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The rate of substitution of the chloride ligand by three bio-relevant nucleophiles, thiourea (Tu), N,N-
dimethylthiourea (Dmtu) and N,N,N,N-tetramethylthiourea (Tmtu), in the complexes: 1,3-bis(2-pyridyl-
imino)isoindoline platinum(i) chloride (Pt2), 1,3-bis(2-pyridylimino)benz(f)isoindoline platinum(i) chloride
(Pt3) and 1,3-bis(1-isoquinolylimino)isoindoline platinum(i) complex (Pt4) was investigated under pseudo
first-order conditions as a function of concentration and temperature using stopped-flow and UV-Visible
spectrophotometry. Computational modeled data of bis(pyridylimino)3,4-pyrrolate platinum(i) chloride
(Pt1) were incorporated in the study for comparison. The observed pseudo first-order rate constants for
substitution reactions obey the rate law kqps = k»[Nul. High negative activation entropies and second-
order kinetics for the displacement reactions all support an associative mode of activation. The reactivity
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is dependent on stabilization of the LUMO energy and inversely proportional to the number of phenyl
rings added irrespective of the site of attachment. The electron density on the ligand moiety plays a sig-
nificant role in the substitution behavior of the platinum(i) complexes, as supported by DFT descriptors
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Introduction

Substitution reactions of square-planar Pt(u) complexes have
attracted much attention from various investigators over the
last two decades. The interest in this field continues uninter-
ruptedly as demonstrated by the large number of publications
appearing annually.”*™® Some of these complexes are of
special interest because of their application in homogeneous
catalysis,"* ™ as catalysts for C-H activation,"**” and for anti-
tumour treatment.'®® The interaction of platinum based
drugs with DNA is now widely accepted to be the mechanism
responsible for their anticancer activity.>’** Cisplatin [cis-di-
amminedichloroplatinum(u)] is one of the most active anti-
tumor agents in clinical use.**” However, it has a narrow
spectrum of activity and its clinical use is limited by undesir-
able side effects, including nephrotoxicity, ototoxicity, neuro-
toxicity, nausea, vomiting, and myelosuppression.>’>93%39
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{electrophilicity index (w) and chemical hardness (3)}.

These drawbacks have provided an impetus for the develop-
ment of novel and improved platinum antitumor drugs, with
focus on the development of new derivatives that display
improved therapeutic properties.

To design drugs with specific kinetic and thermodynamic
properties, understanding the factors that control the reactivity
of these complexes through a systematic investigation is
important. To this effect many kinetic studies have been
carried out on model Pt(u) complexes with terdentate ligands
of the type (N"N”N), (C*N”*N) and (N~C*N).***"** The studies
have shown that when o-donor groups (phenyl**/methyl*!/
t-butyl®*') are attached or bonded cis to the core ligand,
lower rates of substitution at the Pt(u) centers are observed due
to their positive inductive donation of electron density to the
metal center.”” In contrast, when the o-donating groups
(phenyl) are attached to the trans position, this results in an
increased lability owing to the well-known trans-labilizing
effect.”> It has also been shown that extended r-conjugation
with pyridine as part of the aromatic ring enhances n-backbond-
ing owing to a favourable overlap of the dr-orbitals of the metal
and the n*-orbitals of ligands.»*>** Moreover, it emerged that
the cis-t acceptor has a stronger influence on the reactivity of
the metal centre than the trans m-acceptor whilst the m-acceptor
effects of a conjugated system are multiplicative.****>

Against this backdrop, DFT calculations have been
employed to give an insight into the electronic and steric
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properties of complexes; in addition, NBO charge on the metal
center has been used effectively by Jaganyi et al“*°* to
explain the degree of electron deficiency in a given complex.
Nonetheless, the challenge of NBO charge has always been the
small magnitude of difference and sometimes inconsistency
with reactivity.>”*® Inspired by the success of using global
reactivity descriptors*”*® in predicting the chemical reactivity
and addressing NBO charge inadequacies, chemical hardness
(1), electronic chemical potential (1) and electrophilicity index
(w) were incorporated in the study to unravel the intrinsic elec-
tronic properties of platinum(u) complexes. These reactivity
descriptors have been reported to predict the biological
activity/toxicity/properties of organic systems,*>*® synthetic
chalcones,”" and several cis-platinum(n) complexes.*

Accordingly, the kinetic properties of a complex can be
tuned by structural modification of the m-conjugated ligand
framework. This can be achieved by attaching donor and/or
acceptor groups or extending the m-conjugation, particularly
through benzannulation (addition of phenyl rings).>* The intri-
guing aspect of extended n-conjugation is commonly assumed
to destabilize the HOMOs which are about transfer of electrons
from the ligand to the metal and stabilize the LUMOs by transfer
of electrons from the metal centre to the ligand resulting in an
increased lability. We take into account that increased n-conju-
gation narrows the HOMO-LUMO gap.>® A perusal of the lit-
erature data shows limited mechanistic information on Pt(u)
complexes bearing tridentate six-membered chelate ligands
with methylene'®** or amino spacer groups as part of the
chelate ring. Based on this perspective we were compelled to
expand the chelate ring size from conversional five-membered
to six-membered chelates in an N"N”N fashion with the
amino group as part of the chelate ring.

