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Kinetics and mechanistic investigation of the substitution 
from dinuclear Pt(II) complexes bridged by N,N’-bis 
(2-pyridylcarboxamide)phenylenediamines

Tshephiso Papoa , Deogratius Jaganyib,c and Allen Mambandaa 

aSchool of Chemistry and Physics, University of KwaZulu-Natal, Scottsville, Pietermaritzburg, South 
Africa; bSchool of Pure and Applied Sciences, Mount Kenya University, Thika, Kenya; cDepartment of 
Chemistry, Faculty of Applied Sciences, Durban University of Technology, Durban, South Africa 

ABSTRACT 
The rates of substitution of the chloride ligand in dinuclear com
plexes, [Pt2(N,N’-bis(2-pyridylcarboxamide)-1,3-phenylenediamine) 
Cl4] (1), [Pt2(N,N’-bis(2-pyridylcarboxamide)-1,4-phenylenediamine) 
Cl4] (2), [Pt2(N,N’-bis(3-isoquinolylcarboxamide)-1,3-phenylenedi
amine) Cl4] (3) and [Pt2(N,N’-bis(3-isoquinolylcarboxamide)-1,4- 
phenylenediamine)Cl4] (4), by three bio-relevant nucleophiles, 
thiourea (TU), N,N-dimethylthiourea (DMTU) and N,N,N’,N’-tetrame
thylthiourea (TMTU), were investigated. The mononuclear ana
logue [Pt(N-phenylpyridine-2-carboxamide)Cl2] (5) was included to 
compare the results. The kinetics of the reactions were studied 
under pseudo first-order conditions in a methanol solution 
(I¼ 0.1 M LiCl) as a function of concentration and temperature 
using the stopped-flow spectrophotometer. The observed pseudo 
first-order rate constants for the substitution reactions of all the 
complexes were calculated from two well-separated steps and 
obey the rate law kobs (1st/2nd) ¼ k2 (1st/2nd)[Nu]. The reactivity of the 
complexes decreases in the order 2> 1 > 4> 3 > 5. The con
formational symmetry of the complexes as controlled by the 
phenylenediamine bridges, steric hindrance due to the bridges as 
well as the r-donor capacity of the coordinated groups around 
the metal centers influence the reactivity of the dinuclear com
plexes. The low enthalpy (DH#) and negative intrinsic entropy 
(DS#) values support an associative mechanism of substitution. 
The kinetic data are supported by DFT calculations. 
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Introduction

Covalent binding of Pt(II) and intercalation of the aromatic ligands of Pt(II) complexes 
to cellular DNA are the main molecular interactions associated with the activity of cis- 
Pt(II) anticancer drugs [1–4]. The tertiary structure of DNA is altered, and this results in 
the death of the cancer cells by apoptosis [5]. The major product of the covalent inter
action of cis-Pt(II) anticancer agents with DNA is a 1,2-intrastrand cross-link, which 
makes a kink on the DNA double helix [6]. Tolerance to structural changes by cellular 
maintenance pathways can result in the development of cell resistance to the drug 
[7]. Because of this, there has been a drive to develop non-classical Pt(II) drugs [8, 9].

Researchers have moved their focus to multinuclear Pt(II) complexes that consist of 
two or more Pt centers linked through a bridging ligand [10–13]. Pt(II) complexes that 
incorporate flexible aliphatic diamine chains [14–20] or rigid aromatic [9, 12, 21–27] 
bridging ligands have been synthesized and tested for anti-tumor activities. Some of 
these complexes exhibited enhanced cytotoxicity compared to their mononuclear Pt(II) 
complexes partly due to the difference in the manner through which they bind to 
DNA [28]. The bridging ligands (linkers) of multinuclear Pt(II) complexes allow for for
mation of long-range intra- and inter-strand Pt-DNA crosslinks that circumvent cellular 
maintenance pathways linked to the development of cross-resistance to cis-Pt drugs 
[29, 30]. Another advantage is that some of the complexes have a high positive 
charge, which facilitates strong electrostatic interactions with DNA [29–31] to form dif
ferent DNA-bound adducts. The numerous possible binding modes of the complexes 
to DNA enhance their biochemical activity and averts cross-resistance to classical cis-Pt 
drugs [32, 33].

