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Introduction

The effect of alkyl chain tethers on the kinetics
and mechanistic behaviour of bifunctional
dinuclear platinum(i) complexes bearing
N,N’-dipyridylamine ligands+

Panyako Asman Wangoli &) ** and Grace Kinunda®

In the current paper, we report the kinetics of bifunctional dinuclear platinum(i) complexes viz., 1,2-
N,N’-di-(2,2-dipyridylamine)ethanetetraaquaplatinum(i), PtL2, 1,3-N,N’-di-(2,2-dipyridylamine)propane-
tetraaquaplatinum(i), PtL3, 1,4-N,N’-di-(2,2-dipyridylamine)butanetetraaquaplatinum(n), PtL4, 1,5-N,N’-
di-(2,2-dipyridylamine)pentanetetraaquaplatinum(i), PtL5 and 1,6-N,N’-di-(2,2-dipyridylamine)hexanetetra-
aquaplatinum(n), PtL6. The substitution reactions were carried out on tetraaqua complexes with thiourea
nucleophiles under pseudo-first-order conditions as a function of nucleophile concentration and
temperature by stopped-flow and UV-vis spectrophotometric techniques. An experimental study was
conducted with the aim of determining the influence of alkyl chains on the steric and electronic structure
of dinuclear platinum(i) complexes. The reactivity of these complexes was dependent on the length of the
alkyl spacer. The results obtained herein demonstrate the intriguing odd—-even effects induced by the alkyl
chain on the complexes. Artificial constraints imposed by the alkyl chain significantly affect their confor-
mational structure to be either synperiplanar (syn-) or antiperiplanar (anti-) characterized by the odd and
even effect. The kinetic, mechanistic and conformational behaviour was influenced by the size of the alkyl
chain in accordance with odd—even alterations of the spacer. Computational modeling using density func-
tional theory (DFT) calculations supplemented experimental findings that structural features and the reac-
tivity pattern of these organometallic complexes are governed by both steric and electronic effects arising
from the flexibility and inductive nature of the alkyl spacer. The strong c-donicity of longer alkyl chains
favours sufficient accumulation of electron density at the metal centre and stabilizes a 14-electron
intermediate. The study shows the HOMO-LUMO energy (AE) is affected by the length of the spacer.
Kinetic and DFT data indicate electron donation by the alkyl spacer. The low positive values of enthalpy of
activation and significantly large negative values of entropy of activation indicate an associative mechanism
of substitution.

nephrotoxicity®” have limited their clinical use. This has
motivated the development of other platinum anticancer drugs

Although platinum based-drugs, such as cisplatin, oxaliplatin
and carboplatin have become the mainstays of cancer chemo-
therapy, problems of resistance and side effects that include
severe ototoxicity, neurotoxicity,"> nausea, vomiting and
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that are less toxic, with less cross resistance and with a broader
spectrum of activity.® ' Novel platinum(u) drugs, distinctive
from cisplatin and its analogues in terms of the structure and
nature of Pt-DNA adducts, are viewed to improve the biological
profile of platinum anticancer agents by circumventing or
complementing cisplatin specific biological processes in DNA
repair. This study is in search for new multinuclear platinum(u)
complexes which represent a completely new paradigm shift in
the development of novel anticancer agents.""*

Multinuclear complexes contain two or more platinum
centres that can bind to DNA forming long range flexible and
non-directional DNA adducts that induce DNA conformational
changes."" This has been shown by complexes bridged by alipha-
tic diamines showing higher cytotoxic activity in cisplatin-resistant
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cell-lines."*">'*'*2° Complexes of this class have overcome both
acquired and intrinsic resistance due to their ability to form long
range DNA adducts.”** The amphiphilic nature of the amine linkers,
coupled with charge dispersion along their carbon backbone, results
in an enhanced cellular uptake of the anticancer drug. This cytotoxic
potency of these anticancer agents is strictly regulated by their
electronic and structural conformations.*** These characteristic
variations are attributed to the coordinating ligands that connect
platinum nuclei.”**” The best activity for such a class of complexes
has been reported for BBR3464, [{trans-PtCl(NH,),},{p-trans-Pt(NH;),-
(H,N(CH,)oNH,),}*, (1,0,1/t,t,t), the first trinuclear bifunctional DNA
binding agent to undergo phase II clinical trials. Furthermore, it
is also the first and only non-cisplatin analogue introduced into
the human body.**3* Although multinuclear complexes have
been reported to prevent tumour growth, their exact underlying
molecular and kinetic mechanisms remain unexplored.