We also sought to consolidate the effect of extended n-con-
jugation on the ligand core by successive addition of phenyl
rings (benzannulation) in ¢rans and cis-positions; hence, the
substitution behaviour of platinum(un) complexes with 1,3-bis-
(2-pyridylimino)isoindoline ligands by three neutral bio-rele-
vant nucleophiles (Nu) of different steric demands, namely
thiourea (Tu), N,N-dimethylthiourea (Dmtu) and N,N,N,N-tetra-
methylthiourea (Tmtu), was studied. The structures of the
investigated complexes Pt2-Pt4 are shown in Scheme 1. DFT
reactivity descriptors were incorporated in the study to
broaden the interpretation of the kinetic data. Pt1 is included
for comparison purposes through DFT calculations.

Scheme 1 Formulae of platinum(i) complexes investigated.
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Experimental section
General procedures and chemicals

All synthetic work was performed under a dry and oxygen-
free nitrogen atmosphere using standard Schlenk-ware tech-
niques. Solvents were dried by standard methods and distilled
prior to use. 1,2-Dicyanobenzene, 1-butanol, 1,3-diiminobenz-
(f)isoindoline, 2-aminopyridine, 1-aminoisoquinoline and
triethylene amine (NEt;), thiourea (Tu), 1,3-dimethyl-2-
thiourea (Dmtu) and 1,1,3,3-tetramethyl-2-thiourea (Tmtu)
were obtained from Aldrich and used without further purifi-
cation. Anhydrous calcium chloride (CaCl,) was obtained from
Saarchem (South Africa) and used as supplied. The K,PtCl,
precursor for (COD)PtCl,>> was procured from STREM and
used as received. The ligands 1,3-bis(2-pyridylimino)iso-
indole,” 1,3-bis(2-pyridylimino)benz(f)isoindoline,”” 1,3-bis(1-
isoquinolylimino)isoindole and platinum complexes were pre-
pared according to published procedures.>?

Synthesis of ligands

1,3-Bis(2-pyridylimino)isoindoline(Z). A mixture of 1,2-
dicyanobenzene (1.306 g, 10 mmol), 2-aminopyridine (1.98 g,
21 mmol), CaCl, (0.11 g, 1 mmol) and 20 mL 1-butanol was
added to the reaction flask and refluxed under a nitrogen
atmosphere for 48 hours. Upon cooling to ambient tempera-
ture, the green-yellow solid precipitate was formed, washed
with water and finally purified by recrystallization with equal
amounts of ethanol and water (1.98 g, 65.7%). 'H NMR
(400 MHz, CDCl;, ppm) § = 14.04 (s, N-H broad), 8.63 (m, 2H),
8.11 (m, 2H), 7.85-7.75 (m, 2H), 7.67 (m, 2H), 7.49 (d, 2H),
7.13 (m, 2H). "*C NMR (400 MHz, CDCl;, ppm) & = 160.6,
153.7, 147.7, 138.0, 135.7, 131.7, 123.2, 122.6, 120.1. TOF MS
ES", m/z: 300.1248 (M + 1)".

1,3-Bis(2-pyridylimino)benz( f )isoindoline(Z). An oven dried
reaction flask equipped with a magnet stir bar was filled with
1,3-diiminobenz( f)isoindoline (0.348 g, 1.78 mmol), 2-amino-
pyridine (0.336 g, 3.57 mmol), CaCl, (0.0195 mg, 0.178 mmol)
and 20 mL 1-butanol, and then the resulting mixture was
refluxed for 1 day. After cooling to room temperature, the
resulting green-yellow precipitate was filtered off, washed with
hexane, and the filtrate dried under vacuum. The crude
product was purified by chromatography on a silica gel
column using dichloromethane-acetone (100: 1) as the eluent.
The title green/yellow solid was collected as a second fraction
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(0.135 g, 22%). "H NMR (400 MHz, CDCl;, ppm): § = 14.60
(s N-H broad, 1H), 8.81 (s broad, 2H), 8.65 (dd, 2H), 8.1 (dd,
2H), 7.83 (td, 2H), 7.66 (dd, 4H), 7.20-7.16 (m, 2H). *C NMR
(400 MHz, CDCl;, ppm) § = 193.9, 165.2, 162.8, 157.0, 152.9,
137.9, 128.9, 124.1, 119.8, 115.7. TOF MS ES', m/z: 350.1411
M +1)"

