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Abstract A kinetic and mechanistic study of chloride sub-
stitution by thiourea nucleophiles, namely thiourea, N-meth-
ylthiourea, N,N-dimethylthiourea and N,N,N',N' -tetrameth-
ylthiourea in the complexes chlorobis-(2-pyridylmethyl)
amineplatinum(II) (Ptl), chloro N-(2-pyridinylmethyl)-8-
quinolinamineplatinum(Il) (Pt2), chloro N-(2-pyridinylmeth-
ylene)-8-quinolinamineplatinum(II) (Pt3) and chlorobis(8-
quinolinyl)amineplatinum(Il) (Pt4) was undertaken under
pseudo-first-order conditions using UV-visible spectropho-
tometry. The study showed that lability of the chloro leaving
group is dependent on the strength of n-interactions between
the filled dm-orbitals of the metal and the empty 7*-orbitals of
the chelating ligand in the following manner: Ptl >
Pt3 > Pt2 > Pt4. Introduction of the quinoline moiety within
the non-labile chelated framework of the Pt(Il) complexes
results in a more electron-rich metal centre which retards the
approach of the nucleophile through repulsion. Moreover, the
net g-effect of the ligand moiety plays a significant role in
controlling the reactivity of the complexes. The experimental
results are interpreted with the aid of computational data
obtained by density functional theory (B3LYP(CPCM)/
LANL2DZp//B3LYP/-LANL2DZp) calculations. The mode
of substitution remains associative as supported by negative
entropies and the dependence of the second-order rate con-
stants on the concentration of entering nucleophiles.
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Introduction

The rate of substitution of square planar Pt(II) tridentate
chelates of the type [Pt(NNN)X]" where X = chloride or
aqua ligand can be varied by tuning structural, steric and
electronic properties of the non-labile ligands [1, 2]. Most
previous studies have involved monofunctional tridentate
Pt(II) complexes, [Pt(dien)C1]™", [3-5] [Pt(bpma)Cl]+ [1,
2], [Pt(terpy)C1]*, [6-18] and [Pt(tpdm)CI]*, [19, 20]
(where dien = diethylenetriamine, bpma = bis-(2-pyri-
dylmethyl)amine,  terpy = 2,2":6/,2"-terpyridine  and
tpdm = terpyridinedimathane). These complexes are
highly stable even under acidic conditions due to the che-
late effect and synergistic combination of o-donor and 7-
acceptor N-heterocyclics that incorporate five-membered
rings [21].

van Eldik and co-workers [6—-11, 22-24] have reported
that the reactivity of Pt(terpy), Pt(bpma) and Pt(dien)
increased in the order of Pt(terpy) > > Pt(bpma) >
Pt(dien) due to the introduction of m-backbonding by
systematically substituting amine ligands with pyridine
donor groups. The higher reactivity of approximately 3-5
orders of magnitude reported for Pt(terpy) compared to
Pt(bpma) and Pt(dien) was attributed to effective com-
munication through m-backbonding of the in-plane pyri-
dine moieties in the terpy ligand. This was shown to
increase the electrophilicity of the metal centre and sta-
bilize the five-coordinate transition state relative to the
ground state during an associative substitution process. In
a related study, it was found that cis-n backbonding is
stronger than trans-m backbonding [25]. On the other
hand, cis-a-donor effects have been reported to slow down
the lability of the leaving group in Pt(Il) complexes [1, 2,
21, 25] through the accumulation of electron density on
the Pt centre, while the trans-o-donor effect accelerates
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the rate of substitution reactions by the well-known trans-
labilization effect [26]. In recent studies by our group, it
was shown that if one of the outer pyridine rings in the
terpy system is substituted by an isoquinoline ligand in the
cis position, a net cis-g-donor effect is experienced by the
complex, decreasing the lability of the leaving group [27].
When the pyridine group is replaced by a pyrazine moiety,
the lability of the leaving group is enhanced due to
stronger m-acceptor properties of pyrazine as a ligand [28].
Thus, in principle, such tuning of the lability of the
leaving group in Pt(II) complexes plays an important role
in the development of new antitumour agents. This is
evident by the number of platinum-based complexes that
have been synthesized and investigated for their anticancer
efficacy since the discovery of [cis-diamminedichloro-
platinum(I)], (cisplatin) in 1969 [29], which is greatly
hampered by severe side effects and drug resistance
[30-33].