To provide information on the substitution mechanisms of
dinuclear Pt(n) complexes and to estimate their reactivity inside
the cell, determination of substitution kinetics remains vital. Further-
more, kinetic studies are of interest to shed light on the complex
metabolism and predict treatment response in cancer patients.** For
the first time, the current study investigates the substitution reac-
tions of tetraaqua dinuclear Pt(n) complexes having a [cis-Pt(N,N')-
(H20),] molecular structure with an alkyl backbone that mimic
cisplatin. This is with the view that Pt() complexes with cis geometry
have a higher efficacy in antitumour cell lines than those with trans-
geometry. To obtain these complexes, a series of 2,2-dipyridylamine
chelates appended to alkyl chain tethers of variable lengths (7 = 2-6)
were used. The only variable was the —(CH,),~ moiety in the spacer
which allowed the effect of the alkyl chain on the behaviour of the
complexes with cis-geometry to be probed.

These compounds may be useful to gain more insights into
how these Pt(i1) complexes interact with bio-relevant molecules
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Scheme 1 Chemical structures of the investigated Pt(i1) complexes.
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and enable them to be applied as antitumour agents. Their
substitution reaction with thiourea nucleophiles was investigated.
This class of nucleophiles was of interest due to their role as
chemoprotective agents.>*” The nucleophiles viz. thiourea (TU),
N,N'-dimethylthiourea (DMTU) and N,N,N’N’-tetramethylthiourea
(TMTU) were chosen as representatives of the targets and
competitors®® of platinum drugs in the cellular environment.
They have strong affinity towards the platinum centre and good
solubility. Also their relatively fast reactivity with Pt(i) complexes
makes this set of nucleophiles convenient for preliminary
experiments.>*™*'? Scheme 1 shows the complexes investigated
while a mononuclear dipyridylamine complex PtL1*, from the
literature,*'? was included for comparison purposes.

Experimental section
Materials and methods

All starting materials were of analytical grade and were
obtained from commercial sources and used without further
purification. The nucleophiles thiourea (TU, 99%), N,N'-dimethyl-
thiourea (DMTU, 99%) and N,N,N’N'-tetramethylthiourea (TMTU,
98%) and the starting materials 1,2-diiodoethane, 99%, 1,3-
diiodopropane, 99%, 1,4-diiodobutane, 99%, 1,5-diiodopentane,
97%, 1,6-diiodohexane, 97%, and AgClO, 99.99% were obtained
from Sigma Aldrich. K,PtCl, and 2,2'-dipyridylamine (dpa) were
obtained from Strem Chemicals. De-ionized water was used in all
experiments.

Synthesis of the ligands

1,2-N,N’-Di-(2,2’-dipyridylamine)ethane (L2), 1,3-N,N’-di-(2,2’-
dipyridylamine)propane (L3), 1,4-N,N’-di-(2,2'-dipyridylamine)-
butane (L4), 1,5-N,N’-di-(2,2'-dipyridylamine)pentane (L5) and
1,6-N,N’-di-(2,2'-dipyridylamine)hexane (L6) were synthesized
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following a reported procedure by Krebs et al.*> To a suspension
of KOH (0.023 mol, 1.30 g) in 30 mL of DMSO, 2,2'-dipyridyl-
amine (dpa) (5.00 mmol, 0.856 g) was added. The suspension
was stirred at room temperature for 24 h and the respective
linker, o,m-iodoalkane (2.5 mmol), was added drop-wise. The
mixture was stirred for another 5 hours and quenched with
50 mL of water thereafter. The desired products were extracted
with chloroform (4 x 30 mL) and the organic layer was dried over
anhydrous magnesium sulphate. The solvent was removed
under reduced pressure and the product was recrystallized from
a dichloromethane/hexane mixture to obtain pure solids or oil.
These ligands were characterized using 'H, *C, NMR, mass
spectroscopy and elemental analysis.