Extensive work on the binding modes of dinuclear Pt(II) complexes to DNA has 
been conducted [28–30]. However, some physiological bionucleophiles especially pro
teins containing sulfur residues can potentially deactivate the Pt(II) complexes through 
nucleophilic substitution reactions [34]. Since Pt(II) complexes exhibit a high substitu
tional affinity for sulfur donor sites [34], the reactivity and thermodynamic properties 
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of dinuclear Pt(II) complexes bearing different chelate ligands by sulfur-containing 
nucleophiles have been reported. The rate of substitution from bis-(2-pyridylmethyl)
amine-chelated dinuclear Pt(II) complexes bridged by linkers of different flexibility [35– 
37] and rigidity [38] has been studied. The data suggest that the reactivity of the com
plexes depends on the relative r-inductive effects, the rigidity, planarity and flexibility 
of the diamine linkers which induces steric influences. The reactivity of dinuclear Pt(II) 
complexes with bridging azines (pyrazine, 2,3-dimethylpyrazine, 2,5-dimethylpyrazine 
and 2,6-dimethylpyrazine), 4,40-bipyridine and 1,2-bis(4-pyridyl)ethane that are cis [39– 
41] or trans [42, 43] to the leaving group has also been explored. The reactivity of 
both classes of complexes depends on the distance between the two Pt(II) centers 
[43], the r-donor capacity, steric factors [40, 42] and the extent of p conjugation [41] 
of the bridging ligands. The substitution reactions of dinuclear Pt(II) complexes with 
symmetrical di(2-pyridyl)amine head groups bearing alkyl-phenyl [44] or pyridyl bridg
ing ligands have also been studied. Their reactivity is influenced by steric effects that 
arise due to the bridging linker.

The reactivity and thermodynamic properties of dinuclear Pt(II) complexes with biden
tate ligands bearing rigid linkers have not been explored as extensively as dinuclear Pt(II) 
complexes with tridentate ligands. Therefore, this work was aimed at highlighting the 
effect on the rate of substitution by rigid phenylenediamine bridges of dinuclear Pt(II) 
complexes bearing a bidentate pyridine-carboxamide or isoquinoline-carboxamide che
late group. The symmetrical [-(RN)Pt(Cl)2] headgroups for these dinuclear complexes are 
bridged by 1,3-phenyldiamine (1 and 2) and 1,4-phenyldiamine (3 and 4) linkers. 
Included for comparative purposes is the mononuclear complex (5) which has a phenyl 
pendant [45]. The structures of these complexes are shown in Figure 1.

Figure 1. Structures of the Pt(II) complexes used in the study.
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Experimental

Materials and reagents

The nucleophiles, thiourea (TU, 99%), N,N-dimethylthiourea (DMTU, 99%) and N,N,N’,N’- 
tetramethylthiourea (TMTU, 98%) and the diamine linkers aniline (99.5%), m-phenyldi
amine (99%) and p-phenyldiamine (99%) were purchased from Sigma-Aldrich and 
used without purification. 2-Picolinic acid (99%), 3-isoquinolinecarboxylic acid hydrate 
(99%), triphenylphosphite (97%) and cis-dichlorobis(dimethyl sulfoxide)platinum(II) 
(Pt(DMSO)2Cl2, 97%) were also obtained from Sigma-Aldrich. All solvents (pyridine, 
diethyl ether and ethanol) were purchased from Merck South Africa and were of ana
lytical grade. Methanol was Chromosolve HPLC-grade solvent. Ultrapure deionized 
water (Modulab systems) was used.

Synthesis of ligands

N,N’-bis(2-pyridylcarboxamide)-1,3-phenylenediamine and N,N’-bis(2-pyridylcar
boxamide)-1,4-phenylenediamine
All the ligands were synthesized according to modified literature methods [46, 47]. To 
a solution of picolinic acid (1.23 g, 1.00� 10−2 mol) or 3-isoquinoline carboxylic acid 
(1.73 g, 1.00� 10−2 mol) in pyridine (10 mL) was added a pyridine solution (5 mL) of 
corresponding diamine linker, m-phenyldiamine (0.541 g, 5.00� 10−3 mol) or p-phenyl
diamine (0.541 g, 5.00� 10−3 mol). The mixture was stirred for 5 min at 110 �C prior to 
the dropwise addition of triphenylphosphite (3.102 g, 1.00� 10−2 mol). The solution 
remained colorless and was stirred for 4 h under reflux. The solution was allowed to 
cool to room temperature. A white precipitate was formed when distilled (10 mL) 
water was added to the reaction mixture. It was isolated by filtration and washed with 
ethanol and diethyl ether before drying under vacuum. The characterization data for 
the ligands is available in the Supporting Information.