To extend our understanding of the role played by
g-donation of the quinoline moiety and the m-conjugation
system on ligand substitution reactions in tridentate
monofunctional Pt(I) complexes, a series of ligands with
quinoline ring systems coordinated to Pt(I) via amine/
imine bonds was undertaken. Based on data available in the
literature, the expectation was that by increasing the elec-
tronic communication through n-conjugation the reactivity
of the Pt(Il) centre towards substitution would be
enhanced, but this will be in competition with quinoline’s
g-donation. Therefore, Pt(I) compounds, chlorobis-(2-
pyridylmethyl)amineplatinum(I), (Ptl), chloro N-(2-py-
ridinylmethyl)-8-quinolinamineplatinum(Il), (Pt2), chloro
N-(2-pyridinylmethylene)-8-quinolinamineplatinum(Il), (Pt3)
and chlorobis(8-quinolinyl)amineplatinum(Il), (Pt4) were
synthesized and their kinetics investigated using sulphur
donor nucleophiles; thiourea (TU), I-methylthiourea
(MTU), 1,3-dimethyl-2-thiourea (DMTU) and 1,1,3,3,-tet-
ramethyl-2-thiourea (TMTU). Thiourea nucleophiles were
chosen due to their good nucleophilicity, high solubility
and suitability as good model compounds for thiolate and
thioether groups present in the cell. The structures of the
complexes studied are summarized in Scheme 1. DFT
calculations were performed to provide further under-
standing of the experimental results.

i
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Experimental
Materials

All synthetic work was performed under an inert atmo-
sphere of nitrogen. Solvents used for synthesis and kinetic
measurements were dried by standard methods [34] and
distilled prior to use. Tris(dibenzylideneacetone)dipalla-
dium(0) (97 %), rac-2,2'-bis(diphenylphosphino)-1,1’-
binaphthyl (97 %), 8-bromoquinoline (98 %), 8-amino-
quinoline (98 %), NaO'Bu (97 %), pyridine-2-carbox-
yaldehyde (99 %), 2-picolylchloride hydrochloride (98 %),
lithium perchlorate (98 %), sodium borohydride (98 %),
2-picolylamine, BPMA (99 %) and thiourea nucleophiles
were obtained from Aldrich. Potassium tetrachloroplatinate
(K,PtCly 99.99 %) was obtained from Strem. All other
chemicals were of analytical grade and were used as
supplied.

Synthesis of the ligands

Bis(8-quinolinyl)amine (BQA): A two-necked flask was
charged with tris(dibenzylideneacetone)dipalladium(0)
(22 mg, 0.024 mmol), rac-2,2'-bis(diphenylphosphino)-
1,1’-binaphthyl (29.87 mg, 0.048 mmol) and dry toluene
(10 mL) under an inert atmosphere of nitrogen. The
resulting solution was stirred for 5 min, and 8-bromo-
quinoline (0.16 mL, 1.201 mmol), 8-aminoquinoline
(0.1737 g, 1.205 mmol) and additional dry toluene
(20 mL) were added. The subsequent addition of NaO'Bu
(0.1387 g, 1.437 mmol) resulted in a red solution that was
left stirring vigorously for 3 days at 110 °C. The solution
was then allowed to cool and filtered through a silica plug,
then extracted with dichloromethane to ensure complete
removal of the desired product. Concentration of the col-
lected extracts and removal of solvent yielded a crude red
solid. Purification by flash chromatography on silica gel
(4:1 toluene/ethyl acetate) yielded an orange solid as a
spectroscopically pure compound. Characterization data
for BQA compared favourably with that previously
reported [35]. Yield: 24.7 mg, Orange solid (76 %). 'H
NMR (CDCl3, 400 MHz,): 8/ppm = 10.64 (s, 1H), 8.92
(dd, 2H), 8.15 (dd, 2H), 7.90 (d, 2H), 7.53-7.44 (m, 4H),
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Scheme 1 Structures of investigated Pt(II) complexes (charges are omitted for clarity)
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733 (d, 2H). 3C NMR (CDCl;, 400 MHz,)): &/
ppm = 148.1, 140.0, 138.8, 136.2, 129.0, 127.1, 121.6,
117.9 and 110.1. Anal. Calcd. for CygH3N3: C 79.70, H
4.80, N 15.50. Found C 79.63, H 5.01, N 15.24. TOF MS
ES™: m/z, [M + Na]t = 294.10.

