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ABSTRACT: Substitution reactions of three dinuclear Pt(II) complexes connected by a
pyridine-bridging ligand of variable length, namely [ cis-{PtOH2(NH3)2}2–μ–L]4+, where L =
4,4′-bis(pyridine)sulfide (Pt1), 4,4′-bis(pyridine)disulfide (Pt2), and 1,2-bis(4-pyridyl)ethane
(Pt3) with S-donor nucleophiles (thiourea, 1,3-dimethyl-2-thiourea, and 1,1,3,3-tetramethyl-2-
thiourea) and anionic nucleophiles (SCN−, I−, and Br−) were investigated. The substitutions
were followed under pseudo–first-order conditions as a function of the nucleophile concentra-
tion and temperature, using stopped-flow and UV–visible spectrophotometric methods. The
observed pKa values were, respectively, Pt1 (pKa1: 4.86; pKa2: 5.53), Pt2 (pKa1: 5.19; pKa2: 6.42),
and Pt3 (pKa1: 5.04; pKa2: 5.45). The second-order rate constants for the lability of aqua ligands
in the first step decreased in the order Pt2 > Pt3 > Pt1, whereas for the second step it is
Pt1 > Pt2 > Pt3. The obtained results indicate that introduction of a spacer atom(s) on the
structure of the bridging ligand influences the substitution reactivity as well as acidity of the
investigated dinuclear Pt(II) complexes. Also nonplanarity of the bridging ligand of Pt1 complex
significantly slows down the rate of substitution due to steric hindrance, whereas release of
the strain enhances the dissociation of the bridging ligand. The release of the bridging ligand
in the second step was confirmed by the 1H NMR of Pt1-Cl with thiourea in DMF-d7. The
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temperature dependence of the second–order rate constants and the negative values of en-
tropies of activation (�S#) support an associative mode of the substitution mechanism. C© 2013
Wiley Periodicals, Inc. Int J Chem Kinet 45: 676–691, 2013

INTRODUCTION

Metal complexes are the main resources for the gen-
eration of chemical diversity, which includes novel
Pt(II) anticancer therapeutic agents [1]. A number of
Pt(II) anticancer agents, enjoying widespread use in
the clinic, owe their anticancer activity to their abil-
ity to bind covalently or through intercalation of the
aromatic ligands to cellular DNA. This alters the ter-
tiary structure of DNA, resulting in the death of the
cancer cell through apoptosis [2–6]. Although cis-
diamminedichloridoplatinum(II) (cisplatin) is one of
the most active and clinically effective agents used
in 50–70% of all cancer patients, especially against
testicular, ovarian, head and neck carcinomas [7–9],
the impetus to find new drugs stems from difficulties
related to its use because of drug resistance and se-
vere side effects [10]. However, systematic kinetic and
mechanistic study of these complexes with relevant bi-
ological nucleophiles has not been fully explored to
provide detailed insight into the kinetics and thermo-
dynamic properties that control the lability (reactivity)
of these complexes.

Over the past few years, many kinetic studies
have aimed at tuning reactivity of the dinuclear Pt(II)
complexes by altering their structures using a vari-
ety of different ligands [11,12], e.g., flexible α,ω-
alkanediamines [13] or rigid azoles [14], and diazines
[15,16], so as to modulate their reactivity toward nu-
cleic acids and other biological nucleophiles in com-
parison with their mononuclear analogues. Two ap-
proaches have commonly been used to tailor the
substitution process at the metal centers without
changing the parent structure of the complex: con-
trol of their electronic properties by introducing a
σ -donor and/or π -acceptor group or extending the
π -conjugation [17–19] and by introducing steric hin-
drance around the Pt(II) center. Steric hindrance is ob-
served for heterocycles containing one or two ortho
groups, and these effects may be additive [20].

Against this background, several reports have indi-
cated that bulky planar ligands such as pyridine and
substituted pyridines attached next to the metal center
in Pt(II) complexes, e.g., cis-[PtCl(NH3)2(2-methyl-
pyridine)]+ and cis-[Pt(NH3)2Cl(4-methylpyridine]+

[21], could reduce the rate of reaction between the
metal complexes and biomolecules containing –SH
groups due to steric hindrance around the Pt(II) ion

[6,22]. In recent reports, Jaganyi and his group [23]
have studied the importance of introducing electron-
donating methyl groups at 2,3-, 2,6-, and 2,5-positions
of the pyrazine-bridging moiety and noted that in-
creased steric hindrance and the σ -inductive effect de-
creased the positive charge on the metal center, slowing
down reactivity of the Pt(II) complexes. In addition,
recent studies [24–26] have established that there is
a strong interaction between the two Pt(II) centers of
dinuclear complexes, which proportionately weakens
as the chain length and flexibility of the linker are
increased. The other factors that influence reactivity
of multinuclear Pt(II) complexes include hydrogen-
bonding capacity, charge at the metal center and the
linker, and the geometry of the leaving ligand relative
to the linker [27–29].

We have systematically demonstrated that the cis-
dinuclear Pt(II) complexes bridged by the diazine lig-
ands [30] are degraded by thiourea, resulting in the loss
of the integrity of the dinuclear structure and eventu-
ally releases the linker in contrast to what was reported
by Farrell and coworkers [31]. This is due to the strong
trans influence of the sulfur atom that weakens the
am(m)ine nitrogen–platinum bond, making it suscep-
tible to further substitution reactions [32].

Pyridine has extensively been used as a ligand for
the synthesis of new platinum coordination compounds
because of its ability to connect metal centers by form-
ing metal-to-ligand bonds. To further our knowledge
on the release of the bridging ligand that has been ob-
served as partial or full degradation in a number of
studies [21,33–35] but with very limited kinetic in-
vestigation, sp3 hybridized sulfur spacer groups at the
4-position of the pyridine unit were investigated.

