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ABSTRACT
The rate of displacement of the chloride ligands by three neutral nucleophiles (Nu) of different
steric demands, namely thiourea (TU), N,N’-dimethylthiourea (DMTU) and N,N,N, N-
tetramethylthiourea (TMTU) in the complexes viz; [Pt(I1)(bis(2-pyridylmethyl)amine)CI]CIO,,
(Pt1), [Pt(IN{N-(2-pyridinylmethyl)-8-quinolinamine}CI] Cl, (Pt2), [Pt(11)(bis(2-
pyridylmethyl)sulfide)CI]CI, (Pt3) and [Pt(11){8-((2-pyridylmethyl)thiol)quinoline}CI]CI, (Pt4)
was studied under pseudo first-order conditions as a function of concentration and temperature
using a stopped-flow technique and UV-Visible spectrophotometry. The observed pseudo first-

order rate constants for substitution reactions obeyed the simple rate lawk,, =k, [Nu]. The

results have shown that the chloro ligand in Pt(N~S™N) complexes is more labile by two orders of
magnitude than Pt(N~*N”N) complexes due to the high trans labilizing effect brought by the S-
donor atom. The quinoline based Pt(Il) complexes (Pt2 and Pt4) have been found to be slow than
their pyridine counterparts Ptl and Pt3 due to poor m-acceptor ability of quinoline. Second-order
kinetics and large negative activation entropies support an associative mode of activation.
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INTRODUCTION

The substitution kinetics of different
platinum(ll) complexes towards
biomolecules with sulfur donor atoms is
very important from a biological and

substitutional  reactivity of the Pt(ll)
complexes. Most importantly, the reactivity
of these Pt(ll) complexes is significantly
increased when m-back donation of electron
density from the metal centre into the non-

bioinorganic point of view (Banerjee 2000).
Over the last few decades, there has been a
great interest in studying the substitution
reactions  of  monofunctional Pt(11)
complexes, especially those with tridentate
ligands, such as diethylenetriamine (dien),
bis(2-pyridylmethyl)amine (bpma) or
2,2°:6’,2-terpyridine (terpy) as non-leaving
groups (Hofmann et al. 2003, Soldatovi¢ and
Bugar¢i¢ 2005, Summa et al. 2006, It has
been shown that small structural
modifications in the non-labile chelate
ligand can produce significant changes in the

leaving ligand is involved. For example,
chloride substitution in [Pt(terpy)CI]" in
methanol is 10% to 10* times faster than for
the cationic [Pt(dien)CI]" (Pitteri et al. 1995,
Romeo et al. 2000). This difference has been
attributed to the stabilization of the five-
coordinate transition state relative to the
ground state brought about by the
delocalization of the =-electron density,
which is back-donated from platinum dn-
orbitals into the m*-molecular orbitals of the
terpy ligand (Mambanda and Jaganyi 2017).
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Addition of electron-donating groups on the
ancillary positions of the terpy ligand has
been shown to weaken this stabilization
resulting in retarded rates of substitution of
the chloride (Reddy and Jaganyi 2008). The
opposite is true for electron-withdrawing
groups (Jaganyi et al. 2008). On the other
hand, increasing the number and varying the
position (cis/trans) of m-acceptor groups
such as pyridine affects the electronic
communication in the system hence
affecting the reactivity of the Pt(Il) centre
(Jaganyi et al. 2001). Studies by Hofmann et
al. (2003) and Papo and Jaganyi (2015)
showed that cis n-back donation of electron
density is stronger than the trans m-back
donation. It has also been shown that while
the cis o-donor effect slows down the
reactivity of the Pt(Il) complex, the trans o-
donor accelerates the rate of substitution
reaction (Mambanda and Jaganyi 2011,
2017). Pitteri et al. (1994, 1995, 2005)
studied substitution reactions of Pt(ll)
complexes containing neutral tridentate
chelating ligands with sulfur and nitrogen
donors of the type NASN and N~N~N
(where NASAN = bis(2-
pyridylmethyl)sulphide and N*N~N = bis(2-
pyridylmethyl)amine) using ionic, neutral
and pyridine nucleophiles. The reactivity
data of the Pt(ll) complexes indicated that
apart from the m-interaction of the pyridine
rings, the lability of the leaving group also
depended on the nature or number of the
donor atoms trans and/or cis to the
replaceable chloride ligand. For example,
Pt(N*"S"N) complexes were found to be
more reactive than their Pt(N*N”N)
counterparts. The high reactivity of
Pt(N~S”N) complexes was attributed to the
strong trans-labilization effect of the
coordinated sulfur which results into
elongation of the Pt—CI bond at the ground
state (Pitteri et al. 1994, 1995, 2005). Such
labilization has also been illustrated by
earlier studies by Hofmann et al. (2003) and
Papo and Jaganyi (2015) when trans donor
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atoms of the tridentate chelate were varied
from N to C. The reactivity of Pt(N*C"N)
complexes was found to be higher compared
with the Pt(N*N~N) complexes owing to the
strong trans-labilizing effect of Pt-C that
induces high intrinsic reactivity (Hofmann et
al. 2003, Papo and Jaganyi 2015). This is
due to the ability of the Pt—C bond to labilize
the leaving group in square-planar metal
complexes through the kinetic trans-effect.