L2, yield: 548.3 mg, 60% (white needle crystalline powder).
'H NMR (400 MHz, CDCl;): 6 8.26 (dd, 4H), 7.60 (dd, 4H), 7.55
(td, 4H), 6.85 (dd, 4H), 1.78 (brs, 4H). *C NMR (400 MHz,
CDCly): 154.0, 147.8, 137.8, 116.4, 111.7 and 41.0. Anal. calcd
for CpH,oNe: C 71.74, H 5.43, N 22.83; found: C 72.12, H 5.28,
N 23.18, TOF MS ES": m/z = [M + H]" = 369.452.

L3, yield: 577.8 mg, 60% (yellow needle crystalline powder).
'H NMR (400 MHz, CDCL,): § 8.24 (dd, 4H), 7.58 (dd, 4H), 7.54
(t, 4H), 6.83 (dd, 4H), 4.19 (brs, 2H), 2.04 (brs, 4H). >C NMR
(400 MHz, CDCl,): 154.4, 148.3, 138.3, 116.9, 112.2, 41.5 and
25.8. Anal. calcd for C,3H,,Ng: C 72.25, H 5.76, N 21.99; found:
C 72.52, H 5.56, N 21.72, TOF MS ES": m/z = 383.1987 [M + H]'.

L4, yield: 601.9 mg, 61% (yellow cubic like crystals). '"H NMR
(400 MHz, CDCl,): & 8.30 (dd, 4H), 7.48 (dd, 4H), 7.03 (t, 4H),
6.82 (dd, 4H), 4.19 (m, 4H), 1.76 (brs, 4H). "*C NMR (400 MHz,
CDCLy): 157.5, 148.4, 137.1, 116.9, 114.9, 48.1 and 25.8. Anal.
caled for C,4H,4Ng: C 72.73, H 6.06, N 21.21; found: C 73.11,
H 6.40, N 21.17, TOF MS ES™: m/z = 419.1791 [M + Na]".

L5, yield: 628.3 mg, 61% (yellow oil). '"H NMR (400 MHz,
CDCLy): 6 8.18 (dd, 4H), 7.37 (dd, 4H), 6.94 (d, 4H), 6.70
(dd, 4H), 4.03 (m, 4H), 1.62 (m, 2H), 1.27 (m, 4H). "*C NMR
(400 MHz, CDCl,): 157.4, 148.3, 137.1, 116.8, 114.6, 48.4, 28.1
and 24.6. Anal. calcd for C,5H,4Ng: C 73.17, H 6.34, N 20.49;
found: C 73.13, H 5.93, N 20.87, TOF MS ES*: m/z = 411.2292
M + H]".

L6, yield: 653.0 mg, 63% (yellow oil). "H NMR (400 MHz,
CDCLy): & 8.13 (dd, 4H), 7.33 (dd, 4H), 6.88 (d, 4H), 6.66
(dd, 4H), 4.25 (m, 4H), 1.49 (m, 4H), 1.40 (m, 4H). ">*C NMR
(400 MHz, CDCl,): 157.4, 148.2, 137.0, 116.8, 114.6, 48.2, 28.1 and
26.8. Anal. caled for C,cH,sNg: C 73.58, H 6.60, N 19.81; found: C
73.24, H 6.34, N 20.44, TOF MS ES": m/z = 425.2441 [M + HJ".