Synthesis of Pt(II) complexes

Complexes [Pt2(N,N’-bis(2-pyridylcarboxamide)-1,3-phenylenediamine)Cl4] (1), [Pt2(N,N’- 
bis(2-pyridylcarboxamide)-1,4-phenylenediamine)Cl4] (2), [Pt2(N,N’-bis(3-isoquinolylcar
boxamide)-1,3-phenylenediamine)Cl4] (3) and [Pt2(N,N’-bis(3-isoquinolylcarboxamide)- 
1,4-phenylenediamine)Cl4] (4) were synthesized following the general procedure of 
Rauterkus et al. [48]. To a solution of cis-dichlorobis(dimethylsulfoxido)platinum(II), 
Pt(DMSO)2Cl2 (0.169 g, 0.40 mmol) in 15 mL ultra-pure water, a solution of 0.20 mmol 
of the corresponding bridging ligand, in 10 mL chloroform was added dropwise. The 
solution was refluxed for 24 h under a nitrogen atmosphere. After cooling to room 
temperature, the precipitate was isolated by filtration and washed with ultra-pure 
water (10 mL), methanol (10 mL) and diethyl ether (10 mL). All complexes were isolated 
in moderate yields as yellow powders and characterized using NMR (1H,13C,195Pt), LC- 
MS spectrometry and elemental analysis. Figures S7–S12 (Supporting Information) 
show selected spectra.
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1: Yield: 68%. 1H NMR (400 MHz, CDCl3, 303.15 K) [d, ppm]: 8.72 (d, 2H); 8.40 (d, 1H); 
8.34 (t, 2H); 8.01 (t, 2H), 7.721 (dd, 2H); 7.59 (ddd, 2H); 7.48 (t, 1H). 13C NMR (100 MHz 
CDCl3, 303.15 K) [d, ppm]: 163.3, 151.1, 149.4, 138.3, 137.5, 135.5, 124.4, 123.5, 120.1, 
104.4. 195Pt NMR (100 MHz; CDCl3, 303.15 K) [d, ppm]: −2398.14. TOF MS ESIþ: m/z 
871.312 (calculated m/z 848.296), [(MþNa)þ]. Anal. % Calculated for C18H12Cl4N4O2Pt2: 
C: 25.48, H: 1.43, N: 6.60. Found: C: 25.49, H: 1.42, N: 6.58.

2: Yield: 61%. 1H NMR (400 MHz, DMSO-d6, 303.15 K) [d, ppm]: 9.03 (s, 2H); 8.52 (s, 
2H); 8.18 (d, 2H); 8.08 (d, 2H); 7.86 (t, 2H); 7.74 (t, 2H). 13C NMR (100 MHz, DMSO-d6, 
303.15 K) [d, ppm]: 163.3, 151.7, 149.4, 139.5, 138.3, 124.4, 123.5, 120.3. 195Pt NMR 
(100 MHz; DMSO-d6, 303.15 K) [d, ppm]: −2410.65. TOF MS ESIþ: m/z 871.305 (calcu
lated m/z 848.296), [(MþNa)þ]. Anal. % Calculated for C18H12Cl4N4O2Pt2: C: 25.48, H: 
1.43, N: 6.60. Found: C: 25.41, H: 1.45, N: 6.56.

3: Yield: 51%. 1H NMR (400 MHz, DMSO-d6, 303.15 K) [d, ppm]: 9.42 (s, 2H); 8.56 (s, 
2H); 8.31 (d, 2H); 8.19 (d, 2H); 7.98 (t, 1H); 7.82 (t, 2H); 7.88 (t, 2H); 7.63 (dd, 2H); 7.41 
(t, 1H). 13C NMR (100 MHz, DMSO-d6, 303.15 K) [d, ppm]: 164.3, 153.1, 149.6, 138.5, 
135.6, 134.8, 130.4, 129.0, 128.5, 127.5, 124.2, 119.8, 117.6, 104.3. 195Pt NMR (100 MHz; 
DMSO-d6, 303.15 K) [d, ppm]: −2482.41. TOF MS ESIþ: m/z 947.13 (calculated m/z 
947.413). Anal. % Calculated for C26H16Cl4N4O2Pt2: C: 32.92, H: 1.70, N: 5.90. Found: C: 
32.94, H: 1.74, N: 5.91.