In this study, we report the kinetic and thermody-
namic data for the substitution of the aqua ligand of the
dinuclear Pt(II) complexes of the type [{cis-Pt(NH3)2

H2O}2L]4+ (L = 4,4′-bis(pyridine)sulfide or 1,2-bis(4-
pyridyl)ethane) (Scheme 1), by thioureas (thiourea,
TU; 1,3-dimethyl-2-thiourea, DMTU; and 1,1,3,3-
tetramethyl-2-thiourea, TMTU) and ionic (Br−, I−,
and SCN−) nucleophiles. These complexes, espe-
cially S- or Se-based dinuclear complexes, have
shown in vitro antitumor activities against cisplatin-
sensitive L1210 (mouse leukemia) and cisplatin-
insensitive HCT8 (human colodenocarcinomas) cell
lines [36,37]. The pKa values have also been de-
termined for the two aqua ligands and together

International Journal of Chemical Kinetics DOI 10.1002/kin.20806

 10974601, 2013, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.20806 by M

ount K
enya U

niversity, W
iley O

nline L
ibrary on [08/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



678 ONGOMA AND JAGANYI

Scheme 1 Structures of the investigated dinuclear Pt(II) complexes. Included for comparison of pKa and computation data
purposes is the mononuclear complex Pt4. The numbering system adopted for the Pt centers is indicated on the structure of Pt1.

with the density functional theory (DFT) calculations
interpreted to provide an insight into the factor(s), ei-
ther electronic or structural effects that influence the
ground state or transition state of the reaction.

EXPERIMENTAL

Materials

Cisplatin (cis-(PtCl2(NH3)2; 99%) was purchased
from Strem Chemicals. Methanol (Saarchem, Merck
Chemicals, Wadeville, South Africa) was distilled
over magnesium before use [38]. The nucleophiles
TU (99%), DMTU (99%), TMTU (98%), sodium
bromide (NaBr; 99%), sodium iodide (NaI; 99%),
sodium thiocyanide (NaSCN; 99%), and the ligands: 4-
mercaptopyridine (95%), 4,4′-dipyridyldisulfide (dpss;
98%), 1,2-bis(4-pyridyl)ethane (bpe; 99%), dipyri-
dinium hydrochloride (98%), 4-bromopyridine hy-
drochloride (99%), sodium perchlorate monohydrate∗

(NaClO4.H2O; 98%), and perchloric acid (HClO4;
70%) were obtained from Aldrich (Capital Lab Sup-
plies CC, New Germany, South Africa) and used with-
out further purification. Silver perchlorate (AgClO4;
99.9%) from Aldrich was stored under nitrogen and
used as supplied. Ultrapure water (Modulab Systems;
Continental Water Systems, NSW, Australia) was used
in all experiments.

Instruments and Measurements

Microanalyses were carried out on a Carlo Erba
CHNS elemental analyzer 1106. Infrared spectra (KBr

∗Metal perchlorate complexes and perchloric acid are potentially
explosive. They should be handled with care, and the complexes
should be prepared in small quantities.

pellet, range 4000–300 cm−1) were recorded on a
Perkin Elmer Spectrum One-FTIR spectrophotometer.
NMR spectra were acquired from a Bruker Avance
DPX 500 instrument (1H, 500 MHz) and (195Pt,
107.5 MHz), respectively, at ambient temperature of
30◦C. Values of 1H are given in δ (ppm) relative
to tetramethylsilane (δ = 0.00), and 195Pt the chem-
ical shifts were externally referenced to K2[PtCl4]
in D2O. Mass spectrometric analyses were collected
on a Hewlett Packard LC–MS, using electron im-
pact (EI) ionization. All pKa titrations and kinetic
and spectroscopic measurements for slower reactions
were recorded on a Varian Cary 100 biospectropho-
tometer equipped with a thermostated cell holder. Ki-
netic measurements on fast substitution reactions were
monitored using an Applied Photophysics SX 18 MV
(v4.33) stopped-flow reaction analyzer coupled to an
online data acquisition system. The temperature of in-
strument was controlled to within ±0.1◦C. pKa values,
rate constants, and standard deviations were calculated
using Microcal-origin version Origin-7.5 R© [39] soft-
ware package.

Preparation of 4,4′-Dipyridylmonosulfide
Ligand

The ligand 4,4′-dipyridylmonosulfide (dps) was pre-
pared (Scheme S1 in the Supporting Information)
using a slightly modified method previously de-
scribed in the literature [40]. A mixture of 4-
mercaptopyridine (1.8 g, 16.2 mmol), 4-bromopyridine
(3.0 g, 15.4 mmol), and potassium carbonate (2.0 g)
in dimethylformamide (15.0 mL) was kept under re-
flux at 120◦C for 48 h. After the reaction was com-
plete, the mixture was cooled and the crude product

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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BRIDGE-SPLITTING REACTIONS OF PLATINUM(II) COMPLEXES 679

was treated with water and then extracted with
dichloromethane (5 × 20 mL).The organic layer was
dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure, and the residue
purified by column chromatography on silica gel (elu-
ent: hexane/ethyl acetate 7:1) to afford a yellow solid
4,4′-dipyridylmonosulfide. The purity of the isolated
product was confirmed by: the IR, mass spectroscopy,
1H and 13C NMR spectra, and were in satisfactory
agreement with values found in the literature [40,41].

Ligand 4,4′-Dipyridylmonosulfide

Yield: 1805.4 mg (9.60 mmol, 64.0%). 1H NMR
(500.5 MHz, D2O) δ/ppm: 1H: 8.53 (d, 4H; H1, H5);
7.22 (d, 4H; H2, H4)). 13C NMR (75.5 MHz, D2O):
δ/ppm: 149.12 (C1, C5), 145.44 (C3), 125.45 (C2,
C4). IR (KBr, 4000–300 cm-1): 3054 (m, N–H stretch);
1567, 1225 (C=N/C=C, pyridine ring stretch); 1107,
991 (C–H, aromatic stretch). TOF MS/ES+. (m/z,
MH+): 189.05 (C10H9N2S, species).

Synthesis of Pt(II) Complexes

The dinuclear platinum(II) complexes (Pt1 to Pt3),
[{cis-PtCl(NH3)2}2-μ-dps](ClO4)2 (Pt1), [{cis-PtCl-
(NH3)2}2-μ-dpss](ClO4)2 (Pt2), and [{cis-PtCl-
(NH3)2}2-μ-bpe](ClO4)2 (Pt3), were prepared by a
reported procedure [41,42], starting from the precursor
[{cis-PtCl(NH3)2(DMF)]ClO4, using AgClO4. Micro-
analytical data of the complexes are as follows.