1,3-Bis(1-isoquinolylimino)isoindoline(Z). A mixture of 1,2-
dicyanobenzene (0.210 g, 1.15 mmol), 1-aminoisoquinoline
(0.5 g, 3.45 mmol) and CacCl, (0.055 g, 0.5 mmol) in 20 mL
1-butanol was added to a reaction flask and refluxed under N,
for 5 days. Upon cooling the reaction mixture to room temp-
erature, the precipitate was formed. The precipitate was col-
lected by filtration and washed with copious amounts of water
under vacuum to give a golden yellow solid (0.470 g, 71.5%).
Anal. Calc. for Cy6H gNs; C: 78.19, H: 4.64, N: 17.54. Found; C:
78.57, H: 4.98, N: 17.19. 'H NMR (400 MHz, CDCl;, ppm) § =
9.05 (d, 2H), 8.54 (d, 2H), 8.23 (s, N-H broad), 7.82 (dd, 2H),
7.77-7.70 (m, 4H), 7.67 (t, 2H), 7.51 (dd, 2H). >C NMR
(400 MHz, CDCl;, ppm) § = 158.4, 137.7, 136.2, 131.8, 130.5,
127.0, 126.6, 126.2, 122.8, 118.2 TOF MS ES*, m/z: 400.1558
M +1)"

Synthesis of the complexes

Dichloro[(1,2,5,6-n)-1,5-cyclooctadiene]platinum(u), (COD)
PtCl,. K,PtCl, (2.5 g, 6 mmol) was dissolved in 40 mL H,O
and filtered. To the filtrate, 60 mL glacial acetic acid and
2.5 mL (20 mmol) of 1,5-cyclooctadiene were added. The
mixture was refluxed at 90 °C for 1 hour. The solution turned
from deep red to yellow with a light yellow precipitate. The
volume was reduced to 30 mL and filtered. The precipitate
formed was then washed with water, ethanol and ether and
dried under vacuum. The product was used without further
purification or characterization (1.56 g, 70%).

1,3-Bis(2-pyridylimino)isoindoline platinum(u) chloride, Pt2.
Quantities of (COD)PtCl, (0.4 g 1.04 mmol) and 1,3-bis(2-
pyridylimino)isoindoline (0.28 g 0.96 mmol) were suspended
in 20 mL of methanol. After the addition of NEt; (143 pL,
1.04 mmol), the mixture was heated to 50 °C under a nitrogen
atmosphere overnight. Upon cooling to room temperature, the
precipitate formed. The crude platinum complex and NEt;-HCI
were isolated by filtration and the ammonium salt removed by
extraction with water. The orange product was further washed
with water, ethanol, methanol and diethyl ether (0.438 g,
86%). Anal. Calc. for C,gH;,N5PtCl; C: 40.83, H: 2.45, N: 13.23.
Found; C: 40.68, H: 2.20, N: 13.64. '"H NMR (500 MHz, d-
DMSO, ppm) § = 10.16 (d, 2H), 8.20 (m, 2H), 8.09 (dd, 2H),
7.78 (dd, 2H), 7.69 (dd, 2H), 7.31 (m, 2H). TOF MS ES+, m/z:
529.0510 (M + 1)".

1,3-Bis(2-pyridylimino)benz( f)isoindoline platinum(i)
chloride, Pt3. A mixture of (COD)PtCl, (0.0654 g, 0.175 mmol),
1,3-bis(2-pyridylimino)benz( f)isoindoline (58 mg, 0.165
mmol), and NEt; (25 pL, 0.175 mmol) in 15 mL of methanol
was refluxed for 12 h. After cooling to ambient temperature,
the resulting red precipitate was filtered off, washed with
water, a small amount of ethanol and Et,0, and dried in vacuo
(0.063 g, 62%). Anal. Calc. for C,,H14,NsPtCl; C: 45.13, H: 2.42,
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N: 12.20. Found; C: 44.95, H: 2.56, N: 11.99. TOF MS ES",
m/z: 543.0897 (M — Cl)".