Recent studies have shown that introduction
of isoquinoline and quinoline ligand in the
non-labile chelated framework can decrease
the substitution rate of the Pt(Il) complex in
the range of 3-5 orders of magnitude due to
the fact that isoquinoline and quinoline are
net o-donors (Ongoma and Jaganyi 2012,
Kinunda and Jaganyi 2014, Wekesa and
Jaganyi 2014).

A search in the literature domain shows
limited information on the factors which
influence the reactivity of Pt(I1) complexes
bearing ligands with extended m-conjugation
and different trans donor atoms. It is from
this background that the current study was
occasioned to investigate the competing
roles of m-backbonding through the extended
chelate and the strong o-donor trans effect
of sulfur atom on the reactivity of Pt(ll)
metal complex within the chelate
framework. To achieve this, the cis
positioned pyridyl group was systematically
replaced with a quinoline group, and in trans
position with N and S donor atoms.
Therefore,  chloride  substitution  of
platinum(ll) complexes with the general
formulae [Pt(N*N”N)CI] and [Pt(N~S*N)CI
namely: [Pt(I)(bis(2-
pyridylmethyl)amine)CI]CIO,, (Pt1),
[Pt(IN{N-(2-pyridinylmethyl)-8-

quinolinamine}CI]CI, (Pt2), [Pt(ll)(bis(2-

pyridylmethyl)sulfide)CI]CI,  (Pt3) and
[Pt(IN{8-((2-
pyridylmethyl)thiol)quinoline}CI]CI, (Pt4)

(Scheme 1) were studied using thiourea
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nucleophiles of different steric demand;
thiourea  (TU),  1,3-dimethyl-2-thiourea
(DMTU) and 1,1,3,3,-tetramethyl-2-thiourea
(TMTU). The thiourea nucleophiles were
chosen because of their good solubility,
neutral character, different nucleophilicity,
steric hindrance, binding properties and
biological relevance (Ashby 1990, Murray
and Hartley 1981, Reedijk 1999). In
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Scheme 1: Structures of the complexes investigated.

MATERIALS AND METHOD
Thiosemicarbazide (99.0%), 8-
bromoquinoline (98%), 8-aminoquinoline
(98%), 2-picolyl chloride hydrochloride
(98%), 8-mercaptoquinoline hydrochloride
(98%), NaO'Bu  (97%), pyridine-2-
carboxaldehyde (99%), lithium perchlorate
(98%) and sodium borohydride (98%) were
obtained  from  Aldrich. Potassium
tetrachloroplatinate (K,PtCl,;, 99.99%) was
procured from Strem. All other chemicals
were of the highest purity commercially
available and were used without further
purification. Solvents were dried by standard
methods (Carlsen et al. 1979) and distilled
prior to use. Synthetic work was performed
under nitrogen atmosphere using standard
Schlenk  techniques and  vacuum-line
systems.

Synthesis of the ligands

Ligands di-(2-picolyl)sulfide (dps) 8-((2-
pyridylmethyl)thiol)quinoline (NSNQ) and
N-(2-pyridinylmethyl)-8-quinolinamine
(NNNQ) were synthesized following
literature methods by Sung et al. (2005),
Canovese et al. (2006) and Kinunda and

addition, thiourea is a very useful
nucleophile since it combines the ligand of
thiolates (o-donor) and thioethers (o-donor
and m-acceptor) and is used as a protecting
agent to minimize nephrotoxicity following
cisplatin treatment (Reedijk 1999). DFT
calculations were performed in an effort to
account for the observed reactivity of the
complexes.
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Jaganyi (2014), respectively. Character
identification data of the ligands were in
agreement with the proposed structures.

dps: Yield: brown oil, 712.8 mg, 66%. H
NMR (CDCl3, 400 MHz): 6/ppm = 8.52 (br-
d, 2H), 7.61 (td, 2H), 7.35 (d, 2H), 7.13
(ddd, 2H), 3.81 (s, 4H). *C NMR (CDCl,,
400 MHz): &/ppm = 158.5, 149.5, 136.6,
123.3, 121.9 and 37.6. Anal. calcd. for
CipHoN,S: C 66.67, H 555, N 12.96.
Found: C 66.16, H 5.36, N 13.01. TOF MS
ES™: m/z, [M+Na]" = 239.06.