Metal Complex Pt1. Yield: 62.8 mg (0. 069 mmol,
57.8%). 1H NMR (500.5 MHz, D2O) δ/ppm:
1H: 8.78 (d, 4H); 7.60 (d, 4H). 195Pt NMR
(107.5 MHz, D2O): δ/ppm: −2303.88. IR (KBr,
4000–300 cm−1): 3179 (m, N–H stretch); 1598,
1480 (C=N/C=C, pyridine ring stretch); 1090–
1100 (perchlorate counterion); 505 (Pt–N stretch);
302 (Pt–Cl stretch). TOF MS/ES+. (m/z, M2+):
358.005 (C10H18N6SPt2Cl2 species). Anal. Calcd for
C10H20N6SCl4O8Pt2: H, 2.20; C, 13.1; N, 9.17;
S, 3.49. Found: H, 2.23; C, 13.45; N, 9.50; S, 3.35.

Metal Complex Pt2. Yield: 91.6 mg (0.097 mmol,
79.2%). 1H NMR (500.5 MHz, D2O), δ/ppm: 8.53
(d, 4H in dpss); 7.60 (d, 4H in dpss). 195Pt NMR
(107.5 MHz, D2O) δ/ppm: −2304.16. IR (KBr,
4000–300 cm−1): 3179 (N–H stretch); 1598, 1480
(C=N/C=C, pyridine ring stretch), 1421 (s, dpss),
1213 (w, dpss), 818 (m, dpss), 731 (m, dpss); 1090–
1100 (perchlorate counterion); 507 (Pt–N stretch); 385
(Pt–Cl stretch). Anal. Calcd for C10H20N6Cl4S2O8Pt2:

H, 2.13; C, 12.65; N, 8.86; S, 6.76. Found: H, 2.19; C,
13.15; N, 8.82; S, 6.77.

Metal Complex Pt3. Yield: 52.5 mg (0. 058 mmol,
65.0%). 1H NMR (500.5 MHz, D2O) δ/ppm: 8.96 (d,
4H of py in bpe); 7.78 (d, 4H of py in bpe); 3.66 (s,
4H for 2CH2 of bpe). 195Pt NMR (107.5 MHz, D2O)
δ/ppm: −2284.66. IR (KBr, 400–300 cm−1): 3285 (N–
H stretch); 1621 (C=N/C=C, pyridine ring stretch),
1436 (m, bpe), 1340 (vw, bpe), 1212 (w, bpe); 1090–
1100 (perchlorate counterion); 556 (Pt–N stretch).
TOF MS/ES+. (m/z, M2+): 356.535 (C12H22N6Pt2Cl2,

species). Anal. Calcd for C12H24N6Cl4O8Pt2: H, 2.65;
C, 27.64; N, 9.21. Found: H, 2.59; C, 27.69; N, 9.71.

Preparation of the Dinuclear Pt(II) Diaqua
Complexes

The chlorocomplexes (Pt1, Pt2, and Pt3) were con-
verted into aqua analogues using the literature proce-
dure [43]. The resultant aqua solutions were brought to
a final complex concentration of 4.41 × 10−4, 4.43 ×
10−4, and 1.13 × 10−4 M for [{cis-PtOH2(NH3)2}2-
μ-dps](ClO4)2 (Pt1), [{cis-PtOH2(NH3)2}2-μ-dpds]-
(ClO4)2 (Pt2), [{cis-PtOH2(NH3)2}2-μ-bpe](ClO4)2

(Pt3), respectively. The solution was acidified with
HClO4 to pH 1.0 (for the determination of pKa val-
ues) and pH 2.0 (for kinetic measurements). The ionic
strength was adjusted to 0.10 M with NaClO4. The
substitution reactions were studied in 0.10 M NaClO4

at pH ca. 2.0, since the perchlorate ions do not coor-
dinate with Pt(II) and to prevent deprotonation of the
aqua ligand [20b, 44].

All kinetic experiments were performed under
pseudo–first-order conditions, for which the concen-
tration of the nucleophile was at least 20-fold in ex-
cess of appropriate metal complex to drive the reaction
to completion. The substitution reactions of the com-
plexes Pt1, Pt2, and Pt3 with ligands thiourea (TU,
DMTU, TMTU) and SCN−, I−, and Br− were followed
spectrophotometrically by monitoring the change in
absorbance at suitable wavelengths as a function of
time. The working wavelengths were determined by
recording the spectra of the reaction mixture over the
wavelength range 200–600 nm. These are recorded in
Table S1 in the Supporting Information.

Spectrophotometric pKa Titrations

The pH of the aqueous solutions was measured us-
ing a Jenway 4330 conductivity/pH meter equipped
with a Micro 4.5 diameter glass electrode after cali-
bration with standard buffers at pH 4.0, 7.0, and 10.0
at 25◦C. The pH electrode was filled with 3 M NaCl

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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680 ONGOMA AND JAGANYI

Figure 1 DFT optimized structures of the dinuclear platinum(II) complexes.

electrolyte to prevent precipitation of KClO4 during
use. A large volume (200 mL) of each of the com-
plex solutions was used during the titrations to avoid
absorbance corrections due to dilution, whereas spec-
trophotometric pH titrations were carried out using
NaOH as the base. Subsequent pH changes were ob-
tained by stepwise additions of crushed solid NaOH
pellets in the pH range 2–3, micropipette dropwise
addition of saturated, 1.0 and 0.1 M NaOH or concen-
trated HClO4 (for reversibility of the pH) to the bulk
of the complex solution, prior to withdrawal of 2 mL
aliquots of the solution. After each of the measure-
ments, the aliquots were not returned to the sample
solutions to avoid in situ contamination by chloride
ions from the pH electrode.

Quantum Chemical Computations

To gain insight into the connection between the struc-
ture and reactivity of the corresponding aqua com-
plexes, as cations of total charges of +4, were opti-
mized (in the gas phase) at the B3LYP [45] /LACVP**

(Los Alamos Core Valence Potentials) [46] level. The
Spartan R© ‘04 for Windows R© program was used. B3LYP
relates to Becke’s three parameter hybrid functional
[45] that has been proven to be superior to traditional
functionals. Figure 1 shows the minimum energy struc-
tures of the studied diaqua complexes calculated at the
DFT (B3LYP/LACVP**) level of theory. Selected ge-
ometrical data including HOMO–LUMO, energy gap
are summarized in Table I. The mononuclear complex,
cis-[Pt(H2O)(NH3)2(4-methylpyridine)]2+, Pt4, is in-
cluded for comparative purposes with respect to the
pKa and DFT results of Pt3.