1,3-Bis(1-isoquinolylimino)isoindoline platinum(u) chloride,
Pt4. A mixture of (COD)PtCl, (0.180 g, 0.481 mmol) and 1,3-
bis(1-isoquinolylimino)isoindoline 0.192 g (0.481 mmol) was
suspended in 20 mL of methanol. To this solution was added
NEt; (66 pL, 0.481 mmol), and the mixture was heated to 50 °C
under nitrogen for 24 h. Upon cooling the reaction mixture to
room temperature, a precipitate formed. The precipitate was
collected by filtration and washed with water, methanol,
ethanol and Et,O to give a dark purple solid (0.227 g, 75%).
TOF MS ES', m/z: 593.1053 (M — CI)'. Anal Calc. for
C,5H,NsPtCl; C: 49.64, H: 2.54, N: 11.13. Found; C: 50.11, H:
2.26, N: 11.15.

Physical measurements and instrumentation

Either a Bruker Avance DPX 500 or DPX 400 NMR using a
5 mm BBOZ probe at 303 K was used to confirm the identity
and purity of the ligands. Low resolution electron-spray ioniza-
tion (ESI') mass spectra of the samples were recorded on a
TOF Micromass spectrometer operated in positive ion mode.
Selected NMR and mass spectra are presented in Fig. S1-13,
ESL.f Elementary compositions of the ligands and complexes
were determined on a Carlo Erba Elemental Analyzer 1106 and
a Thermo Scientific Flash 2000. 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 reac-
tions 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.

Kinetic measurements

The kinetic substitution of the coordinated chloride was fol-
lowed spectrophotometrically by monitoring the change in
absorbance at suitable wavelengths as a function of time using
a Cary 100 Bio UV-visible spectrophotometer. The working
wavelengths were pre-determined by recording spectra of the
reaction mixture over the wavelength range 200-650 nm. All
kinetic experiments were performed under pseudo-first order
conditions, for which the concentration of the nucleophile was
always in at least 10-fold excess. All substitution reactions were
studied in 0.1 M NaClO, ethanolic solutions. The NaClO, was
used because perchlorate ions do not coordinate to the Pt(u)
center;*® in addition, 10 mM LiCl was added to suppress any
possibility of spontaneous solvolytic reactions. The reactions
were initiated by mixing solutions of Pt4 and nucleophiles of
equal volumes in a thermally equilibrated UV-Visible suprasil
tandem cuvette. Subsequently, substitution reactions involving
Pt2 and Pt3 were monitored directly on the Stopped-Flow
instrument and followed for at least eight half-lives. The temp-
erature dependence reactions were studied in the range of
20° C to 40 °C with 5 °C intervals. All kinetic runs could be
fitted to a non-linear single-exponential decay function. The
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Fig. 1 DFT calculated structures showing frontier orbital mappings and respective energies for isoindoline complexes.

observed pseudo-first-order rate constant, ks, was calculated
as the average value of 5-10 independent kinetic runs. The
second-order rate constant, k,, for the reaction of each metal
complex with a particular nucleophile was obtained from the
slope of a linear regression of a plot of observed rate constant,
kobs, versus the nucleophile concentration using Origin 7.5®
software.>® A summary of the observed pseudo-first-order rate
constant, k.ps, at different concentrations and temperatures is
reported in Tables S1-7, ESI.

Computational details

In order to gain an in-depth understanding of the structural
and electronic differences that exist in the complexes under
study, computational calculations were performed. Structures
were optimized by means of density functional theory (DFT)
using the hybrid Becke’s three-parameter exchange functional
and the correlation functional from Lee, Yang and Parr
(B3LYP)®*"®* This method is suitable for the calculations of
systems containing heavy atoms® as in this study (Pt atoms).
Furthermore, DFT calculations in systems involving transition
metals have proved to be in better agreement with experi-
mental data than those obtained from Hartree-Fock (HF)
calculations.®* In the present case, the LANL2DZ basis set was
employed as it is known to provide reliable results in systems
involving transition metal atoms.®>®*~®® The singlet states were
used due to the low electronic spin of Pt(u) complexes. In
addition, frequency calculations at the same level of theory
were performed to identify the stationary points as minima
(zero imaginary frequencies) or transition states (negative ima-
ginary frequency). The frontier molecular orbitals of these
complexes were generated in Gauss view 5.0 using the same
level of theory. The Gaussian09 suite of programs was used for
all DFT computations.®® The calculated optimized structures

2552 | Dalton Trans., 2014, 43, 2549-2558
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Deviation of Pt---Cl from
the main plane
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Fig. 2 DFT optimized structure of Pt4 representing the angle of devi-
ation from the coordination plane and chlorine ipso hydrogen lengths.

and key geometrical data are summarized in Fig. 1 and 2 and
Table 1, respectively.