4: Yield: 46%. 1H NMR (400 MHz, DMSO-d6, 303.15 K) [d, ppm]: 9.51 (s, 2H); 8.53 (s, 2H); 
8.36 (d, 2H); 8.26 (d, 2H); 7.88 (t, 2H); 7.72 (t, 2H); 7.39 (ddd, 4H). 13C NMR (100 MHz, 
DMSO-d6, 303.15 K) [d, ppm]: 163.4, 154.1, 149.6, 138.5, 136.2, 130.4, 128.8, 128.1, 127.4, 
126.6, 120.3, 117.6. 195Pt NMR (100 MHz; DMSO-d6, 303.15 K) [d, ppm]: −2498.22. TOF MS 
ESIþ: m/z 972.17 (calculated m/z 947), [(MþNa)þ]. Anal. % Calculated for 
C26H16Cl4N4O2Pt2: C: 32.92, H: 1.70, N: 5.90. Found: C: 32.96, H: 1.73, N: 5.92.

Instrumentation and physical measurements

The 1H, 13C and 195Pt NMR spectroscopic data were recorded on a Bruker Avance III 
400 or a Bruker Avance III 500 spectrometer using either a 5 mm BBOZ probe or a 
5 mm TBIZ probe set at 303.15 K. All recorded chemical shifts (for protons and car
bons) were referenced to the signals of relevant deuterated solvents. The mass spec
trometric data of the ligands and platinum complexes were obtained on a Waters 
Micromass LCT Premier mass spectrometer or Shimadzu LC-MS-2020. Elemental com
positions for the Pt(II) complexes were obtained on a Thermo Scientific Flash 2000. 
The wavelengths for kinetic measurements were determined on a Varian Cary 100 Bio 
UV-Visible spectrophotometer. Kinetic measurements were carried out on an Applied 
Photophysics SX.18 MV (v4.33) stopped-flow spectrophotometer coupled to an online 
data acquisition system. The temperature was controlled throughout the kinetic 
experiments to within ± 0.1 �C using a coupled water circulating temperature control 
unit. All data were analyzed using the Origin 9.1VR graphical analysis software package.

Computational details

Density functional theory (DFT) calculations were performed in the gaseous state using an 
approach for the third-row transition metal complexes to identify the energy-minimized 
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structures based on the B3LYP/LANL2DZ (Los Alamos National Laboratory 2 double n) level 
theory. The singlet states were used due to the low electronic spin of Pt(II) complexes. The 
DFT calculations were performed using the Gaussian 09 program suite [49].

Preparation of Pt(II) complexes and nucleophiles for kinetic measurements

The chloro salts of the complexes were first dissolved in 500 mL of 2% DMF solution to 
ensure complete dissolution. The solutions were further diluted to a final volume with 
98% methanol solution with ionic strength of 0.1 M (LiCl). LiCl was added to prevent 
the possibility of chloride solvolysis during the substitution reactions. The nucleophiles 
(TU, DMTU and TMTU) were prepared fresh before use by dissolving in 0.1 M metha
nolic solution. The lowest concentration of the nucleophile used was at least 40-fold 
of the Pt(II) complex. This was done to maintain the pseudo first-order reaction 
conditions.