RESULTS AND DISCUSSION

Synthesis and Characterization of
Compounds Pt1, Pt2, and Pt3

In this study, each of the three dinuclear Pt(II)
complexes was prepared “in situ” from the cation
cis-[Pt(NH3)2(DMF)Cl]+. The DMF was selectively
displaced by the ligands giving the desired dimer. The

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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BRIDGE-SPLITTING REACTIONS OF PLATINUM(II) COMPLEXES 681

Table I DFT-Calculated Parameters for the Dinuclear Platinum(II) Complexes

Pt1 Pt2 Pt3 Pt4

HOMO–LUMO energy S S–S C–C C
HOMO (eV) − 16.83 − 15.99 − 17.54 − 14.51
LUMO (eV) − 12.62 − 12.21 − 12.21 − 9.59
(�E) (eV) 4.21 3.78 5.33 4.92
NBO charges
Pt1/Pt2 1.207 1.206 1.205 1.199
Pt-OH/Pt-HO2 1.177/1.201 1.173/1.201 1.169/1.201
Npy − 0.650 − 0.657 − 0.648 − 0.658
Bond length (Å)
Pt-Npy 2.089 2.082 2.082 2.055
Pt-H2O 2.128 2.129 2.128 2.126
Pt—Pt 12.07 13.74 13.54
H2O-Pt-NH3 cis to O 2.484 2.493 2.475
Ortho-Hpy—Pt 3.006 3.013 3.027
Bond angle (◦)
Npy-Pt- NH3 trans to py 177.9 177.1 176.9 177.3
H2O-Pt-NH3 trans to O 175.6 176.1 176.1 178.9
b 94.4 93.4 93.4 93.3
a 90.0 90.3 90.5 87.9
c 83.7 83.7 83.5 84.1
d 92.4 92.5 92.6 94.8
Dipole moment (D) 1.93 4.01 0.16 2.18

details of the spectroscopic data for the ligand dps and
the complexes are listed in the Experimental section.
The characteristic IR bands at ca. 1570 cm−1 for the
highest energy pyridine ring vibration of the ligands
are shifted by ca. 25–29 to higher frequencies upon
complexation, suggesting that the nitrogen atoms of
pyridine are coordinated to platinum metal [47]. The
presence of bands in the IR spectra of the perchlo-
rate complexes at 1090–1100 cm−1 (O–Cl vibration
stretch) indicates that ionic perchlorate is present as
a counterion [ 44b]. In the 1H NMR spectra of the
three complexes, there are only two signals in the aro-
matic region, indicating that the structures of these
complexes are symmetric due to coordination of the
pyridyl rings at the Pt(II) centers. The 195Pt signals for
the three complexes appear within the range of −2284
to −2305 ppm, which is typical of (PtN3) coordination
environment [47].

Acidity of the Coordinated Aqua Ligands

To investigate the impact of the different diamine
spacer groups on the reactivity of the diaqua Pt(II)
complexes, the pKa values of the coordinated water
ligands were initially determined. A typical example
of the UV–vis spectral changes observed during the pH
titration with NaOH is shown in Fig. 2 for the Pt3 com-
plex and Fig. S1 in the Supporting Information. When
the UV–vis data were fitted using a nonlinear least-
squares procedure, as represented by the inset in Fig.
2, the pKa values for the deprotonation of the coordi-
nated aqua molecules were obtained from the standard
Boltzmann equation.

The data gave an excellent fit for a system with two
dissociation steps with equilibrium constants Ka1 and
Ka2, for which the overall process can be presented by
the reaction given in Scheme 2.

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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682 ONGOMA AND JAGANYI

Figure 2 UV–vis spectra recored for 0.113 mM Pt3 in the pH range 2–9 at 25◦C (I = 1.0 M NaClO4). Inset: Plot of absorbance
versus pH at 280 nm for the Pt3 complex.

Scheme 2 Summary of the stepwise deprotonation of the dinuclear Pt(II) complexes as a function of pH.

Table II Summary of the pKa Values Obtained for the Deprotonation of Platinum-Bound Water of the Different
Complexes

Complex Pt1 Pt2 Pt3 Pt4a

pKa1 4.86 ± 0.05 5.19 ± 0.02 5.04 ± 0.15 5.63 ± 0.01
pKa2 5.53 ± 0.03 6.42 ± 0.04 5.45 ± 0.17 N/A

aThe pKa value is obtained from [21a].

The pKa values obtained are summarized in
Table II. Included for comparison purpose in Table
II is the pKa value of the mononuclear analogue, cis-
[Pt(NH3)2(H2O)(4-methylpyridine)]2+, Pt4 [21a].

Kinetic Measurements
The substitution reactions of the complexes with
thioureas (TU, DMTU, and TMTU) and ionic nu-
cleophiles (Br−, I−, SCN−) were carried out at pH

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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BRIDGE-SPLITTING REACTIONS OF PLATINUM(II) COMPLEXES 683

Scheme 3 Substitution mechanism for the reaction between the S, S–S, and C–C dinuclear Pt(II) complexes with selected
nucleophiles.