NSNQ: Yield yellow powder, 572.3 mg,
90%. 'H NMR (CDClg, 400 MHz,): 8/ppm =
8.94(br-d, 1H), 8.54 (d, 1H), 8.11(dd, 1H),
7.63-7.52 (m, 4H), 7.45-7.35 (m, 2H), 7.14
(t, 1H), 4.47 (s, 2H). *C NMR (CDCls, 400
MHz): 8/ppm = 157.7, 149.3, 149.0, 145.6,
137.7, 136.9, 136.4, 128.3, 126.7, 125.3,
124.4, 123.0, 122.1, 121.7, 37.7. Anal.
Calcd. for CisHyN,S: C 71.43, H 4.76, N
11.11, S 12.70. Found C 71.41, H 4.70, N
11.19, S 12.72. TOF MS ES": m/z, [M+Na]*
=275.06.
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NNNQ: Yield yellow oil, 686.7 mg, 63%.
'H NMR (CDCl;, 400 MHz): s/ppm =
8.76(td, 1H), 8.62 (d, 1H), 8.05(ddd, 1H),
7.60 (td, 1H), 7.42-7.29 (m, 3H), 7.14 (dd,
1H), 7.09(dd, 1H), 6.92(dd, 1H), 6.63(d,
1H), 4.71 (s, 2H). ®*C NMR (CDCl;, 400
MHz): &/ppm = 159.3, 149.3, 147.6, 136.7,
136.3, 127.7, 127.4, 122.0, 121.4, 121.3,
116.3, 114.5, 110.2, 105.6, 49.3. TOF MS
ES*: m/z, [M + 23]" = 258.10.

Synthesis of Pt(11) Complexes

Complexes Ptl, Pt2, Pt3 and Pt4 were
synthesized according to the published
procedures (Annibale et al. 2005, Weber and
van Eldik 2005, Kinunda and Jaganyi 2014).
Platinum precursor cis/trans-PtCl,(SMe,),
was synthesized as described in literature
(Darensbourg et al. 2007). The purity of all
the Pt(Il) complexes were confirmed by
NMR, elemental analysis and LC-MS.

Ptl: Yield: 242.3 mg, yellow powder (95%).
'H NMR (DMSO-ds, 400 MHz,): 8/ppm =
8.82(dd, 2H), 8.60 (br s, 1H), 8.23(ddd, 2H),
7.76 (d, 2H), 7.63 (t, 2H), 4.92(m, 2H), 4.51
(dd, 2H). B*C NMR (DMSO, 400 MHz):
d/ppm = 167.4, 149.4, 141.4, 125.7, 123.4,
59.4. Pt NMR (DMSO-ds, 400 MHz):
dlppm = 2344.8. Anal. Calcd. for
C1H13N3PtClL,0,: C 27.22, H 2.46, N 7.94.
Found C 26.72, H 2.45, N 7.62. TOF MS
ES™: m/z, [M + H]" = 430.05.

Pt2: Yield: 15.1 mg, (57%). ‘H NMR
(DMSO-dg, 400 MHz,): &/ppm =8.91 (d,
1H), 8.78(dd, 1H), 8.64 (dd, 1H), 8.54 (dd,
1H), 8.40 (td, 1H), 8.29 (ddd, 1H), 8.17-8.09
(m, 1H), 7.93 (m, 1H), 7.76 (m, 2H), 7.64
(m, 1H), 7.57 (s, 2H). *C NMR (DMSO,
400 MHz,): &/ppm = 159.8, 148.7, 147.6,
135.7, 135.3, 128.7, 128.4, 125.0, 122.4,
121.7, 115.3, 113.5, 109.2, 106.6, 51.1. Pt
NMR (DMSO-d;, 400 MHz): &/ppm =
2314.8. Anal. Calcd. for CysHi3N3PtCl,: C
35.93, H 2.59, N 8.38. Found C 35.44, H
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2.39, N 7.91. TOF MS ES": m/z, [M+H]" =
466.04.