Results and discussion
Theoretical background

The forming and breaking process of covalent bonds during
the interaction of electron-rich and electron-poor centres,”®”>
described as nucleophile-electrophile interaction, is one of the
fundamental processes in chemistry, which is the rationale
behind the mechanism of reacting species. Due to the success

This journal is © The Royal Society of Chemistry 2014
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Table 1 Summary of DFT calculated data for investigated complexes

Property Pt1 Pt2 Pt3 Pt4

Bond lengths (A)

Trans N-Pt 1.997 2.002 2.007 1.995
Cis N-Pt 2.080 2.084 2.104 2.082
Pt-Cl 2.475 2.473 2.476 2.473
Cl---H 2.28 2.29 2.20 2.30
Angles (°)

Bite 173.72  173.62 179.91 172.89
Dihedral 19.93 20.00 - 22.78
Trans N-Pt-Cl 169.75 169.53 180.00 168.00
Deviation of Pt-Cl 10.25 10.47 0.09 12.00

From the main axis
Energy gap (eV)

LUMO energy (eV) —3.90 -2.88 -2.77 —2.06
HOMO energy (eV) -6.14 —-5.86 —5.87 —5.80
AE; umo-HOMO 2.24 2.98 3.10 3.74
NBO charges pt** 0.527 0.5222  0.527 0.529
Dipole moment (D) 2.81 3.07 3.54 4.35
Electronic chemical potential (x) —5.02 —4.37 —-4.32  —3.93
Electrophilicity index (w) 8.94 6.41 6.02 4.13
Chemical hardness (i) 2.24 2.98 3.10 3.74

of DFT-based descriptors in predicting the reactivity of organic
and inorganic compounds,”*”* descriptors such as chemical
hardness (77), ionization potential (I), electron affinity (4), elec-
tronegativity (y), chemical potential (4) and electrophilicity
index (w) were incorporated in the current study to aid the
understanding of experimental data. Chemical hardness is
associated with the stability and reactivity of a chemical system.
In a complex, it measures the resistance to change in the elec-
tron distribution in a collection of nuclei and electrons.*””

On the basis of frontier molecular orbitals, chemical hard-
ness corresponds to the HOMO-LUMO gap as expressed in

eqn (1).
n=1I1—-A=Erymo — Enomo (1)

where I and A are absolute values of HOMO and LUMO ener-
gies respectively. The larger the HOMO-LUMO gap, the harder
and less reactive the complex.”® Moreover, a system with
higher values of electron affinity (A4) and ionization potential
(D) has a preference for accepting electrons.”” Table 1 contains
the computed values of chemical hardness; the results indicate
that Pt1 is soft and has a high propensity for accepting elec-
trons; hence, one will expect it to be more reactive than Pt2,
Pt3 and Pt4.

Electronic chemical potential is defined as the negative of
electronegativity of a chemical species’® and is determined
using eqn (2). Physically, it describes the escaping tendency of
electrons from an equilibrium system.”® The higher the elec-
tronic chemical potential, the more reactive the chemical
species, though the trend is not in line with experimental data;
the apparent violation can be ascribed to improper chemical
potential.*”

w=r=-[31] @)
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Consequently, a measure of the electrophilicity index
depends on chemical potential, chemical hardness and elec-
tronegativity as shown in eqn (3).

w="— = (3)

The electrophilicity index measures the propensity or the
capacity of a complex to accept electrons.’® The index deter-
mines the stabilization in energy when the system acquires an
additional electronic charge from the environment. The elec-
trophilicity indices Pt1(8.94), Pt2(6.41), Pt3(6.02) and Pt4(4.13)
in Table 1 show that Pt4 is less electrophilic; therefore, the
expectation is that it should be less reactive than Pt1, Pt2 and
Pt3, which is in accord with the observed rate constants. The
electrophilicity index should not be confused with the NBO
charge. The NBO charge denotes the individual atomic charge,
whereas the electrophilicity index designates the resulting
charge of the entire complex. Thus, the electrophilicity index
is superior to the NBO charge in predicting the reactivity
of metal complexes. Further details are presented in the
Discussion section (vide infra).

Results

Substitution of coordinated chloride (reaction (1)) from the
Pt(u) complexes (Scheme 1) by three different nucleophiles
(Nu), ie., thiourea (Tu), 1,3-dimethyl-2-thiourea (Dmtu) and
1,1,3,3-tetramethyl-2-thiourea (Tmtu), was investigated under
pseudo-first-order conditions using conventional UV-Visible
spectrophotometry and the stopped-flow technique. A typical
stopped-flow kinetic trace at 504 nm recorded by mixing
ethanol solutions of Pt2 and 50 times the concentration of
Dmtu at an ionic strength of 0.1 M (NaClO,) is shown in
Fig. 3.