Table III Kinetic Data for the Simultaneous Substitution of Aqua Ligands in [{ cis-Pt(NH3)2H2O}2L]4+ Complexes by
Different Thiourea and Ionic Entering Nucleophiles; I = 0.10 M (NaClO4), pH 2.0

Complex NU k2,1st (M−1 s−1) �H�=
1st (kJ mol−1) �S�=

1st (J mol−1 K−1)

TU 33.5 ± 0.5 63 ± 1.4 −41 ± 4.6
DMTU 25.9 ± 1.1 56 ± 1.5 −64 ± 5.0
TMTU 6.4 ± 0.1 58 ± 2.5 −57 ± 8.3
SCN− 14.0 ± 0.6 60 ± 4.9 −52 ± 16.3
Br− 0.4 ± 0.01 73 ± 2.3 −26 ± 7.5
TU 244.6 ± 2.9 53 ± 0.4 −52 ± 1.4

DMTU 179.0 ± 2.8 48 ± 2.8 −111 ± 9.3
TMTU 86.2 ± 1.8 48 ± 1.6 −91 ± 5.4
SCN− 542.0 ± 14.1 69 ± 1.0 −26 ± 3.4
Br− 13.0 ± 0.2 74 ± 2.3 −25 ± 7.7
TU 129.5 ± 1.6 53 ± 0.4 −53 ± 1.3

DMTU 65.6 ± 0.6 44 ± 1.6 −85 ± 5.5
TMTU 13.4 ± 0.2 41 ± 0.5 −112 ± 1.8
SCN− 258.2 ± 2.5 54 ± 3.0 −39 ± 10.0

I− 129.5 ± 1.6 42 ± 1.7 −83 ± 5.6
Br− 11.8 ± 0.2 50 ± 2.0 −104 ± 6.6

The standard deviations reported are from the least-squares fits to Eq. (1). At pH 2.0, the S–S bond scission occurred reversibly in a redox
reaction with iodide: py–S–S-py + 2I− ↔ 2py–S− + I2. This limited further kinetic studies for Pt1 and Pt2 complexes.

2.0. The purpose of keeping the solutions acidic was
to make sure that the complex remains in the aque-
ous form and at the same time protonate the released
N-donor pyridyl bridging ligand so as to prevent any
probability of its recoordination to the metal center, as
shown in Scheme 3. Besides, protonation of thiourea
(TU, pKa = −1.3) can be ruled out as reported re-
cently [48]. As already mentioned, all the kinetic mea-
surements were done under pseudo–first-order con-
ditions with respect to the nucleophile, to drive the
reactions to completion.

Because of being a weak nucleophile, the results
of the substitution reaction with bromide for all the
studied complexes gave only one substitution pro-
cess (Table III). However, the substitution reactions
of the aqua complexes with nucleophiles of stronger
nucleophilicity like the thioureas (TU, DMTU, and
TMTU) and the other anionic nucleophiles (I−, SCN−)
showed two reaction steps. The first step is attributed to
simultaneous substitution of both aqua ligands by the
nucleophiles. The second step is much slower by one
to three orders of magnitude compared to the first step

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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684 ONGOMA AND JAGANYI

Figure 3 The 1H NMR spectra of the reaction of Pt1–Cl with thiourea (2.0 mM) in DMF-d7, at 30◦C showing the release of
the 4,4′-bis(pyridine)sulfide bridging ligand.

and is assigned to the release of the linker following
coordination of further nucleophiles to the Pt(II) cen-
ter. Evidence for the bridging ligands release comes
by monitoring the reaction between Pt1-Cl and TU
(6 equiv.) by 1H NMR spectroscopy in DMF-d7. An
array of the proton NMR spectra, showing the aro-
matic region only, is recorded in Fig. 3. The adopted
numbering system for the pyridyl protons Ha/Hb used
to monitor the progress of the reaction is shown on
the structure of the Pt1–Cl complex as an inset in
Fig. 3. The signals of the coordinated bridging ligand
appear at Ha = 8.78 and Hb = 7.60 ppm as doublet res-
onances, which decreased during the reaction. After
1.5 h of the reaction, a broad singlet signal was ob-
served at Ha

* = 8.53 ppm, representing the released
(free) 4,4′-bis(pyridine)sulfide bridging ligand. This
agrees with the values reported in the literature [40].
However, the Hb

* signal at 7.22 ppm expected for the
second aromatic proton of freed ligand was obscured
by the broad peak due to thiourea (TU) at 7.20 ppm
and is not shown on Fig. 3. Since the excess thiourea
displaces the last N-donor atoms in the bridging sys-
tem releasing the linker, undefined final products such
as [Pt(TU)4]2+ are also liberated as has been reported
by our group [30].

Because of the low concentration of the Pt1–Cl
complex, the aromatic resonances corresponding to
the unreacted complex appear as downfield–shifted
peaks as the reaction progressed. This is consistent
with what has been reported before for bidentate-
coordinated Pt(II)-based species like DNA intercala-
tors [49].

It can be concluded that substitution of the aqua lig-
ands at each of Pt(II) centers occurs simultaneously in
all the complexes investigated irrespective of the na-
ture of the spacer group. This is consistent with the
symmetrical nature of the complexes. But the second
and slower subsequent step is due to the strong labi-
lizing thiourea and other nucleophiles inducing disso-
ciation of the linker. The second step is also sensitive
to variations in the nature and size of the spacer group
of the pyridyl moiety. Thus, the overall substitution
process can be represented by the reactions shown in
Scheme 3.

In all cases, the first step was fast and was there-
fore studied on the stopped-flow reaction analyzer,
whereas the subsequent slower step was studied by the
UV–vis spectroscopic method. The general course of
the substitution reactions for 1.0 mM Pt2 with 3.0 mM
TU is recorded in Fig. 4.

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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BRIDGE-SPLITTING REACTIONS OF PLATINUM(II) COMPLEXES 685

Figure 4 Absorbance–time traces for the reaction between Pt2 (1.13 × 10−1 mM) and TU (1.03 mM) on (a) a short time
scale for k2(1st) on stopped flow and (b) a long time scale for k2(2nd) by the UV–vis spectrophotometric method at 305 nm, T =
298 K, I = 0.10 M (0.01 M HClO4, adjusted with NaClO4), pH 2.0.