Pt3: Yield yellowish brown powder, 56.3
mg, 63%. '"H NMR (DMSO-ds, 400 MHz):
8/ppm = 8.98 (dd, 2H), 8.27 (td, 2H), 7.90
(d, 2H), 7.67 (t, 2H), 4.85 (m, 4H). *C NMR
(DMSO-dg, 400 MHz): d/ppm = 166.6,
156.6, 150.1, 142.0, 137.5 and 17.7. Pt
NMR (DMSO-ds, 400 MHz): &/ppm =
2960.7. Anal. calcd. for C,H5N,SPtCl,: C
29.87, H 2.49, N 581, S 6.64. Found: C
29.35, H 2.29, N 5.90, S 6.48. TOF MS ES™:
m/z, [M+H]" = 447.01.

Pt4: Yield orange powder, 138.3 mg, 61%.
'H NMR (DMSO-dg, 400 MHz,): &/ppm =
9.44(dd, 1H), 8.93 (dd, 1H), 8.65(dd, 1H),
8.46-7.89 (m, 4H), 7.31-7.14 (m, 2H), 6.63
(d, 1H), 4.86 (d, 2H). *C NMR (DMSO,
400 MHz,): d/ppm = 157.7, 149.3, 149.0,
145.6, 137.7, 136.9, 136.4, 128.3, 126.7,
125.3, 124.4, 123.0, 122.1, 121.7, 37.7. *Pt
NMR (DMSO-ds, 400 MHz): &/ppm =
2149.3. Anal. Calcd. for C45H1,N,SPtCl,: C
34.75, H 2.32, N 5.40, S 6.18. Found C
34.21,H 2.06, N 4.96, S 6.32. TOF MS ES™:
m/z, [M+ H]* = 483.01.

Preparation of Complex and Nucleophile
Solutions for Kinetic Analysis

Stock solutions of the complexes were
prepared by dissolving the known amounts
in 2% DMF to improve the solubility and
topped up with 98% of methanolic solution
of constant ionic strength of 0.1 M. The
ionic strength of the solution was maintained
using sodium perchlorate (NaClO,, 0.09 M)
and lithium chloride (LiCl, 0.01 M) because
perchlorate anion is non-coordinating
(Appleton et al. 1984). 10 mM LiCl was
added to the solvent system to prevent any
possibility of solvolysis of the chloro ligand.
The resulting complex concentrations were
approximately 0.2 mM for Pt1, Pt3 and Pt4
and 0.26 mM for Pt2 before mixing with
nucleophile solutions. A total of three
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neutral nucleophiles, viz. TU, DMTU and
TMTU with different steric hindrance were
used as entering nucleophiles. Solutions of
these nucleophiles were prepared fresh

before use by dissolving in a 0.1 M
NaClO,/LiCl methanolic solution.
Nucleophiles concentrations of

approximately 40, 30, 20 and 10-fold in
excess over that of the metal complex were
prepared by diluting the stock solution
which was 50-fold in excess over that of Pt
complex. These concentrations were chosen
to maintain the pseudo first-order conditions
and to push the reaction to completion.
Physical Measurements and
Instrumentation

H, ®C and Pt NMR spectra were
recorded on a Bruker Avance IlIl 500 or
Bruker Avance 111 400 at frequencies of 500
MHz or 400 MHz and 125 MHz/100 MHz
using either a 5 mm BBOZ probe or a 5 mm
TBIZ probe. All chemical shifts are quoted
relative to the relevant solvent signal at 30
°C unless stated otherwise. Elemental (CHN)
analysis of the ligands and complexes were
performed on Carlo Erba Elemental
Analyzer 1106. Low resolution electron-
spray ionization (ESI*) mass spectra of the
samples were recorded on a Waters
Micromass LCT Premier spectrometer
operated in positive ion mode. UV-Visible
spectra and kinetic measurements of slow
reactions were recorded on a Cary 100 Bio
UV-Visible spectrophotometer with a cell
compartment thermostated by a Varian
Peltier temperature controller having an
accuracy of + 0.05 °C. Kinetic
measurements of fast reactions were
monitored using an Applied Photophysics
SX 20 stopped-flow reaction analyser
coupled to an online data acquisition system.
The temperature of the instrument was
controlled to within + 0.1 °C.