N-(2-pyridinylmethyl)-8-quinolinamine, Qui-py: The
published method [36] was followed with minor modifi-
cations. To a suspension of anhydrous MgSO, (20 mmol)
in CH,Cl, (30 mL) was added 2-pyridinecarboxaldehyde
(5 mmol) followed by 8-aminoquinoline (5 mmol). After
the mixture had been stirred for 3 h at room temperature,
the suspension was filtered, washed with CH,Cl, and the
solvent removed under vacuum. The yellow oil which
resulted was dissolved in 20 mL CH;CN and cooled to
—5 °C followed by addition of glacial acetic acid (0.3 mL,
5 mmol). The resulting imine compound was reduced by
careful addition of a suspension of sodium borohydride
(0.3783 g, 10 mmol) in absolute ethanol (10 mL) over a
period of 1 h at —5 °C. A white precipitation was formed.
The colour of the solution changed from yellow to red by
the end of addition. After stirring for 18 h at room tem-
perature, the reaction mixture was quenched with 5 M HCl
(30 mL) and finally heated at 60 °C for 2 h until no more
hydrogen was evolved. The resultant white precipitate was
filtered off and the filtrate concentrated in vacuo and then
redissolved in water (20 mL). The resulting yellow aque-
ous solution was basified by adding NaOH under ice-water
temperature. The obtained oil was extracted with ether and
dried over MgSO,. Evaporation of the solvent yielded a
brown oil. Yield: 686.7 mg, (63 %). '"H NMR (CDCl;,
400 MHz,) o/ppm = 9.82(s,1H), 8.76(td, 1H), 8.62 (d,
1H), 8.05(ddd, 1H), 7.60 (td, 1H), 7.42-7.29 (m, 2H), 7.14
(dd, 1H), 7.09(dd, 1H), 6.92(dd, 1H), 6.61 (d, 1H), 4.47 (s,
2H). 3C 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 + Na]* = 258.10.

Synthesis of platinum(I) complexes

Preparations of the platinum precursors, Pt(COD)Cl, [37],
and cis/trans-PtCl,(SMe;), [38] were carried out following
the literature procedures, and their purity was confirmed by
NMR, microanalysis and mass spectra.

Ptl: The complex was synthesized according to the lit-
erature procedure [39] with minor modifications. To a
solution of K,PtCl, (0.2 g, 0.48 mmol) dissolved in
0.005 m, HCl (100 mL) was added bis(2-pyridyl-
methyl)amine (0.1 mL). The solution was stirred under
reflux for 3 days and then cooled to room temperature. The
colourless solution was filtered and concentrated to about
10 mL. Addition of saturated NaClO, solution (2-3 mL)
produced the precipitate of the desired complex. The title

compound was collected by filtration and sequentially
washed with small amounts of water, ethanol and ether, and
dried under vacuum. Yield: 242.3 mg, yellow powder
(95 %). '"H NMR (DMSO-dq, 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). '*C NMR (DMSO-dg,
400 MHz): o/ppm = 167.4, 1494, 1414, 1257, 1234,
59.4. '>Pt NMR (DMSO-dg) 8/ppm: —2,344.8. Anal. Calcd.
for CoH 3N3PtCL,O04: C 27.22, H 2.46, N 7.94. Found C
26.72, H 245, N 7.62. TOF MS ES*: m/z, [M + H]" =
430.05.

Pt2: A solution of N-(2-pyridylmethyl)-8-quinolinamine
(0.1177 g, 0.47 mmol) in MeOH (5 mL) was added to a
refluxing solution of cis/trans-[PtCl,(SMe,),] (0.1821 g,
0.47 mmol) in MeOH (15 mL). The solution was allowed
to reflux for 12 h to give an olive green residue that was
collected by filtration, washed with methanol, ethanol and
diethyl ether, and dried under reduced pressure. 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-dg, 400 MHz,): d/ppm = 159.8, 148.7,
147.6, 135.7, 135.3, 128.7, 128.4, 125.0, 1224, 121.7,
115.3, 113.5, 109.2, 106.6, 51.1. '**Pt NMR (DMSO-dg) &/
ppm: —2,514.8. Anal. Calcd. for CsH;3N;PtCl,: C 35.93,
H 2.59, N 8.38. Found C 35.44, H 2.39, N 7.91. TOF MS
ES*: miz, [M + H]" = 466.04.