Both the first and second substitution steps fitted
well to a single-exponential model to give the ob-
served rate constants kobs(1st) and kobs(2nd). The ob-
served pseudo–first-order rate constants, kobs(1st/2nd),
were calculated as the average value from four to
six independent kinetic runs using the Origin 7.5 R©

program. The determined pseudo–first-order rate con-

stants, kobs(1st/2nd), were plotted against the nucleophile
concentration. A linear dependency of the observed
rate constants on the concentration of the nucleophiles
was obtained as shown for the Pt1 complex in Figs. 5
and 6 (also Figures S2–S5 for Pt3 and Pt2 in the
Supporting Information). The second-order rate con-
stants, k2(1st/2nd), were derived from the slopes of the

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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686 ONGOMA AND JAGANYI

Table IV Kinetic Data for the Release of the Linker in [{cis-Pt(NH3)2H2O}2L]4+ Complexes by Different Thiourea and
Ionic Entering Nucleophiles; I = 0.10 M (NaClO4), pH 2.0

Complex NU k2,2nd (10−3 M−1 s−1) �H�=
2nd (kJ mol−1) �S�=

2nd /J (mol−1 K−1)

Pt1 TU 102.1 ± 0.20 49 ± 3.2 −107 ± 10.7
DMTU 51.5 ± 0.64 53 ± 0.6 −99 ± 1.9
TMTU 70.6 ± 1.52 48 ± 1.9 −117 ± 6.4
SCN− 39.0 ± 0.28 65 ± 1.7 −61 ± 5.8

Pt2 TU 35.4 ± 0.23 53 ± 1.3 −95 ± 4.5
DMTU 14.3 ± 0.05 62 ± 1.1 −73 ± 3.6
TMTU 24.9 ± 0.12 49 ± 0.9 −116 ± 2.9
SCN− 18.8 ± 0.41 49 ± 1.0 −83 ± 3.5

Pt3 TU 23.8 ± 0.18 59 ± 1.2 −80 ± 4.1
DMTU 7.6 ± 0.36 49 ± 1.2 −122 ± 4.1
TMTU 1.4 ± 0.22 50 ± 1.1 −133 ± 3.6
SCN− 14.7 ± 0.14 49 ± 1.1 −78 ± 3.5

I− 1.2 ± 0.14 50 ± 1.2 −133 ± 3.9

The standard deviations reported are from the least-squares fits to Eq. (1). Br− = No reaction was observed in the complexes.

 TU
 DMTU
 TMTU
 SCN
 Br

Figure 5 Plot of kobs(1st) versus thiourea and the ionic nu-
cleophile concentration for the simultaneous substitution of
aqua ligands in Pt1 at pH 2.0, T = 298.15 K, I = 0.10 M
(0.01 M HClO4, adjusted with NaClO4).

plots and are summarized for all the complexes inves-
tigated in this study in Tables III and IV.

None of the plots exhibited a nonzero intercept in all
the reactions of the complexes with the nucleophiles,
indicating that both steps are irreversible in nature, and
k−1 and k−2 representing reversible reactions are zero
since the reverse reaction is too slow, if it exists. Thus,
the rate equations for the two substitution reaction steps
can be expressed by Eq. (1):

kobs(1st/2nd) = k2(1st/2nd)[NU] (1)

Activation Parameters

To confirm that these complexes follow an associa-
tive substitution mode characteristic of square-planar
complexes, the reactions were studied at different

Figure 6 Plot of kobs(2nd) versus thiourea and the ionic
nucleophile concentration for the dissociation of the bridging
ligand in Pt1 at pH 2.0, T = 298.15 K, I = 0.10 M (0.01 M
HClO4, adjusted with NaClO4).

temperatures in the range 15–35◦C, at 5◦C interval.
The Eyring plots recorded in Figs. 7 and 8 (also Fig-
ures S6–S9 for Pt3 and Pt2 in the Supporting Informa-
tion) resulted in the following activation parameters:
activation enthalpy, �H�=

(1st/2nd) from the slopes and
activation entropy, �S�=

(1st/2nd) from the intercept. The
activation entropies in Tables III and IV for all the
reactions studied suggest increased order in the tran-
sition state, indicative of an associative mode of the
substitution mechanism.

DFT Calculations

The geometry about the Pt atoms is slightly dis-
torted square planar as observed from the bond angles

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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BRIDGE-SPLITTING REACTIONS OF PLATINUM(II) COMPLEXES 687
k

Figure 7 Plots of ln(k2(1st)/T) versus (1/T) for the simul-
taneous substitution of aqua ligands in Pt1 with a series of
different nucleophiles at pH 2.0, T = 298.15 K, I = 0.10 M
(0.01 M HClO4, adjusted with NaClO4).

Figure 8 Plots of ln(k2(2nd)/T) versus (1/T) for the release
of the bridging ligand in Pt1 with a series of different nucle-
ophiles pH 2.0, T = 298.15 K, I = 0.10 M (0.01 M HClO4,
adjusted with NaClO4).

presented in Table I. It is also noted that the an-
gle labeled C is smaller than all the other an-
gles around the Pt(II) center, indicating possibil-
ity of the hydrogen-bonding interaction between the
H2O/NH3 moieties (average separation distance =
2.484 Å). The NBO charges on the platinum atoms
(Table I), to a large extent, remain almost con-
stant across the series of the investigated com-
plexes. This is not unexpected, since X-ray struc-
tures of other Pt(II) complexes with such aromatic
bridging ligands (e.g., 4,4′-bis(pyridine)ethane, 4,4′-
bis(pyridine)sulfide, 4,4′-bis(pyridine)disulfide) indi-
cate that the aromatic ring lies almost perpendicular
to the plane of the Pt(II) center [23,50]. Therefore,
the interaction between the metal center and the pyri-

dine ring through π -backbonding is expected to be
extremely small, if it exists.

The DFT calculations also reveal that the major
influence of the para-substituent (Y), i.e., pyridyl 4-
position, is on the HOMO energy level “ground-state
effect” and not the LUMO (Fig. 1). The electron density
of the HOMO orbitals is localized between the pyridyl
π -acceptor bridging ligand and the spacer S atom(s)
in Pt1 and Pt2, whereas in Pt3 the HOMO orbitals
lie entirely on the Pt(II) centers and very sparsely on
the bridging moiety. In the case of the LUMO orbitals,
these consist of contributions from the metal centers
and the donor atoms of the am(m)ine ligands in all the
three complexes. The effect of increasing the number
of S-atoms results in decreasing the HOMO–LUMO
energy gap, whereas replacing the S atoms with the
–CH2–CH2– group raises the energy level as the data
in Table I show.

From this study, the most important structural fea-
tures revealed by the optimized structures shown in
Fig. 1 and the data in Table I are that the structural
geometry of each complex depends on the angular
conformation of the spacer group. For instance, when
the sp3 hybridized S atom is incorporated between the
two pyridine rings in the Pt1 complex, it assumes a
V-shaped structure, which results in a C2v point group
symmetry. In the case of Pt2 and Pt3, the pyridyl
units run nearly parallel, which adopts a slip-up struc-
ture that belongs to the C2h point group symmetry.
Such a structure resembles that of dinuclear Pt(II)
complexes bridged by the flexible α,ω-alkyldiamine,
with (CH2)n groups that have even numbers of carbon
atoms [24, 25b].