Preparation of the platinum(u) complexes

The chloro forms of the Pt(u) complexes were synthesized using
a general procedure reported by Krebs et al.** To a stirred
solution of K,PtCl, (0.5 mmol, 0.2075 g) in 50 mL of water,
a solution of alkyl diamine (0.25 mmol) of the bridging spacer
dissolved in 10 mL of ethanol was added dropwise. The reac-
tion mixture was then refluxed at 50 °C for 24 h. The resulting
yellow precipitates were filtered off, washed with ultrapure
water, ethanol and diethyl ether and dried in a vacuum.

PtL2, yield: 165.5 mg, 74%. ‘H NMR (400 MHz, DMSO-de): o
8.77 (dd, 4H), 7.97(dd, 4H), 7.29 (dd, 4H), 7.11 (ddd, 4H), 2.53
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(brs, 4H). >*C NMR (400 MHz, DMSO-d¢): 151.6, 151.0, 141.9,
119.6, 120.4 and 19.7. Anal. caled for C,,H,,Cl;NgPt,: C 29.33,
H 2.22, N 9.33; found: C 29.64, H 2.81, N 9.15.

PtL3, yield: 159.2 mg, 70%. "H NMR (400 MHz, DMSO-de): §
8.24 (dd, 4H), 7.58 (dd, 4H), 7.54 (t, 4H), 6.83 (dd, 4H), 4.19
(brs, 2H), 2.04 (brs, 4H). >C NMR (400 MHz, DMSO-d,): 154.4,
148.3, 138.3, 116.9, 112.2, 41.5 and 25.8. Anal. caled for
Cy3H,,CLNGPt,: C 30.20, H 2.41, N 9.19; found: C 29.94, H
2.25, N 8.99.

PtL4, yield: 152 mg, 66%. 'H NMR (400 MHz, DMSO-dq): §
8.78 (dd, 4H), 8.05 (dd, 4H), 7.51 (d, 4H), 7.24 (dd, 4H), 4.23
(brs, 4H), 1.96 (brs, 4H). ">C NMR (400 MHz, DMSO-d;): 153.9,
152.6, 142.4, 122.7, 117.9, 50.5 and 25.1. Anal. calcd for
Cy4H,,CINgPt,: C 31.03, H 2.59, N 9.05; found: C 30.90, H
2.76, N 8.18.

PtL5, yield: 156.5 mg, 66%. '"H NMR (400 MHz, DMSO-d,):
 8.81 (dd, 4H), 8.03 (dd, 4H), 7.49 (d, 4H), 7.27 (dd, 4H), 4.16
(t, 4H), 1.91 (m, 2H), 1.72 (m, 4H). *C NMR (400 MHz, DMSO-d):
153.4, 151.8, 141.6, 121.9, 117.1, 50.2, 31.3 and 26.5. Anal. calcd
for C,sH,eCl,NgPt,: C 31.85, H 2.76, N 8.92; found: C 32.27, H
2.80, N 8.17.

PtL6, yield: 145.7 mg, 61%. "H NMR (400 MHz, DMSO-d,):
5 8.79 (dd, 4H), 8.06 (dd, 4H), 7.54 (d, 4H), 7.26 (dd, 4H), 4.15
(br, 4H), 1.65 (m, 8H). *C NMR (400 MHz, DMSO-de): 154.2,
152.6, 142.4, 122.4, 118.1, 50.8, 32.1 and 28.3. Anal. caled for
Cy6H,5ClyNGPt,: C 32.63, H 2.93, N 8.79; found: C 32.95, H 2.89,
N 8.34.