Computational Calculations
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Density Functional Theoretical (DFT)
calculations were performed using a well-
established approach for the third row
transition metal complexes, to identify the
energy-minimized  structures based on
B3LYP/LANL2DZ (Los Alamos National
Laboratory 2 double ) level theory, with
inner core electrons of Pt replaced by
relativistic effective core potential (ECP)
(Beck 1993, Lee et al. 1988, Hay and Wadt
1985). The singlet states were used due to
low electronic spin of Pt(I1) complexes. The
frontier  molecular orbitals of these
complexes were generated in Gauss view 5.0
using the same level of theory. The influence
of the methanol solvent was evaluated via
single-point computations using the CPCM
(Barone and Cossi 1998, Cossi et al. 2003)
formalism. Gaussian09 suite of programs
was used for all DFT computations (Frisch
et al. 2009).

Kinetic Measurements

The working wavelengths (Table SI 1) were
determined by recording spectra of the
reaction mixture over the wavelength range
of 200 to 650 nm using Cary 100 Bio UV-
Visible spectrophotometer. All  kinetic
experiments were performed under pseudo
first-order conditions for which the
concentration of the nucleophile was always
at least a 10-fold excess. Kinetic data were
graphically analysed using the software
package, Origin 7.5° (Origin7.5 2003). The
activation parameters, AH? and AS?, were
obtained by  studying temperature
dependence of the rate constant in the range
of 15-35 °C at an interval of 5 °C with the
nucleophile concentration held constant at
30 times the concentration of the metal
complex.

RESULTS

Computational Analysis

In order to understand the role of the
structural and electronic differences that
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exist in the complexes on the observed
kinetic results, computational studies were
carried out at the DFT level of theory.
Geometry-optimized structures as well as
the key data are presented in Tables 1 and 2.
For all investigated complexes, the HOMO
is located on the dz* orbital of the metal and
the LUMO is populated on the aromatic
region of the ligand. Complexes Ptl, Pt3
and Pt4 show maximum overlap of the d=-
orbitals of the metal with the n*-orbitals of
the ligand. This is expected to enhance the
n-back bonding character which will result
into increase in reactivity of the metal
centre. Generally, the electrophilicity indices
show that quinoline based complexes (o =
6.067 for Pt2 and = 6.155 for Pt4) are less
electrophilic compared to pyridine based
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complexes (o = 7.518 for Ptl and o = 7.608
for Pt3) with Pt(N~S™N) being superior in
electrophilicity. Pt2 and Pt4 are
characterized by the rise in LUMO energy
level making them inaccessible for m-back
donation. The HOMO-LUMO energy gap
decreases with increasing m-conjugation in
the order of 3.65 = 3.57 < 3.51 < 3.41 for
Pt3, Ptl, Pt2 and Pt4 respectively. The
NBO charges are more positive by 0.17 units
for Pt(N~*N~N) complexes than Pt(N~SN)
indicating that the reactivity of the
complexes towards substitution cannot
sorely be explained by NBO charges but
rather how electrons have been distributed
within the complexes.



Tanz. J. Sci. Vol. 44(2) Spec. 2018

Table 1:

Geometry optimized structures and DFT-calculated (B3LYP/LanL2DZ) HOMOs and LUMOs of the investigated complexes

Complex Structure

LUMO

Planarity
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‘ofo,,

:
/
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Table 2: Summary of DFT calculated parameters of the complexes studied

Property Ptl Pt2 Pt3 Pt4

HOMO-LUMO energy

LUMO /eV -3.396 -2.860  -3.445 -2.974

HOMO/eV -6.967 -6.371  -7.097 -6.388

AE eV 3.571 3.511 3.652 3.414

NBO charges

Pt 0.540 0.550 0.365 0.380

Ny/py -0.510 -0.495  -0.507 -0.499

Npy -0.510 -0.509  -0.507 -0.506

Dipole moment (Debye) 14.005 12071 11125  10.738

Electrophilicity index (o) 7518 6.067 7608 6.418

Bond Length (A)

Pt—N/Strans 2.051 2.062 2.392 2.396

Pt-ClI 2.440 2.437 2.444 2.442

Bond Angles (%)

N/Srans—Pt—Cl 179.43 178.35 175.15 176.25

Ng/py—Pt=Npy 165.94. 165.12  168.56 166.19

g and py are quinoline and pyridine respectively

Kinetic Measurements o rate constants, k. at the specific
The kinetics of the substitution of trati foth leonhil d
coordinated chloride by thiourea concentration - 0 € nhucieopnile an

nucleophiles was investigated under pseudo
first-order conditions in order to drive the
reactions to completion. Conventional UV-
Visible spectrophotometry and Stopped-
Flow technique were used for Kinetic
measurements by following the change in
absorbance at suitable wavelengths as a
function of time. The selected wavelengths
are recorded in Table SI 3 (ESI). The kinetic
traces obtained at suitable wavelengths gave
excellent fits to first-order exponential decay
to generate the observed pseudo first-order
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temperature. A typical Stopped-Flow kinetic
trace at 375 nm recorded by mixing
methanol solutions of Pt3 (0.2 mM) and 6
mM of TU at ionic strength of 0.1 M
(NaClQy) is shown in Fig. 1.

