2012) Inorg Chem 51:3025

4. Hochreuther S, Puchta R, van Eldik R (2011) Inorg Chem

50:8984
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