0.22

0.21 4

0.20

0.19 4

0.18 4

0.17 H

Absorbance

0.16

0.15

T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160
Time (Seconds)

Fig. 3 Stopped-Flow kinetic trace of Pt2 and Dmtu at 298 K.
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The pseudo-first-order rate constant, k,ps, calculated from
the kinetic traces, was plotted against the concentration of the
incoming nucleophiles. Straight lines with zero intercepts were
obtained for each of the entering nucleophiles, suggesting that
the mechanism of the substitution can be represented by
reaction (4) and the corresponding rate law given by eqn (5),
indicating that a reverse or solvolytic pathway was absent or
insignificant.

kobs = kZ [Nu] (5)

Representative plots are shown in Fig. 4 for Pt2 (see also
Fig. S14-15 for similar plots for Pt3 and Pt4, ESI).t In all cases
the reactions showed a first-order dependence on the concen-
tration of the incoming nucleophile. The values of the second-
order rate constant k,, which results from the direct attack of
the nucleophile as shown in reaction (4), were obtained from
the slopes of these plots at 25 °C and are summarized in
Table 2. The temperature dependence of k, was studied over
the range of 20 to 40 °C at intervals of 5 °C to determine the
mode of mechanism of platinum(u) complexes. The activation
parameters, AH* and AS*, were calculated using the Eyring
equation.”® The temperature dependence plots and activation
data are represented in Fig. 5 and Table 2, respectively (see
also Fig. S16-17 for Pt3 and Pt4, ESI).t

0.08
0.07
0.06
0.05 4 s Tu
-1 4
k, /s 0.04 *  Dmtu
i Tmtu
0.03
) A
0.02 — 2
0.01 [
0.00 v T T T T T v T v T
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005

[Nul/M

Fig. 4 Dependence of the pseudo-first-order rate constant (kops) on
the concentration of thiourea nucleophiles for chloride substitution on
Pt2 in ethanol, / = 0.1 M (NaClO,), T = 298 K.
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Table 2 Summary of rate constants and activation parameters for the

substitution of chloride by Tu, Dmtu and Tmtu in ethanol, / = 0.1 M
(NaClO4)

AH"/K] AS" TR
Complex Nucleophile kM7t mol ™" mol ™
Pt2 Tu 155.3+1.4 20+1 —202+4
Dmtu 76.4 +1.7 60 +4 -70+13
Tmtu 48.2 + 1.8 22+1 -195+4
Pt3 Tu 30.10 = 0.50 41+ 4 —-125+14
Dmtu 6.22 + 0.06 52+4 -103 £15
Tmtu 0.20 + 0.10 36+3 -187 £11
pPt4 Tu 0.98 +0.11 34+1 —-201+4
Dmtu 0.63 + 0.20 43 £2 -175+5
Tmtu 0.55+0.01 37+2 -199+9
-8.0
-8.54
-9.0
9.5 .
In(k,/T)
-10.0 4 .
105 Tu
] ¢ Dmtu
-11.04 | 4 Tmtu
-11.54

T T T T T T T T T T T 1
0.00315  0.00320  0.00325  0.00330 0.00335 0.00340  0.00345
@/TyK?

Fig. 5 Eyring plots of Pt2 with thiourea nucleophiles at different
temperatures.

Discussion

In the current study, phenyl rings were attached to the core
ligand at different sites to bring about varying degrees of
extended m-conjugation. To accomplish this, three complexes
were tailor synthesized and their substitution behavior studied
with bio-relevant thiourea nucleophiles. The thiourea nucleo-
philes were chosen because of their different nucleophilicity,
steric hindrance, binding properties, and biological relevance.
Thiourea is a very useful nucleophile since it combines the
ligands of thiolates (c-donor) and thioethers (c-donor and
n-acceptor).?7%?
minimize nephrotoxicity following cisplatin treatment.>® A
cursory look by a mechanistic erudite at the structures will
predict high reactivities for Pt3 and Pt4 based on their levels of
extended n-conjugation™**°*
experimental data reveal the opposite, whereby k, values follow
the order Pt2 (1553 M™' s7') > Pt3 (30.1 M s7') > Pt4
(0.98 M~' s71) in Table 2, with Tu as an entering nucleophile.
The observed reactivity is fundamentally related to their
inherent electronic and steric properties.