An example of the UV-Visible spectra
obtained from the reaction between Pt2 and
TU is shown in Fig. 2. Inset to figure 2 is the
corresponding kinetic trace recorded at 375
nm.
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Figure 1. Stopped-Flow kinetic trace of Pt3 (0.2 mM) with 6 mM thiourea at 298 K in
methanol, 1 = 0.1 M (NaCIO,/LiCl)
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Figure 2: UV-Vis spectra recorded as a function of time for the reaction between Pt2 and 6
mM of thiourea at 25 °C in methanol, | = 0.1 M (NaClO4/LiCl). Inset is the kinetic
trace obtained at 375 nm.
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When the obtained k. values were plotted

against the concentration of the entering
nucleophile, a linear dependence on the
nucleophile  concentration  with  zero
intercepts was observed for all complexes.
The absence of a noticeable intercept is
ascribed to the stronger binding of the soft
thiourea nucleophiles to the metal centre
(Schmdalling et al. 1992, Hofmann et al.
2003). Representative plots are shown in

Fig. 3 (also figures SI 5 and 7) and the
observed rate constants obeys the rate law

kobszkz[Nu], typical of nucleophilic
substitution at planar tetra-coordinate d®
metal complexes in which k, is the second-

order rate constant for the direct attack of the
nucleophile (Nu) at the metal centre.

1.2 1
s TU n
* DMTU
0.9 4 A TMTU
%2
~
2z 0.6
«O
0.3
00 T T T T T
0.000 0.001 0.002 0.003 0.004 0.005
[Nu] /M
Figure 3:  Dependence of k. on the concentration of entering nucleophile for the chloride
substitution of Pt3 (0.2 mM) in methanol, 1 = 0.1 M (NaCIO,/LiCl), T= 25 °C.
The values of the second-order rate

constants, k,, were obtained from the slope

of individual plot at 25 °C and are
summarised in Table 3. The temperature
dependence of the second-order rate
constants was  investigated over a
temperature range of 15-35 °C. Typical
Eyring plots are shown in Fig. 4 (also
figures SI 6 and 8).
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The enthalpy of activation, (AH") and

entropy of activation, (AS*) were
determined using the Eyring equation
(Eyring 1935). These activation parameters
are summarized in Table 3.
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Figure 4: Eyring plots for the reaction of Pt3 with a series of neutral nucleophiles at various
temperatures in the temperature range 15-35 °C.
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Table 3: Summary of k2 values and activation parameters

Complex Nu k,/M*s? AH" kI mol*  AS*/3 K mol™
1‘-[ TU
@ﬁy“@ DM 0.50 +0.01 50 + 2 -130+6
P L TU 0.16 + 0.004 75+3 -58 +10
a ™ 0.03 +0.001 77+1 -109+ 4
Ptl TU
TU
g “ DM 0.29 +0.003 50 +3 -104 + 10
\ /Nf;,:@ TU 0.13 +0.001 51+1 -138+3
a ™ 0.05 +0.001 59 +2 -150+5
Pt2 TU
2 S | X, TU
| N—b—N ) DM 205.19 + 2.40 25+2 -132+5
b TU 103.07 £ 0.79 28+ 1 -173+3
™ 49.99 +0.35 38+1 -122+4
Pt3 TU
TU
. “ DM 21.03 +0.49 35+1 -170+ 3
P LDQ TU  11.07+019 38+1 -158+3
L ™ 2.07 +0.03 48 +5 2125+ 16
Pt4 TU
DISCUSSION dr-orbitals of the metal with the empty n*-

In this paper, the substitution behaviour of
mono-functional Pt(Il) complexes with
thiourea-based nucleophiles is described.
Thiourea nucleophiles have been chosen due
to their good solubility, neutral character and
high nucleophilicity. In general, thiourea
coordinates through sulfur to typical
electrophilic reaction partners such as Pt(l1),
Pd(Il) and Co(lll) metals. This is because
sulfur-donor atoms have a high affinity for
Pt(l1l) complexes (Lippert 1999, Guo and
Sadler 2000, Bugarc¢i¢ 2007). The reactivity
of the complexes towards substitution of
chloride by all the nucleophiles investigated
follows the trend Pt3 > Pt4 > Ptl > Pt2.
This can be explained by the trans-labilizing
effect and m-interactions between the filled
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orbitals of the ligand. Looking at the
structures of the investigated Pt(Il)
complexes, the donor atom trans to leaving
group is either N or S, and the cis-coplanar
ligands in Pt2 and Pt4 is quinoline and
pyridine moieties whereas in Ptl and Pt3
the cis ligands comprise of two pyridine
rings.