The conformational differences significantly influ-
enced the DFT calculated values of the Pt—Pt sep-
aration distances (through space), i.e., Pt1 (12.07),
Pt2 (13.74), and Pt3 (13.54 Å), and the dipole mo-
ments exhibited by Pt1 (1.93), Pt2 (4.01), and Pt3
(0.16 D) recorded in Table I. These structural metrics
are brought about by the smaller C–C (Å) bond length
relative to that of S–S (Å) due to the larger covalent
radius of the S atom compared to carbon and also are
influenced by the symmetry of the complex. These
structural features together with the steric influences
on the square-planar planes at the Pt(II) centers, as will
be discussed later, are expected to control reactivity
with the incoming nucleophiles.

pKa Determination for the Diaqua
Complexes

The thermodynamic data in Table II demonstrate that
the pKa values of the coordinated aqua moieties are
dependent on the nature of the bridging ligand. The

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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688 ONGOMA AND JAGANYI

pKa1 values of the studied dinuclear complexes Pt1,
Pt2, and Pt3 (ranging from 4.86 ± 0.05 to 5.19 ±
0.02) are lower than those of the mononuclear ana-
logues Pt4 (pKa = 5.63 ± 0.01) [21a] and the Pt(II)
amphiphiles recently published [51]: [Pt(H2O)(N,N-
bis(2-pyridylmethyl)-NCH2)n-CH3; NH]2+ n = 1, 2,
3, 4, 5, 9 (pKa = 5.45 ± 0.05 to 5.52 ± 0.02). This sig-
nifies an increase in acidities of the coordinated water
molecules in the investigated dinuclear complexes in
this study. This is in agreement with what has been re-
ported in other studies, which have shown Pt atoms
in dinuclear complexes to be more acidic than the
Pt atoms of the mononuclear analogues [24, 25, 51].
A higher overall positive charge of 4+ coupled with
higher electrophilicity on the Pt atoms is the reason for
the lower pKa values observed in the dinuclear com-
plexes than that found for 2+ charged Pt(II) centers of
the mononuclear complexes. Furthermore, a short dis-
tance between the Pt(II) center of the dinuclear com-
plexes, results in single charge additions (controlled by
in-space electrostatic forces and/or H bond) on the plat-
inum atoms that increases the effective positive charge
at the metal center [25b,c]. This explains why with
decreasing Pt—Pt separation distance the pKa1 values
become smaller.

Moreover, since the position of the 195Pt resonance
is influenced by the donor strength of the ligands at-
tached to the platinum metal center [52], the results
indicate that the σ -inductive effect of para-substituent
on the pyridyl linker toward the Pt(II) center differ in
strength and as a result influences the bacisity of the
aqua complexes. This is supported by the differences
in the 195Pt NMR chemical shifts of Pt1 (−2303.9),
Pt2 (−2304.2), Pt3 (−2284.7), and Pt4 (−2299 ppm),
respectively. However, from Table I, the DFT calcu-
lated NBO charges are statistically constant, indicat-
ing that the influence of the σ -donor properties of the
pyridyl-bridging moiety on the positive charge on the
metal center is insignificant and hence plays little or
no important role on the pKa values and also on the
electrophilicity of the Pt atoms of the complexes. In
addition, the difference of only 0.3 pKa1 units between
pKa1 values of the complexes of shortest and longest
spacer length shows the result is more of a charge–
addition effect than the σ–donor effect by the bridging
ligand. The pKa1 value of the diaqua Pt3 complex is
in agreement with the recently published value for its
trans-isomer [35c].

Further observation shows that deprotonation of
the second coordinated water molecule to the hy-
droxo/hydroxo species occurs at higher pH values than
in the first step in all the three complexes. This is due
to a reduction of the overall charge to +3 after depro-
tonation of one coordinated water molecule. The Pt(II)

center of the aqua/hydroxo species is thus less elec-
trophilic and less acidic compared to that of the parent
diaqua complex [25,32], leading to higher pKa2 values.
As already mentioned for the first deprotonation step,
the pKa2 values also depend on the nature and length
of the spacer group.

These σ–inductive effects on the ground-state prop-
erties of the Pt(II) complexes are also supported by the
computational data. The DFT calculated NBO charges
at the Pt(II) centers decreased after deprotonation of
the first water molecule compared with values of the
diaqua complexes (Table I). The trend for the second
pKas is also in the order of the magnitude of the dipole
moments of the complexes, which is a measure of the
electronegativiy of the complexes.

Kinetic Analysis

Based on the DFT calculated Pt—Pt distances of the
complexes and the small change in NBO charge af-
ter the deprotonation of the first coordinated water
molecule, one can conclude that the distances are long
enough to prevent strong intramolecular “electronic
communication” between the two Pt(II) centers. This
makes the two Pt(II) centers kinetically indistinguish-
able from each other, and therefore, react indepen-
dently. Analysis of the rate constants (Table III) shows
that the two metal centers could not be discriminated
by the incoming nucleophiles, resulting in the simul-
taneous substitution of both labile aqua ligands as the
first reaction step.

From the values of the second-order rate constants
for the direct attack pathway, k1 (Table III), the order of
reactivity of the diaqua Pt(II) complexes, is Pt2 > Pt3
> Pt1. The difference in reactivity can be attributed
to steric and electronic effects attributed to different
structural or geometrical arrangement of the spacer
atom(s) of the pyridyl linker.