Results

Synthesis of Pt(II) complexes

The syntheses of N,N’-bis(2-pyridylcarboxamide)-1,3-phenylenediamine, N,N’-bis(2- 
pyridylcarboxamide)-1,4-phenylenediamine, N,N’-bis(3-isoquinolylcarboxamide)-1,3- 
phenylenediamine and N,N’-bis(3-isoquinolyl-carboxamide)-1,4-phenylenediamine 
were carried out following modified literature procedures [46, 47]. 1H NMR and 
LC-MS spectral data of the ligands are given in the Supporting Information. 
Reactions of the ligands with Pt(DMSO)2Cl2 in a 1:2 mol ratio resulted in formation 
of [Pt2(N,N’-bis(2-pyridylcarboxamide)-1,3-phenylenediamine)Cl4] (1), [Pt2(N,N’-bis(2- 
pyridylcarboxamide)-1,4-phenylenediamine)Cl4] (2), [Pt2(N,N’-bis(3-isoquinolylcarbox
amide)-1,3-phenylenediamine)Cl4] (3) and [Pt2(N,N’-bis(3-isoquinolylcarboxamide)- 
1,4-phenylenediamine)Cl4] (4). The Pt(II) coordinates in a bidentate mode via the 
negatively charged amide and the pyridine of the ligand chelate. All Pt(II) com
plexes were obtained in low to good yields (46-68%). 1H NMR spectral data of the 
free ligands (Figures S1–S3 in the Supporting Information) revealed a signal of the 
carboxamide proton (R-C(¼O)-NH-R) between 10.14 and 10.82 ppm. Upon complex
ation, the carboxamide peak was absent in the 1H NMR spectra of the complexes 
proving that the ligands have coordinated to the metal and that the N-H deproto
nated upon complexation. Mass spectrometry was further used to elucidate the 
composition of the molecular formulas of the complexes. The data showed 
molecular fragmentation patterns consistent with the formation of dinuclear bis(
chelated) Pt(II) complexes. Elemental analyses of all the complexes were consistent 
with the proposed structures.

Density functional theory calculations

Representative geometry-optimized structures for the complexes are presented in 
Table 1. Selected bond lengths, bond angles and natural atomic bond orbital (NBO) 
charges are shown in Table 2. From the bond angles around the Pt ion in Table 1, the 
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geometry of coordinated ligands is distorted square-planar. In general, the plane of 
the phenyl rings in each bridging ligand is perpendicular or at an angle to the square 
plane of the Pt(II) center. This also affects the strength of the bonds between Pt and 
the donor atoms of the bidentate chelate bridges. Weaker bonds on the non-leaving 
ligands lead to a poor trans influence on the co-ligands opposite to the donor atoms. 
The Pt-Cl1 (trans to the pyridine) bond length in all complexes is longer than the Pt- 
Cl2 (trans to the RNCO carboxamide group), an indication that the pyridine is a net 
p-accepter while the amide group is a r-donor. The separation distance between the 
two Pt(II) centers is shorter for the 1,3-phenylenic (meta) bridge than for the 1,4-phe
nylenic (para). The highest occupied molecular orbitals (HOMO) are located mainly on 
the metal and the chloro groups while the lowest unoccupied molecular orbitals 
(LUMO) are located on the pyridine-carboxamide/3-isoquinoline-carboxamide ligands.

Kinetic measurements

The rates of substitution reactions of coordinated chloride ligands from 5 and four 
dinuclear Pt(II) complexes (1, 2, 3 and 4) by sulfur donor nucleophiles (TU, DMTU and 
TMTU) were studied under pseudo first-order conditions. The stopped-flow 

Table 1. Geometry-optimized structures and DFT-calculated HOMO and LUMO maps.
Complex HOMO LUMO Orientation

5

1

2

3

4
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spectrophotometer was used for kinetic measurements by following the change in 
absorbance at suitable wavelengths (Table S1) as a function of time. The time-depend
ent spectra observed for all reactions fit perfectly to two resolvable single exponential 
decay functions to generate two pseudo first-order rate constants, kobs(1st/2nd). Thus, the 
substitution reaction pathway of all the complexes comprises two well-separated 
steps, characterized kinetically by associative rate constants, k2(1st/2nd). Typical kinetic 
traces for the substitution steps indicating the reaction between 2 (4.0� 10−5 M) and 
TU (4.8� 10−3) at 298 K in a methanol solution (I¼ 0.1 M LiCl) are shown in Figure 2. 
The pseudo first-order rate constants, kobs(1st/2nd), were calculated from the kinetic traces 
using the online non-linear least squares fit of exponential standard decay functions 
on the Stopped-Flow spectrophotometer and the data were analyzed using origin 
9.1VR graphical analysis software.

Concentration dependence

The pseudo first-order rate constants, k2(1st/2nd) were plotted as a function of the con
centration of the thiourea nucleophiles, resulting in a linear dependence with a zero 
intercept. Scheme 1 depicts the generalized mechanism of substitution, shown for the 
reactions of 2 with the thiourea nucleophiles. Equations 1a and 1b represent the rate 
law for the two substitution steps.