Pt3: The complex was synthesized by metal-assisted
condensation of pyridine-2-carboxaldehyde and 8-amino-
quinoline as proposed by Bortoluzzi et al. [40]. A suspension
of cis/trans-PtCl,(SMe,), (0.22 g, 0.57 mmol) in 20 mL of
methanol was heated to 50 °C until the complete dissolution
of the complex. A solution containing 8-aminoquinoline
(0.082 g, 0.57 mmol) and pyridine-2-carboxyaldehyde
(0.05 mL, 0.57 mmol) in 10 mL of methanol was added
dropwise. The resulting solution was stirred at room tem-
perature for 3 h. Subsequently, excess lithium perchlorate
(0.35 g, 2.85 mmol) was added. A brown solid started to
precipitate slowly. After maintaining the reaction mixture at
—25 °C overnight, the product was filtered off, washed with
methanol, ethanol and diethyl ether. Yield: 218.2 mg,
(68 %). '"H NMR (DMSO-ds, 400 MHz,): 8/ppm = 9.88(s,
1H), 8.86 (dd, 1H), 8.54(d, 1H), 8.50 (dd, 1H), 8.32 (d, 1H),
8.30 (td, 1H), 8.19 (dd, 1H), 7.99 (d, 1H), 7.62 (ddd, 1H),
7.50 (t, 1H), 7.42 (d, 1H). >*C NMR (DMSO-ds, 400 MHz):
S/ppm = 166.9, 156.9, 149.0, 150.8, 149.6, 148.8, 147.5,
1445, 1414, 140.1, 129.6, 129.1, 126.8, 122.9, 122.1, 120.3.
19pt NMR (DMSO-de) 8/ppm: -2,536.3 Anal. Calcd. for
C15H11N3PtC1204: C 3197, H 195, N 7.46. Found C 3148,
H1.92, N 7.91. TOF MS ES*: m/z, [M + H]" = 464.03.

Pt4: To a reaction vessel containing BQA (132.1 mg,
0.487 mmol) and (COD)PtCl, (182 mg, 0.487 mmol)
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dissolved in THF (10 mL), triethylamine (88 pL,
0.63 mmol) was added. The vessel was sealed and stirred at
95 °C for 48 h under nitrogen atmosphere. The resulting
purple solution was cooled and dried in vacuo, extracted
with CH,Cl, (30 mL) and filtered through Celite on a sin-
tered-glass frit. The solvent was removed under reduced
pressure, and the precipitate washed with methanol
(3 x 30 mL), hexane (2 x 10 mL) and diethyl ether
(2 x 10 mL) and then dried in vacuo to give the desired
product with spectral data consistent with those reported in
a previous study [35]. Yield: 158 mg, purple powder,
(65 %). "H NMR (CDCl;, 400 MHz,): 8/ppm = 9.17 (d,
2H), 8.24 (d, 2H), 7.64 (d, 2H), 7.45 (t, 2H), 7.38 (m, 2H),
7.04 (d, 2H). '3C NMR (CDCI3, 400 MHz): &/
ppm = 148.9, 148.7, 148.4, 138.8, 131.4, 129.3, 121.2,
115.7, 113.4. "5Pt NMR (DMSO-dg) 8/ppm: —2,556.1
Anal. Calcd. for C;gH,N3PtCl: C 43.16, H 2.40, N 8.39.
Found C 42.86, H 1.98, N 7.91. TOF MS ES*: m/z,
M]" = 500.04.

Preparation of complex and nucleophile solutions
for kinetic analysis

Platinum(II) complexes of known concentration were pre-
pared by dissolving a specified amount in 2 % DMF to
enhance the solubility and topped up with 98 % of a
methanolic solvent system of 0.1 M ionic strength (Na-
CIO,). Solutions of the nucleophiles were prepared shortly
before use by dissolving in a 0.1 M NaClO, solution in
methanol whose ionic strength had been adjusted by
addition of 10 mM LiCl to prevent any solvolysis of the
complexes. The ionic strength of the solution was main-
tained using sodium perchlorate monohydrate (NaClO,
H,0) because the perchlorate ion (ClO;) does not
coordinate to Pt(Il) [41, 42]. The stock solution of each
nucleophile of concentration approximately 50-fold in
excess of the complex was then diluted with the 0.1 M
ionic strength solution to afford serial concentrations which
were 40-, 30- 20- and 10-fold in excess over that of the
metal complex. These concentrations of the nucleophiles
were chosen to maintain pseudo-first-order conditions and
to push the reactions to completion.