It is widely accepted that the pKa value of the coor-
dinated water molecule is an indicator of the electron
density around the metal center and hence, of the elec-
trophilicity of the Pt(II) center [19,50]. Since the pKa1

value of the Pt1 complex is smaller than that of either
Pt2 or Pt3, one would expect higher reactivity for Pt1.
The data in Table III show the contrary. In addition,
enhanced reactivity due to the “entrapment effect” ex-
pected of complexes with the C2v point group symme-
try [24], was also not observed in the first substitution
step of Pt1. As seen from the optimized structure of
the complex (Fig. 9), the central cavity is blocked by
the pyridine ring that protrudes into the cavity pre-
venting the entrapment effect to the nucleophiles. The
DFT calculated C–S–C angles of 94.5 and 112.8◦

for the 4,4′-bis(pyridine)sulfide ligand and the Pt1

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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BRIDGE-SPLITTING REACTIONS OF PLATINUM(II) COMPLEXES 689

Pt1

Figure 9 Schematic structures of Pt1 and free ligand illustrating the twisted conformation and steric factor of Pt1.

complex, respectively, show that the ligand has a per-
fect V-shaped planar structure (C2v), whereas Pt1 is
highly distorted (Fig. 9). The lone pairs on the sp3 hy-
bridized S atom in Pt1 occupy less geometrical angles
about the atom and cause greater repulsions, which
forces the Pt coordination planes to sit in a twisted an-
ticonformation relative to each other as seen in Fig. 9.
The pyridine ring is inclined at an angle that is almost
perpendicular to the Pt(II) center, such that the ortho-
hydrogen atom on the aromatic ring (Hpy) poses steric
influence to aerial approach of the entering ligand on
each Pt(II) center, leading to a slower nucleophilic at-
tack. It can be presumed that an equal amount of steric
influence is felt by the Pt atoms of the investigated
dinuclear complexes. However, the DFT-calculated in-
clination distance between the ortho-hydrogen atom
and the Pt(II) center (Hpy—Pt) increases in the order
3.006, 3.013, and 3.027 Å (Table I) for Pt1, Pt2, and
Pt3, respectively, showing that the greatest steric hin-
drance is present in Pt1. The observed distortion of the
bridging ligand in Pt1 is absent in Pt2.

To understand further the role of the linker on the
rate of substitution, the reactivity of Pt2 and Pt3 is
compared. Pt2 and Pt3 complexes both adopt C2h

molecular point symmetry, but differ by what links
together the two pyridines attached to the Pt atoms.

This difference makes the Pt2 complex to have the
highest dipole moment (Table I), an indication that its
Pt(II) center is more electrophilic, as such it could be
more reactive in comparison to the other complexes as
observed. This is supported by the NBO charge on Pt3,
which is slightly less positive compared to that of Pt2.
In addition, the HOMO–LUMO energy gap (Table I)
is wider for Pt3 than for Pt2, suggesting an increase in
the energy barrier and therefore a slower substitution
reaction.

A further observation is that the second step is re-
markably slower than the simultaneous substitution of
the aqua ligands in the first step in all cases. It is as-
signed to the release of the bridging pyridyl ligand
following the coordination of further nucleophiles
to the already sterically crowded Pt(II) center. The
pyridine-bridging ligand can engage in “synergistic σ -/
π -bonding” [53]. This type of bonding should be less
dependent on the availability of σ -electrons but has
the flux of electrons primarily from the metal center
to the ligand via the electronegative N–atom on the
ring. This enhances the electrophilicity of the Pt(II)
center, allowing direct attack by the incoming nucle-
ophiles. Because of these factors, the congested Pt(II)
center in the transition state weakens the bonds, forc-
ing the dissociation of pyridyl linker. The order of

International Journal of Chemical Kinetics DOI 10.1002/kin.20806
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690 ONGOMA AND JAGANYI

reactivity of the complexes is Pt1 > Pt2 > Pt3, mostly
controlled by the structural differences. The entrap-
ment of the incoming nucleophiles coupled with the
release of steric strain imposed on the structure by lone
pair repulsions in the twisted conformation in Pt1 ac-
counts for its much higher reactivity compared to Pt2
and Pt3.

The reactivity of the thiourea nucleophiles at the
Pt(II) centers during the simultaneous substitution of
the aqua ligands increases in order TU > DMTU
> TMTU, which reflects the steric characteristics
of a mechanism involving bond making in the five-
coordinate transition state. The most sterically hin-
dered nucleophile TMTU reacts significantly slower
than the less hindered TU in all cases. The order of
reactivity for the anionic nucleophiles is SCN− > I−

> Br−, which is in line with the polarizability of the
ions, i.e., 3.05 × 10−24, 4.70 × 10−24, and 6.1 ×
10−24 cm3 for Br−, I−, and SCN−, respectively [54,55],
and electrostatic attraction forces between the anions
and the doubly charged terminal Pt(II) centers [56].

The large negative activation entropies (�S�=
(1st/2nd))

indicate that the substitution of the aqua ligands and the
release of the linker from the Pt(II) metal center pro-
ceed via an associative substitution mechanism dom-
inated by bond making in the transition state [57,58].
This actually is acceptable since the Pt(II) metal center
is a soft classic 16 electron species that allows easier
substitution of the aqua ligands and dissociation of the
linker in the rate-determining step. This is confirmed
by 1H NMR spectroscopy.

CONCLUSIONS

In the present study, substitution reactions of three din-
uclear Pt(II) complexes containing different pyridyl
bridging ligands with selected entering nucleophiles
were investigated. The obtained results show that the
nature of the spacer group incorporated on the structure
of the bridging ligand significantly influences the pKa

and substitution reactivity of the Pt(II) complexes. In
all the complexes, the two Pt(II) centers are indepen-
dent, so it was possible to determine two pKa values.
The pKa values increased in the order Pt1 < Pt3 < Pt2,
which can be attributed to decreasing charge additions
and communication between the two Pt atoms as the
separation distance increases. The substitution kinetics
resulted into two substitution reaction steps, one being
simultaneous substitution of the labile aqua ligands fol-
lowed by the release of the bridging ligand. The order
of reactivity is Pt1 < Pt3 < Pt2 for the simultaneous
substitution of the aqua ligands, whereas for the dis-
sociation of the linker it is Pt1 > Pt2 > Pt3. The Pt1

complex reacts slower than the other complexes due to
nonplanarity of the 4,4′-dipyridinesulfide bridging lig-
and. Namely, the aerial steric hindrance associated with
the ortho-proton (Hpy) on the pyridine ligand signifi-
cantly prevents the substitution, whereas the release
of strain on the bridge increases dissociation of the
bridging ligand in the second step. It can be concluded
that the dissociation of the linker is a possible indica-
tion that if these compounds are used for treatment of
cancer, they are likely to be unstable. The substitution
process of the studied systems remains the associa-
tive mechanism supported by the negative entropies of
activation.
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