Table 2. Summary of DFT-calculated parameters for the Pt(II) complexes.

a

Complex 5 1 2 3 4

Property
Bond lengths (Å)

Pt1-Cl1 2.394 2.399 2.392 2.411 2.393
Pt-Cl2 2.391 2.389 2.392 2.404 2.395
Pt-N1 2.055 2.048 2.042 2.031 2.041
Pt-N2 2.002 2.022 2.030 2.025 2.029

Separation distance (Å)
Pt1 – Pt2 – 7.776 7.988 7.781 7.982

Bond angles (�)
N1-Pt-N2 81.97 81.40 81.85 82.04 81.94

Natural charges
Pt1 0.453 0.232 0.392 0.402 0.390
Pt2 – 0.235 0.392 0.402 0.390
HOMO (eV) −7.171 −6.317 −6.501 −6.163 −6.287
LUMO (eV) −3.497 −5.541 −5.242 −5.111 −5.042
DE (eV) 3.674 0.776 1.259 1.052 1.245
Chemical hardness (g) 1.8370 0.3880 0.6295 0.5260 0.6225
Electrophilicity index (x) 7.74 52.00 27.38 30.21 25.77

aA common atom numbering applies for structure data of 1–4.
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kobs 1stð Þ ¼ k2ð1stÞ½Nu� (1a) 

kobs 2ndð Þ ¼ k2ð2
ndÞ½Nu� (1b) 

Typical plots of the observed pseudo first-order rate constants against the concen
tration of nucleophiles for the first and second substitution steps are indicated in 
Figure 3 for 2 (for related plots of 1, 3 and 4, see also Figures S14-S19 in the 
Supporting Information). The second-order rate constants, k2(1st/2nd), were obtained 
from the slopes of these plots and the values are summarized in Table 3.

Activation parameters

The temperature dependences of the second-order rate constants (k2(1st/2nd)) for the 
two substitution steps were investigated over the temperature range of 288 K to 308 K 
at 5 K intervals. Representative Eyring plots for the first and second substitution steps 
are shown in Figure 4 for 1 (for plots of 2, 3 and 4, see also Figures S20–S27 in the 
Supporting Information). The enthalpy of activation (DH#) and entropy of activation 

Figure 2. Kinetic trace obtained from the stopped-flow spectrophotometer showing a single expo
nential fit between the reaction of 2 (4.0� 0−5 M) and TU (4.8� 10−3 M) in methanol solution 
(I¼ 0.1 M LiCl) for the first (A) and second (B) substitution steps followed at 286 nm.

Scheme 1. The reaction pathway for the substitution reactions of 2 with the respective thiourea 
nucleophiles in methanol solution (I¼ 0.1 M LiCl).
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Figure 3. Plot of kobs against nucleophile concentration for the substitution of the first and second 
chloride ligands in 2 in methanol solution (I¼ 0.1 M LiCl) at 298 K.

Table 3. Summary of rate constants (k2(1st/2nd)) for the substitution of chloride from the com
plexes by neutral nucleophiles in methanol solution (I¼ 0.1 M LiCl).
Complex Nu k2(1st), M-1 s-1 k2(2nd), M-1 s-1

5 TU 129 ± 1 26 ± 0.3
DMTU 41 ± 0.3 10.00 ± 0.02
TMTU 9.2 ± 0.2 1.0 ± 0.5� 10-3

1 TU 327 ± 2 104 ± 1
DMTU 192 ± 2 63 ± 1
TMTU 94 ± 1 37 ± 1

2 TU 384 ± 5 157 ± 2
DMTU 249 ± 2 76 ± 0.4
TMTU 127 ± 1 56 ± 0.3

3 TU 158 ± 1 63 ± 0.3
DMTU 64 ± 1 33 ± 1
TMTU 44 ± 0.3 12 ± 0.3

4 TU 192 ± 2 74 ± 0.5
DMTU 128 ± 2 56 ± 0.2
TMTU 95 ± 0.3 26 ± 0.5

Figure 4. Plots of ln k2
T

� �
against 1

T for the reactions of 1 with three thiourea nucleophiles in the tem
perature range 288 to 308 K for the first and second substitution step in 0.1 M methanol solution.
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(DS#) were determined from the slope and the y-intercept of the Eyring plots, respect
ively. The activation parameters are summarized in Table 4.