The high reactivity of Pt3 and Pt4
complexes which is two orders of magnitude
higher than Ptl and Pt2 complexes is
attributed to the sulfur atom which is known
to be a o-donor atom and is positioned trans
to the leaving group. It is known that a group
with strong o-donor properties will weaken
the bond trans to it in the ground state (c-
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trans effect and trans influence). This is
because the bonding character shares a
greater amount of metal p-orbitals in the
transition state than in the ground state
(transitional state o-effect) (Chval et al.
2008, Langford and Gray 1965). On the
other hand, strong m-acceptor groups
accelerate the substitution reaction by
accommodating the excess electron charge
induced on the metal through a bimolecular
attack of the entering group resulting into
stabilization of the penta-coordinate
transition state (Orgel 1956).

Comparing the o-donicity of the trans
atoms, N and S in these two sets of
complexes investigated, sulfur is superior
owing to the fact that it is less
electronegative compared to nitrogen (Wang
et al. 2015). The trans effect of sulfur causes
electrostatic destabilization of the ligand in
the trans position and this is observed in

Pt-Cl bond length elongation (Table 2).
Thus, the higher reactivity of Pt3 and Pt4
complexes compared to Ptl and Pt2
complexes is mainly due to the stronger
trans-labilizing effect of the Pt-S bond
which induces a high intrinsic reactivity.
Also, by being bigger in size, the greater
polarizability of the sulfur allows some
charge transfer to move away from the metal
through the o-framework as the incoming
group becomes bound (Pitteri et al. 2005,
Nkabinde et al. 2017). Such labilization and
polarizability has clearly been demonstrated
in a number of studies (Bugar¢i¢ 2004,
Bogojeski 2010, Hochreuther 2012). In
addition, the HOMO-LUMO maps show that
there is a metal to ligand =-interactions
through the sulfur bridge in Pt3 and Pt4,
whose strength helps to stabilize the five
coordinate transition state by making the
complexes more reactive towards
substitution reaction. This is facilitated by
the lone pair of electrons in the p-orbitals of
S which forms =-bonds with platinum dz-
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orbitals to such an extent that the metal
centre achieves an 18-electron configuration.

Complexes Ptl and Pt3 react faster than Pt2
and Pt4. The difference in reactivity
between these two sets of complexes can be
explained by the degree of m-backbonding
character of pyridine compared to quinoline
ligand. The two pyridine rings in the chelate
framework of Ptl and Pt3 increase the
lability of the leaving group due to their
electron-withdrawing effect from the metal
centre through m-back bonding. The n-back
bonding increases the total positive charge
of the Pt(Il) atom by a decrease of electron
density in the xz plane hence facilitates a
nucleophilic attack and stabilizes
corresponding penta-coordinated transition
state. The decrease in reactivity of Pt2 and
Pt4 is due to the poor w-acceptor property of
the quinoline ligand (Ongoma and Jaganyi
2012, Kinunda and Jaganyi 2014, Wekesa
and Jaganyi 2014). This adds electron
density into the Pt(Il) metal centre resulting
in the retardation of the incoming
nucleophiles through repulsion. Results on
the dampening of the rate of substitution
reactions of Pt(Il) complexes as an outcome
of cis c-effect with carbon donor atom has
been reported (Hofmann et al. 2003, Reddy
and Jaganyi 2008). The high reactivity of
Ptl and Pt3 when compared to Pt2 and Pt4
is supported by high value of dipole moment
due to its m-withdrawing character of two
pyridine rings compared to the quinoline
moiety.

Having a close look on DFT data, the NBO
charges show that Ptl and Pt2 complexes
are more positive than Pt3 and Pt4. The low
NBO charges observed for Pt3 and Pt4 is
attributed to the strong o-donor effect of the
trans sulfur atom. This reduces the total
(positive) NBO charge of the Pt(ll) atom by
an increase of electron density in the xy
plane leaving the metal centre less positive.
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For Ptl and Pt2 complexes, the
electronegativity of trans nitrogen helps to
quench the electron density on the metal
centre rendering high NBO charges.
Therefore, if the NBO charge distribution in
the complexes controls the reactivity
towards the approach of the nucleophile,
then the chloride leaving group in Ptl and
Pt2 complexes could have been more labile
than in Pt3 and Pt4 complexes. This was not
the case with the reactivity data observed.