Instrumentation and measurements

lH, 13C and '°Pt NMR spectra were recorded on a Bruker
Avance IIT 500 or Bruker Avance III 400 spectrometer at
frequencies of 500 or 400 MHz and 125 MHz/100 MHz
using either a 5 mm BBOZ probe or a 5 mm TBIZ probe.
All proton and carbon chemical shifts are quoted relative to
the relevant solvent signal. All data were recorded at 30 °C
unless stated otherwise. The mass spectrometric data of the
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ligands and complexes were acquired on a Waters Micro-
mass LCT Premier spectrometer. Selected NMR and mass
spectra are represented as supplementary information in
Figures SI 1-15. Elemental compositions of the ligands and
complexes were obtained on a Carlo Erba Elemental
Analyzer 1,106. A Varian Cary 100 Bio UV-visible
spectrophotometer thermostated to within +0.05 °C was
used for the kinetic measurements.

Kinetic measurements

Spectral changes resulting from mixing of the Pt(Il) com-
plex and nucleophile solutions were recorded over the
wavelength range 200-650 nm to establish a suitable
wavelength for kinetic measurements. The identified
wavelengths are summarized in the Electronic Supple-
mentary Information, (ESI) Table S1 1. All kinetics reac-
tions were studied as a function of concentration and
temperature under pseudo-first-order conditions. The
kinetic data obtained were graphically analysed using the
software package, Origin 7.5 [43]®. All reported rate
constants represent an average value of at least three
independent kinetic runs for each experimental measure-
ment. The temperature dependence of the rate constants
was studied over a range of 15-35 °C at a 5 °C interval
with the nucleophile concentration being held constant at
30 times the concentration of the metal complex.

Computational modelling

Density functional theory (DFT) calculations were per-
formed with the Gaussian 09 program suite [44] using the
B3LYP method [45, 46], a three-parameter hybrid func-
tional method, utilizing the LANL2DZ (Los Alamos
National Laboratory 2 Double () [47] basis set. The
influence of the bulk solvent was evaluated via single-point
computations using the CPCM [48, 49] formalism, i.e.,
B3LYP(CPCM)/LANL2DZp//B3LYP/-LANL2DZp  and
methanol as solvent. The complexes were each modelled at
+1 or 0 with respect to their total charges.

Results
Computational analysis

In an effort to understand the interplay of structural and
electronic properties of the Pt(I) complexes, DFT calcu-
lations were undertaken. As mentioned earlier, computa-
tional calculations for all the chloro platinum(Il)
complexes were modelled as cations except for complex
Pt4 which was gauged as a neutral complex [35, 50]. The
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Table 1 DFT-calculated (B3LYP(CPCM)/LANL2DZp//B3LYP/-LANL2DZp) HOMOs, LUMOs and planarity of the investigated complexes

Complex Structure

LUMO Planarity

? 2
9 29 ? 2 3 ': 2
» Q" 1' » ‘k‘ 2 2 9 o, N
° ® Q‘& ¢ ¢
Fal 2 L 9
o ® > J % 3 ’ ] //
Ptl
5, 3
2 @ I" 9
‘: 9 " g X g ?
‘g @ Q 9 > 9 ] ? ‘J
o (1 P [ 4 )
0,9 9 o @9 [
ol | ] ° L) [ 1 P
9 o 9 2 J Y f‘) 2,
Pt2 o
2
"
J“" C ] ? .
) W Y s
e d 7Y
o ° 9, ‘ ty
9 ® ) >
Pt3
202 2 2
el
‘J“ ? “0‘ @ "J
o 9 o )
g = ) -
L2 29 D%,
9
Pt4