Instrumentation and physical measurements

NMR characterization of the ligands and complexes was per-
formed on a Bruker Avance III 500 or a Bruker Avance 400
spectrometer at frequencies of 400 MHz and 125 MHz/100 MHz
using either a 5 mm BBOZ probe or a 5 mm TBIZ probe at 30 °C
with chemical shifts referenced to the relevant solvent signal.
Mass analysis was done on a Waters Micro-mass LCT Premier
Spectrometer and elemental analysis on a Thermo Scientific
Flash 2000. Kinetic studies for fast reactions were monitored
using an Applied Photophysics SX20 Stopped-Flow spectro-
photometer coupled to an online data acquisition system,
and a Varian Cary 100 Bio UV-visible spectrophotometer
thermostated using a Varian Peltier temperature controller to
within 40.05 °C was used for the slow kinetic measurements.
The kinetic traces were analyzed using the Origin 7.5® software
package.”’> The pH of the solutions was recorded on a Jenway
4330 conductivity/pH meter. The pH meter was calibrated using
standard buffer solutions at pH values of 4.0, 7.0 and 10.0.

Preparation of solutions for kinetic analysis

Due to the low solubility of the chloro complexes in kinetic
solutions, they were converted to their aqua analogues accord-
ing to a literature procedure.***” The solutions of the aqua
complexes were prepared by the reaction of a known amount of
the chloro Pt(u) complex with AgClO, in a molar ratio of 1:3.98
in 0.1 M HCIO,. The mixture was stirred at 40-50 °C for 48 h
in the dark to protect it from light. After cooling the AgCl
precipitate was removed by filtration through a 0.45 um pore
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membrane filter. The filtrate was diluted with 0.1 M HCIO,
solution to final concentrations of the respective complex
solutions.

pK. determination of the aqua complexes

The acidity of the aqua ligands coordinated to the metal centre
was determined by spectrophotometric titration to obtain pK,
values. This method was preferred due to its ability to give a
titration curve that enables the estimation of the pK, values.
Spectrophotometric measurements were performed on a Varian
Cary 100 Bio UV-visible spectrophotometer thermostated using
a Varian Peltier temperature controller to within £0.05 °C in
the wavelength range 200-800 nm (visible spectrum). The pH
measurements were recorded on a Jenway 4330 conductivity/pH
meter. Large volumes of the platinum aqua complex (300 mL)
were used during titration to avoid absorbance corrections due
to dilution. NaOH was used as the base for spectrophotometric
titration in the pH range of 1-10 at 25 °C. Crushed NaOH
pellets were used in the pH range of 1-3 after which Pasteur
pipettes were used for dropwise addition of 0.5 M, 0.1 M,
0.05 M and 0.001 M of NaOH solution. After addition of the
base, samples of about 500 pL were taken in ampoules and
their pH was recorded. After determining the pH the samples in
the ampoules were discarded to avoid possible chloride ion
contamination from the pH electrode. 2.0 mL solution of the
platinum aqua complex was placed in a cuvette for UV/vis
spectrophotometric pH titration with NaOH as a base. The
plots of absorbance versus pH at a specific wavelength were
used to determine the pK, values of the coordinated aqua
ligands. The data obtained were fitted to separate single
sigmoidal functions by the Boltzmann equation using the
Origin 7.5® software. A classic example of a sigmoid curve
plotted as absorbance versus pH to determine the pK, values is
illustrated in Fig. S41 in the ESI.} Fig. S39 and S40 (ESI{) shows
typical sigmoid curves obtained from the complexes. The
inflection point corresponds to the pK, value reported in the
study. The titration data for the complexes were fitted to
the sigmoid curve using the Boltzmann eqn (2) that showed
four stepwise deprotonation values for dinuclear complexes as
reported in Table 3.