Discussion

New dinuclear square planar tetra-chloro Pt(II) complexes that consist of a bidentate 
pyridine-carboxamide or an isoquinoline-carboxamide inert chelate were synthesized. 
The dinuclear Pt(II) complexes are linked by rigid phenylenediamine bridges coupled 
to either pyridylcarboxamide or quinolylcarboxamide coordinating chelates. 
Complexes 1 and 2 have a common pyridine-carboxamide head group while 3 and 4 
have a similar isoquinoline-carboxamide head group. 5 is the monomer analogue of 
the dinuclear complexes.

The marked rigidity of the phenylenediamine bridges of 1-4 leads to structural and 
conformational differences that influence the substitutional reactivity of these com
plexes. The rates of substitution from these Pt(II) complexes with thiourea-based 
nucleophiles at different concentrations and temperatures were measured. The substi
tution reactions of 1-4 took place via a two-step reaction. The rate constants for the 
first step, k2(1st), represent the rates of simultaneous substitution of the respective 
chloride ligand trans to the pyridine/isoquinoline nitrogen atoms. In the second substi
tution step, the rate constants, k2(2nd), represent the rates of simultaneous substitution 
of the second chloride ligands trans to the amide nitrogen. The substitution pathway 
follows a similar trend observed for mononuclear bidentate Pt(II) complexes, where 
195Pt NMR spectroscopy was used to monitor the reaction progress and confirmed 
that the two substitution steps were due to different rates of substitution of the chlor
ide ligands [45]. For the dinuclear dichloro Pt(II) complexes studied herein, simultan
eous chloro substitution happens irrespective of the nature of the spacer group and is 
consistent with the symmetrical consideration of the chelate groups in each complex. 
The two chloride groups trans to the pyridine on each Pt(II) center are substituted first 
due to the stronger trans effect of the pyridine ring relative to the amide group which 

Table 4. Summary of activation parameters for the substitution of chloride by thiourea nucleo
philes in methanol solution (I¼ 0.1 M LiCl).

Complex Nu

Activation enthalpy (kJ mol-1) Activation entropy (J K-1 mol-1)

DH1 DH2 DS1 DS2

5 TU 50 ± 3 43 ± 4 −105 ± 8 −142 ± 12
DMTU 46 ± 3 44 ± 4 −129 ± 9 −165 ± 12
TMTU 54 ± 0.5 52 ± 3 −155 ± 2 −176 ± 8

1 TU 51 ± 0.8 46 ± 2 −67 ± 3 −85 ± 8
DMTU 48 ± 2 41 ± 2 −75 ± 6 −109 ± 8
TMTU 41 ± 1 42 ± 1 −109 ± 3 −110 ± 3

2 TU 46 ± 2 23 ± 1 −114 ± 5 −163 ± 3
DMTU 44 ± 0.5 42 ± 0.7 −167 ± 2 −109 ± 3
TMTU 49 ± 1 29 ± 1 −84 ± 4 −159 ± 3

3 TU 46 ± 2 43 ± 2 −85 ± 5 −156 ± 6
DMTU 51 ± 0.6 36 ± 1 −71 ± 2 −144 ± 3
TMTU 50 ± 1 40 ± 2 −81 ± 3 −122 ± 6

4 TU 45 ± 0.5 28 ± 1 −156 ± 1.6 −166 ± 3
DMTU 38 ± 0.3 32 ± 1 −179 ± 0.9 −146 ± 3
TMTU 67 ± 4 30 ± 1 −142 ± 12 −159 ± 3
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has r-donor properties. The rate of substitution of the second chloride is more than 
two orders of magnitude slower than the first. The binding of the first nucleophile hin
ders incoming nucleophiles towards substitution. Both substitution steps are sensitive 
to variations in the nature of the bridging ligand and follow similar processes.