geometry optimized structures and the mapping of the
frontier molecular orbitals of the complexes are shown in
Table 1. The key geometric data from DFT calculations are
presented in Table 2. The HOMO-LUMO gap increases in
the order of 2.890 < 3.357 < 3.571 < 3.811 for Pt4, Pt3,
Pt1 and Pt2, respectively. One would expect the increase in
n-conjugation would result in increase in the electrophi-
licity at the metal centre through n-backbonding; however;
for example, in complex Pt2, the direction of the HOMO
map is on the d2-orbital of the metal centre signalling lack
of or minimum chance of n-backbonding between the
metal centre and the ligand. The LUMO in all complexes is
mostly centred on the aromatic rings of the ligands with
only a small contribution from the d-orbital on the Pt atom.
The electrophilicity index (w) (Table 2) as the measure of
energy lowering due to maximal electron flow between
donor and acceptor for Pt4 is found to be very small
compared to other complexes, indicating that it is a poor
electrophile and expected to be the least reactive complex
in the series. It is evident from the optimized structures that
the planarity of the complexes increases with the increase
in m-conjugation.

Kinetic measurements

Substitution of labile chloride from each of the Pt(II)
complexes (Scheme 1) by neutral sulphur containing

Table 2 Summary of DFT calculated parameters for complexes
studied

/ N1 Ptl Pt2 Pt3 Pt4
\

N—Pt—N

q/py | q/py

HOMO-LUMO energy

LUMO/eV —3.396 —2.860 —3.595 —2.284
HOMO/eV —6.967 —6371 —6952 —5.174
AE/eV 3571 3511 3.357 2.890
NBO charge 0.540 0.550 0.598 0.508
Pt
N, —0.637 —0.651 —0.445 —0.580
Nyipy —-0.510 —-0.495 —-0.494 —0.493
Ny/py —0.510 —0.509 —0.491 —0.493
Cl —0.497 —0,490 —0.488 —0.542
Electrophilicity index () 7.518 6.067 8.284 4.811
Bond length (19\)
Pt-N; 2.051 2.062 1.989 2.002
Pt—Ng/py 2.040 2.037 2.037 2.029
Pt—Ng/py 2.040 2.040 2.047 2.029
Pt—Cl 2.440 2.437 2.434 2.475
Bond angles (°)
N;-Pt—C1 17943 17835 17941 17991
Dipole moment (debye) 14.005 12.071 13.271 7.026

Hint: Ngq and N, stand for quinoline and pyridine, respectively
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Fig. 1 UV-visible spectra recorded as a function of time for the
reaction between Pt2 (0.2 mM) and TU (6 mM) at 25 °C in MeOH,
I = 0.1 M NaClO4/LiCl. Inset Kinetic trace obtained at 375 nm

nucleophiles, namely TU, MTU, DMTU and TMTU was
investigated under pseudo-first-order conditions and fol-
lowed on a UV-visible spectrophotometer. Spectral chan-
ges resulting from mixing the complex and nucleophile
(TU, MTU, DMTU and TMTU) were recorded over the
200-650 nm wavelength range, and typical representative
spectra with the corresponding kinetic trace as an inset are
shown in Fig. 1. The presence of certain isosbestic points
in the spectra indicates a clean reaction from reactants to
the product(s) [51].

All the kinetic traces for the substitution reactions gave
an excellent fit to first-order exponential decay to generate
observed pseudo-first-order rate constants (kops). These kqps
were plotted against the concentration of the entering
nucleophile to generate the second-order rate constants, k;
from the slopes. The plots gave straight line fits with zero
intercepts as shown in the representative plots in Fig. 2
(also Figures SI 16-19) for each of nucleophiles suggesting
the absence of solvolytic or parallel reactions [41].
Therefore, the rate law can be described by Eq. 1. The
values of k, representing the direct attack of the nucleo-
philes on the Pt(Il) metal complexes are summarized in
Table 3.

kobs = k2 [Nll] (1)

where Nu = TU, MTU, DMTU and TMTU.

The entropy of activation (45”) and enthalpy of acti-
vation (AH” ) were obtained from the Eyring plots (Fig. 3
also Figures SI 20-23) by treating the data with Eq. 2 [52]
where R and T represent the gas constant and temperature,
respectively.

ko —AH* AS*
In|=| = 238 +— 2
n(T) RT ( TR @)
The activation data from the plots are summarized in
Table 3.
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Fig. 2 Dependence of k,,s on the concentration of entering nucle-
ophile for chloride substitution on Pt2 (0.20 mM) in methanol,
1 =0.1 M (NaCIO4/LiCl), T = 25 °C

Discussion

The current study focuses on understanding the competing
effect of increasing m-conjugation through fusing the aro-
matic rings around the Pt(II) metal centre and the net o-
donor effect of the quinoline moiety which has both n-
acceptor/donor phenyl as well as electron deficient pyridine
ring [53, 54].