The coordination geometry of the complexes is square
planar with virtually cis-N-Pt-Cl and trans-N-Pt-cis-N approxi-
mately 90.0° with t¢rans-N-Pt-Cl angles (Pt1l, 169.75), (Pt2,

In addition, it is used as a protecting agent to

comparative to Pt2. However, the
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169.53°), (Pt3, 179.91°) and (Pt4, 168.00°) as shown in Table 1.
The steric congestion emanating from chlorine and ipso-hydro-
gens {Cl---H =~ 2.28 A (Pt1), 2.28 A (Pt2), 2.20 A (Pt3), 2.30 A
(Pt4)} is coupled with the Pt-Cl fragment warping away 10.25°
(Pt1), 10.47° (Pt2), 0.09° (Pt3), and 12° (Pt4) from the coordi-
nation plane as illustrated in Fig. 2. This deviation introduces
steric hindrances to the incoming nucleophile. It is worth
noting the insignificant angle of deviation from planarity of
Pt3 which can be attributed to the strong trans-o/n donating
naphthalene moiety that levels off the bending away of Pt-Cl
fragment resulting in a planar symmetric C,, structure. None-
theless, this feature contrasts with the observed low reactivity
of Pt3, an indication that the steric hindrance plays a minor
role in these reactivities. Similarly, the more perfect square-
planar structures of the six-membered chelate complexes
under study confer stronger field strength from the ligand
owing to minimal ring strain due to a more optimal bite angle
at the metal ion close to 180°°*°>® a5 shown in Table 1,
encumbers  reactivity = compared to  five-membered
Chelates.1'4’7’8'41’43’45

The mappings of frontier orbitals (Fig. 1) compare satisfac-
torily with those determined previously by the Hanson>® and
Wen® research groups. The LUMOs are centred entirely on
whole complexes with the exception of Pt1 which is aligned on
the pendant pyrrolate fragment and low energy 5d,, orbital of
the platinum atom whilst the HOMOs are predominantly con-
centrated on the [(pyridylimino)3,4-pyrrolate]PtCl portion, and
thus the HOMO energies appear to be dictated by this moiety.
This is consistent with the view that the isoindoline moieties
are good electron donors. The HOMOs consist of contributions
from the respective p and d-orbitals of the chloride and plati-
num atoms, as well as from the z-system of the pyridyl and
imino-pyrrolate portions of the ligand. There is an insignifi-
cant change in the appearance of the HOMO density with an
increase in benzannulation resulting in invariant HOMO ener-
gies that are manifested by the electronic isolation from the
site of benzannulation®® (Fig. 1). The LUMOs are localized pri-
marily on the n-system of the ligand with only a small contri-
bution from the d-orbital on the Pt atom.

As depicted by the frontier molecular orbitals in Fig. 1, the
LUMOs of the complexes are significantly contributed by the
lowest n*-{carbon (phenylene or naphthylene) or N-containing
moiety} orbitals whilst the HOMOs are mainly contributed by
the highest n-N-containing moiety. The molecular calculations
show that the HOMOs correspond to the out-of-phase combi-
nation between the carbon moiety and the N-containing
moiety, whilst the LUMOs are an in-phase combination of the
n*-orbitals of the two moieties.®® The n-orbitals of the N-con-
taining moiety and the carbon moiety differ significantly in
their orbital energies so that the orbital interaction between
them is less significant and the HOMOs are N-containing
moiety based. As a consequence, the HOMOs have similar
orbital energy; in contrast, the LUMOs arise from z*-orbital
interaction between the carbon moiety and the N-containing
one, in which the n*-orbitals of the two moieties have similar
orbital energies. As a result, the orbital interaction is more

This journal is © The Royal Society of Chemistry 2014
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significant for Pt1, so as to give a lower energy of LUMO,
hence leading to a smaller HOMO-LUMO gap as shown in
Fig. 1. In more conjugated systems, the energy match between
the n*-orbitals of carbon and N-containing moieties worsens
with each successive addition of phenyl rings, thus resulting
in high LUMO energies for the Pt2, Pt3 and Pt4 complexes.