The lability of the chloride ligands depends on the nature, conformations, steric 
influences and the distance between the two Pt(II) centers. A comparison of the rate 
constants in Table 3 indicates that substitutions of the chloride ligands occur faster for 
the dinuclear Pt(II) complex when compared to the mononuclear analogue. This is 
unlike what has been reported for structurally related complexes [35, 44]. In earlier 
reports, the rate of substitution from the mononuclear Pt(II) analogue was much 
higher than the dinuclear Pt(II) complexes, attributed to the increased steric demand 
in dinuclear Pt(II) compared to mononuclear Pt(II) complexes. In the current study, the 
electronic effects play a significant role over steric influences when comparing the 
reactivity of the mononuclear and the dinuclear Pt(II) complexes. This is reflected in 
the relative magnitude of the electrophilicity index (x) indicated in Table 2, for which 
5 (7.74) is the lowest compared to all the dinuclear complexes. This can be attributed 
to the fact that the r-inductive effect due to phenyl is shared between two Pt(II) cen
ters in the cases of dinuclear complexes, unlike in the case of the mononuclear com
plex. The chemical hardness (g) for 5 (8.8370) is the highest compared to the other 
complexes, making it less reactive towards the nucleophile.

Complexes 1 and 2 have a common bidentate pyridine-carboxamide chelate. The 
chelates are bridged by m-phenylenediamine linker in 1, while in 2 they are linked by 
p-phenylenediamine. The difference in NBO charges of the Pt centers is based on the 
symmetry of the complexes, which controls the orbital overlaps and introduces steric 
effects. Complexes 1 and 2 are structural isomers. The reactivity of 2 is marginally 
higher than that of 1. The DFT calculated data in Table 2 show a higher HOMO – 
LUMO energy gap (DE) and chemical hardness in 2 compared to 1. One would there
fore expect 1 to be more reactive. The electrophilicity index also supports this, but the 
increased reactivity of 2 is due to a slightly higher steric hindrance in 1 in comparison 
to 2. This is because as the position of the phenyl group changes from meta to para, 
the distance between the two Pt(II) centers increases by 0.212 Å. Steric hindrance in 2 
is therefore reduced, thus the substitution of chloride is faster.

The decrease in reactivity of 3 and 4 compared to the other dinuclear complexes is 
attributed to the relatively poor p-acceptor property of the isoquinoline ligand and 
the fact that the isoquinoline ligand is a net r-donor. This causes the metal center to 
be less electrophilic, resulting in retardation of the incoming nucleophiles. Similar 
results have been reported previously [50–53] where the increase in the cis r-effect 
caused a decrease in the rate of substitution reactions of Pt(II) complexes. In addition, 
steric hindrance also plays a role. The reactivity of 4 is slightly higher than that of 3. 
One would have expected 3 to be more reactive than 4, looking at the DFT calculated 
data in Table 1. The HOMO – LUMO energy gap for 4 is greater than the HOMO – 
LUMO energy gap in 3, making 4 harder and less reactive. The electrophilicity index 
for 4 (25.77) is lower than that for 3 (30.21), which further supports the expected 
reduced reactivity in 3. Steric influences caused by the geometric configuration of the 
bridging ligand of 3 influence the reactivity of the complex. Steric hindrance 
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influences the reactivity of the two complexes because the Pt-Pt distance in 4 
(7.982 Å) is longer compared to 3 (7.781 Å), which indicates increased steric influence, 
and therefore slower reactivity in 3.

The substitution of chloride ligand by thiourea nucleophiles TU, DMTU and TMTU 
decreases according to the increase in steric effects of the nucleophiles for all the 
complexes. The most sterically hindered TMTU reacts considerably slower. The positive 
enthalpy of activation (DH#) and negative intrinsic entropy of activation (DS#) values 
indicated in Table 4 characterize an associative mechanism of substitution well known 
for d8 square-planar metal complexes.

Conclusion

The study shows that the nature of the bridging phenylenediamine ligand influences 
the reactivity at both the metal centers in dinuclear Pt(II) complexes. The introduction 
of an isoquinoline moiety in the coordinating head groups of 3 and 4 retards chloro- 
substitution from the complexes compared to 1 and 2. Expansion of the p surface of 
the head groups of 3 and 4 does not result in increased p-back bonding due to a net 
r donor capacity of isoquinoline towards the metal centers. This reduces the electro
philicity, resulting in reduced reactivity. Changing the linking positions in the phenyl 
spacer from meta to para causes an increase in the Pt-Pt distance which reduces the 
steric influences of the bridge and thus increases the reactivity of the complexes. The 
substitution pathway of the studied complexes is two-steps with the second two 
orders of magnitude lower than the first. However, both are sensitive to the structural 
changes originating from the linking phenylenediamine bridge. The negative activa
tion entropy (DS#) supports an associative mechanism of substitution for 1-4.
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