Using the substitution rate constant for coordinated
chloride with TU in Ptl as a reference, the reactivity trend
follows Ptl > Pt2 ~ Pt3 > Pt4 with Ptl reacting five
times faster than Pt4. A similar trend in reactivity is
observed for the other nucleophiles as indicated in Table 3.
The observed reactivity of the investigated complexes can
be accounted for in terms of the electronic effects.

The m-conjugation of the complexes in this study was
varied by introducing the quinoline ligand and the imine
bond. The role of extended m-conjugation on reactivity of
Pt(II) complexes has been reported in the literature [1-20,
24, 27, 28]. One study showed that the reactivity of the
associative substitution reaction on Pt(II) metal complexes
could be increased stepwise by increasing the m-conjuga-
tion around the metal starting from Pt(dien) to Pt(terpy)
[24]. Jaganyi et al. [27] have reported that extending the 7-
conjugation beyond the first pyridine ring surrounding the
Pt(IT) metal centre results in increased substitution reaction
in the case of 2'-pyridyl-1,10-phenanthroline moiety but
reduction in case of isoquinoline ligand moiety. The
increase in reactivity due to increase in conjugation as
reported in the literature [1, 2, 6-20, 24, 27, 28] is contrary
to the reactivity of the complexes investigated in this study,
where Pt4 which is highly conjugated is the least reactive
complex in the series. This anomaly can be explained by
looking at the electronic properties of the quinoline ligand
which is more basic compared to pyridine as more reso-
nance structures can be drawn to delocalize the positive
charge on the conjugate acid [55]. The basic nature of the
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Table 3 Summary of k, values and activation parameters, AH” and A4S™

Complex Nu ky # 107YM ™ s (AH7)/KT mol ™" (487)7 K=" mol ™"
NI TU 50.0 + 0.7 50 + 2 —130 £ 6
ONC%:]@ MTU 433 + 0.7 62 + 4 —91 + 15

Pctll DMTU 162 + 0.4 75 +£3 —58 4+ 10
TMTU 34 +0.04 77+ 1 —109 + 4

. TU 28.6 + 0.3 59+ 3 —104 £+ 10
é;:ﬁg MTU 24.0 £ 1.0 50 £ 2 —135+6
b DMTU 12.8 £ 0.1 51+ 1 —138 + 3
Pt2 TMTU 49 + 0.1 50 £ 2 —150 + 5
TU 30.6 + 0.8 48 +2 —141 £ 6
é&f\@ MTU 28.8 £+ 0.4 50 + 1 —136 + 4
b DMTU 143 £ 03 5242 —129 £7
Pt3 TMTU 55+0.1 47 +2 —143 £7
TU 89 +£02 53+ 1 —129 £2
&L:% MTU 8.1+ 0.1 49 + 1 —144 £ 5
G DMTU 48 £ 0.1 5141 —143 +3
Pt4 TMTU 28 £0.1 40 £ 2 —181+7

quinoline ligands means an increase in g-inductive effect in
the complex which diminishes the m-acceptability of the
ligand, in agreement with the fact that quinoline forms a
number of charge transfer complexes by acting as a o-
donor [56]. The net effect of this is destabilization of the
18-electron five-coordinate transition state resulting in
reduced reactivity.

In addition, according to Betley et al. [57], BQA is a
typical monoanionic ligand when coordinated to a metal
centre, making the resulting complexes appreciably more
electron-rich than the Pt(terpy). Therefore, the weak sub-
stitution behaviour of Pt4 is due to the electron-rich envi-
ronment around the metal centre and the poor m-acceptor
ability of the quinoline ligand [56, 58]. This is supported by
the DFT calculations, which show the electrophilicity
index of the complexes as a whole decreases from Ptl to
Pt4 with the exception of Pt3. This is because the intro-
duction of the imine bond in Pt3 changes the nature of the
trans-effect and accounts for its DFT values falling out of
the line with those of the other complexes. The DFT cal-
culations also show that the Pt—-N, bond length is shorter in
Pt4 compared to the other complexes, an indication of
stronger o-interaction between the Pt metal and the cis
nitrogen atom. This is supported by the NBO charges,
which show Pt4 to be less positive than the rest.