Previous studies have used NBO charges as
an indicator for the electron density around
the Pt(ll) centre (Mambanda and Jaganyi
2011, Ongoma and Jaganyi 2012).
Nevertheless, the challenge of NBO charge
has always been the small magnitude of
difference and sometimes inconsistence with
reactivity (Ongoma and Jaganyi 2012,
Ongoma and Jaganyi 2013). Inspired by the
success of global electrophilicity index in
predicting the chemical reactivity and
addressing NBO charge inadequacies,
electrophilicity index were incorporated in
the study to unknot the intrinsic electronic
properties of Pt(11) complexes.
Electrophilicity index possesses adequate
information regarding structure, stability,
reactivity, toxicity, bonding, interactions and
dynamics (Chattaraj et al. 2006 and 2011,
Parthasarathi et al. 2003 and 2004, Mebi
2011, Domingo et al. 2003, Cedillo and
Contreras 2012). The quantification of the
electrophilicity concept is based on the
maximum energetic stabilization of a species
that arises from accepting charge. The
electrophilicity indices in Table 2 show that
generally, quinoline based complexes, Pt2
and Pt4 are less electrophilic therefore
should be less reactive than their Ptl and
Pt3 counterparts with two pyridine rings.
Also Pt(N~S™N) complexes have high
values of electrophilicity indices which is in
harmony with the observed rate constants
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In addition, the low reactivity of Pt2
compared to Ptl and that of Pt4 compared
to Pt3 despite their high positive NBO
charges observed can be explained by the
trans labilizing effect through o-donation of
electrons by carbon atom through trans N/S-
donor atom. Pt1 and Pt3 have one extra sp®
carbon which can further donate electron
density into the N/S leading to a high trans
labilizing effect than Pt2 and Pt4. This is
evidenced by the increase in NBO charges
of the Pt complexes upon substitution of the
sp® carbon in Pt1(0.540) and Pt3(0.365)
with an sp® carbon as for Pt2(0.550) and
Pt4(0.380). The  o-donation effect
strengthens the Pt-N/Syas bond at the
expense of Pt—Cl (Table 2) bond resulting in
the ground state destabilization and an
increase in the reaction rate of substitution
of the leaving chloride group. The reactivity
trend is well supported by the calculated
electrophilicity indices.

The substitution of coordinated chloride by
the most sterically hindered nucleophiles
TMTU shows a clear dependence on the
steric bulk of the nucleophile. The values of
the rate constants for the substitution
reaction of Pt3 decrease in the order TU
(205 M s > DMTU (103 M s >
TMTU (50 M s™). It was observed that the
most sterically hindered nucleophile TMTU
shows by far the lowest reactivity.

The trend in the reactivity of the investigated
complexes for the different nucleophiles can
also be seen in the activation enthalpies for
the investigated reactions. Generally, as the
reaction becomes slower, the process is less
favoured resulting in high activation
enthalpy due to destabilization of the
transition state. Accordingly, the activation
entropy becomes more negative with
acceleration of the reaction due to low
disorder in the transition state. This general
comment is valid in our results with some
exceptions in few cases.
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CONCLUSION

The general reactivity trend for the
complexes is Pt3 > Pt4 > Ptl > Pt2. The
difference in the rate of substitution of all
the complexes is purely electronic in origin.
The rate constants for the substitution of
chloro ligand in Pt3 (k, = 205.19 M s™)
and Pt4 (k, = 21.03 M s™) complexes
decrease to k, = 0.50 Mt s* for Ptl and k,
=0.29 M s for Pt2 complexes due to the
high trans labilizing effect brought by the S-
donor atom. Moreover, complexes with two
pyridine rings (Ptl and Pt3) are superior in
reactivity by two orders of magnitude than
those with quinoline moiety in a ligand
framework (Pt2 and Pt4). The dominance in
reactivity is explained by a better ability of
the pyridine ring to delocalize negative
charge away from the reaction centre which
eventually leads to an increase in the
electrophilicity of the metal centre. The net
o-donor effect of quinoline moiety in Pt4 is
overwhelmed by the trans effect of sulfur
atom leading to high substitution reactions
relative to Pt2. The substitution of chloride
in Ptl, Pt2, Pt3 and Pt4 complexes by
thiourea nucleophiles has been characterized
by sensitivity to the steric of the incoming
ligand. The large negative entropies and
small activation enthalpies suggest that
formation of the transition is accompanied
by a net increase in bonding.
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