In addition, analysis of the LUMO energies depict an unu-
sually high value for Pt4 (—2.06 eV) in relation to Pt1
(—3.90 eV), Pt2 (—2.88 eV) and Pt3 (—2.77 eV), which makes it
the poorest m-acceptor, leading to a destabilized transition
state which is expected to result in more dampening of the
general reactivity of Pt4 compared to the others. It is also
noted that the LUMO energies increase proportionately with
the increase in the size of the n-surface but inversely with the
observed reactivity of the complexes. Preceding studies have
associated this phenomenon with molecular distortions (tetra-
cyano-p-quinodimethane),® an increase in total antibonding
character of the orbitals (in indoanilines and anhydrides)®*>*®
or an increased localization of the n* orbital on the com-
plexes,®” which is evident with the LUMO mappings in these
studies. A direct relationship is noticed between the reactivity
trend and HOMO-LUMO energy gaps as well as the electrophi-
licity indices (see Table 1). In contrast, NBO charges at the
Pt(u) center remain unchanged despite the change in the size
of the n-surface, suggesting that the metal centre is not experi-
encing any change in electron density even though the electro-
philicity index which measures the degree of electron
deficiency in the entire complex*® shows a clear trend of
decreasing as the m-conjugation increases. The unchanging
NBO charge (which represents the charge on the platinum
atom) is due to the presence of electronegative pyridylimino
arm-N atoms which shield the platinum atom from electronic
influence around it, as the phenyl rings get added to it. The
apparent increase in dipole moments with subsequent
addition of phenyl rings is expected given that the para-
meter correlates to the inductive®® negative charge in the
complex.

One can therefore conclude that it is not the change in the
charge on the metal that influences the reactivity but the
general increase in the negative charge on the ligand moiety
which controls the reactivity. This is supported by the DFT cal-
culation in determining the electrophilicity indices of the com-
plexes. This increase in electron density retards the reaction by
repelling the incoming nucleophile. Comparing Pt2 and Pt3,
one would have expected Pt3 to be more reactive because of
the additional pendant phenyl ring which customarily has a
trans-labilizing effect, but the opposite is observed. As
already explained, the resulting electron density that build up
around the complexes in going from Pt1 to Pt4 corroborates
with the calculated electrophilicity index as a function of the
HOMO-LUMO gap (Table 1), which suggests a reduction
in n-back donation. As a consequence, the HOMOs are stabil-
ized and LUMOs are destabilized, causing an observed
decrease in reactivity from Pt2 to Pt4. Therefore, electro-
philicity values confirm the o/r-donating dominance over the
n-backbonding.
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A recent examination of electrochemical properties of the
complexes by Wen et al.®® and Hanson et al.>® revealed that
reduction peaks shifted to more negative values with each suc-
cessive addition of phenyl rings (benzannulation), owing to
molecular distortions of the fused phenyl rings rather than the
electronic effect of increasing n-delocalization.®>°° The trend
is counter to the common intuitive expectation that the
species with the larger n-orbital system provide a greater stabil-
ization to the negative charge.”® The more negative reduction
potentials®® for Pt3 and Pt4 validate the s-donation dominance
of quinoline’”® and naphthalene moieties in Pt4 and Pt3,
respectively. The calculated electrophilicity indices support
this notion.

The substitution of chloride by the nucleophiles Tu, Dmtu
and Tmtu decreases according to the increasing steric hin-
drance of the nucleophiles for all the complexes, with the
most sterically hindered Tmtu reacting significantly slower.
The activation enthalpies (AH”) are positive while the acti-
vation entropies (AS”) are large and negative. The sensitivity of
the second-order rate constants to the thiourea nucleophiles
and the significantly negative intrinsic entropies of activation
(AS™) values are in line with the associative substitution mech-
anism, well known for d® square-planar metal complexes.’***

Conclusion

In this study, we have shown that the reactivity of Pt(u) com-
plexes with a common bis(pyridylimino)3,4-pyrrolate ligand
backbone can be systematically tuned by successive addition
of phenyl rings (benzannulation) on the ligand framework.
The results show an unusual retardation in reactivity with an
increase in the expanded n-surface. This uncharacteristic be-
havior is linked to LUMO destabilization, which emanates
from molecular distortions, shifts in total antibonding charac-
ter or increased localization of the n* orbitals. As exemplified
by DFT calculations, the LUMO energy increases from Pt1 to
Pt4; thus, it is energetically unfavorable to add electrons to a
high-lying LUMO, which impedes the n-electron acceptability.
Moreover, the retarded lability in Pt3 and Pt4 is caused by the
presence of poor n-acceptors and good n/c-donors fragments,
naphthalene in the case of Pt3 and quinoline for Pt4. The
common electronegative pyridimino arm-N within the chelate
ring shields the platinum atom (unchanging NBO charge)
from the electronic influence as the phenyl rings are added.
The resulting electron density on the ligand motif plays a vital
role in controlling reactivity as exhibited by DFT descriptors
{electrophilicity index (w) and chemical hardness (y)}. DFT
descriptors provided a comprehensive approach for under-
standing the electronic properties of the studied complexes.
The second-order kinetics and the dependence of the rate on
the nature of the incoming group confirm the bimolecular
character of the transition state since the data fit a reaction
coordinate characteristic of a bond-making process, thus indi-
cating an associative mechanism.
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