The increase in m-conjugation is reflected in the
HOMO-LUMO energy gap which decreases from Ptl to
Pt4 indicating that the complexes become softer and as
such should be more reactive [59, 60]. This is counteracted
by the electrophilicity and the dipole moment of the

complexes which are in agreement with the reactivity
trend. It can therefore be concluded that the electron-rich
environment around the ligand moiety is responsible for
decreasing the electrophilicity of the complexes as
observed. This in turn retards the entry of the incoming
nucleophiles through repulsion, slowing the rate of sub-
stitution of the chloride ligand. It is clear that m-backb-
onding in these systems is weaker than the dominant o-
donation from the quinoline moiety.

From the DFT calculations, the n*-orbitals of the BQA
ligand are of appropriate symmetry to mix with a filled
metal dr-orbital; however, the LUMO energies in Pt4
(—2.284 eV) are very high (Table 2) in relation to Ptl
(—3.396 eV), Pt2(—2.860 eV) and Pt3(—3.595 eV). The
rise in the LUMO energy describes Pt4 as a hard/poor
electrophile [59, 60] and this is expected to result in
dampening the general reactivity. The increase in the
LUMO energy levels with expansion of the n-system
observed for Pt4 and Pt2 is attributed to the either increase
in total antibonding character or an increased localization
of the m*-orbital on the complexes [61-63].

What is observed is that introducing an imine bond in
Pt3 results in a slight increase in the reactivity of Pt3
compared to Pt2. This is mostly due to the increase in n-
communication which increases the n-backbonding of the
Pt(I) metal centre and the change in the trans-effect [19,
20, 64]. The fact that the reactivity hardly changes moving
from Pt2 to Pt3 is in support that the net g-effect around the
ligand moiety is stronger and controls the reactivity of
these complexes. What is also noted from the DFT

@ Springer
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Fig. 3 Eyring plots for the reaction of Pt3 with a series of neutral
nucleophiles at various temperatures in range of 15-35 °C

calculations is that introduction of quinoline increases the
planarity of the complexes from Ptl to Pt4. However, even
though this has significant effect on the n-backbonding, it
had little or no effect in influencing the reactivity trend of
the complexes investigated. In all Pt(II) complexes inves-
tigated, the trend in dipole moment is in accord with the
reactivity of the complexes given that the parameter cor-
relates with the m-withdrawing character of the complex
[65]. Ptl contains two m-acceptor pyridine rings in cis
position relative to the leaving ligand. The n-acceptor
ligands withdraw electron density from the Pt(II) centre,
making it more electrophilic for a nucleophilic attack and
stabilization of the electron-rich five-coordinate transition
state. This results in a reduction in the activation barrier
and an acceleration of the reaction observed for Ptl.

The reactivity of the nucleophiles follows the trend
TU > MTU > DMTU > TMTU for all complexes which
is in agreement with the steric hindrance and their sizes.
The large negative values of entropy, A4S, and positive
enthalpy, AH#, of activation support an associative
mechanism that is typical of Pt(Il) square planar complexes
[66—69].

Conclusion

This study has shown that tuning electronic communication
at Pt(Il) metal centres towards ligand substitution reactions
using quinoline-based ligands has an opposite effect to that
reported for pyridine ligands. It is evident that increasing
electronic communication without increasing n-backbond-
ing has little effect in increasing the reactivity of a Pt(Il)
complex. In Pt4, the electronic communication based on
the number of aromatic rings connected together is greater
than for the Pt-terpy system, but the rate of reaction is 10°
slower. This is because of the o-inductive effect of the

@ Springer

quinoline ligands towards the metal centre which weakens
the m-backbonding effect of the aromatic system. This
effect is very dominant and controls the reactivity of the
metal complex, which remains associative in nature.

Electronic supplementary information (ESI)

The available ESI includes a number of NMR and mass
spectra, wavelengths for kinetic measurements, concen-
tration dependence and Eyring plots for determination of
second-order rate constant and activation parameters,
respectively, planarity and electrostatic potential map of
the investigated complexes.
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