Kinetic measurements

All kinetic measurements were performed under pseudo-first-
order conditions. The nucleophile concentration was at least a
40-fold excess compared to that of the Pt(i) complexes in all
reactions. This ensured at least 10-fold of nucleophile concen-
tration at each platinum centre and hence forced the reaction
to completion. Spectral changes resulting from mixing the
dinuclear Pt(n) complex and nucleophile solutions were
recorded over the wavelength range 200 to 800 nm to establish
a suitable wavelength at which kinetic measurements could be
performed. A summary of the wavelengths used for each
nucleophile is presented in Table S1 in the ESL{ The tempera-
ture was controlled throughout all kinetic experiments within
an accuracy of £0.05 °C. For the determination of the activation
parameters (enthalpies and entropies) the rate of the reaction
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was measured as a function of temperature, over a temperature
range of 15 to 40 °C at intervals of 5 °C. The rate constants
reported represent an average value of at least six to eight
independent kinetic runs for reactions performed on the
stopped flow spectrophotometer and of triplicate runs for those
followed on the UV-visible spectrophotometer. The ks values
were obtained from nonlinear least-squares by fitting the
exponential function in eqn (1) to the time dependent
absorbance.*®

A=A + (A — A )explFors) (1)

where A4, A, and A,, represent the absorbance of the reaction
mixture initially, at time ¢, and at the end of the reaction,
respectively. Activation parameters were determined from a linear
least-squares analysis of In(k,/T) versus 1/T using the Eyring plots.

Computational calculations

Computational calculations for parameters such as the
chemical potential, chemical hardness and electrophilicity
indices, using density functional theory (DFT), were performed
with the Gaussian 09 programme suite.’® Geometrical optimi-
zations were carried at the B3LYP/LanL2DZ level of theory.
B3LYP refers to a three parameter functional hybrid exchange
of Becke®® with the functional correlation gradient of Lee, Yang
and Parr,”! whereas LanL2DZ refers to the Los Alamos National
Laboratory 2 Double { basis set.’®> The singlet states were used
due to the low electronic spin of Pt(u) complexes. The aqua
complexes were modelled as cations with an overall charge of
+4. The optimized structures of frontier molecular orbitals and
other key geometrical data are presented in Tables 1 and 2
respectively. The dihedral and basal angles of the complexes
were obtained from the optimized structures of the respective
complexes as indicated in Fig. 1 and the values are summarized
in Table 2.

The two pyridyl rings of each dpa have similar dihedral
angles because of similar spatial repulsions. The values of these
angles for the complexes are summarized in Table 2. Thus,
preorganization is shown by the alkyl chain to impart confor-
mational stability. The preorganization is achieved by the alkyl
chain to impose electronic and steric effects that restrict the
dihedral angles of dipyridylamines. Although longer alkyl
chains are expected to introduce more hindrance to the com-
plexes, similar dihedral and basal angles show that an increase
in alkyl chain length provides little steric effect in the immediate
vicinity of the platinum atoms. This is in agreement with recent
studies on dipyridylamine complexes by Asman and Jaganyi.>*">°
Both current and previous studies give an overview of kinetics
and substitution mechanisms of dipyridylamine backbone Pt(r)
complexes with sulphur-donor biomolecules to show that they
have similar behaviour. The complexes investigated have simila-
rities in structure to cisplatin. Both reviews correlate kinetic,
thermodynamic and structural properties of dipyridylamine Pt(u)
complexes appended to different chelating ligands. The current
and previous studies have contributed to a better understanding
of these dipyridylamine Pt(u) complexes with important bio-
molecules and most likely improve their antitumour activity.
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Table 1 DFT optimized geometrical structures of the HOMO and LUMO frontier molecular orbitals of the investigated platinum(i) complexes at the

B3LYP/LANL2DZ level of theory (isovalue = 0.02)

Complex Planarity

HOMO map LUMO map

PtL2

PtL3

PtL4

PtL5

PtL6

Table 2 Computed bond lengths and angles, natural atomic bond orbital
(NBO) charges, and the HOMO-LUMO energy gap for the dinuclear Pt(i)
complexes

PtL2 PtL3 PtL4 PtL5 PtL6

HOMO-LUMO energy

LUMO/eV -12.33 —11.99 —-11.63 —11.37 —11.13
HOMO/eV —16.66 —16.23 —15.85 —15.52 —15.26
AE/eV 4.34 4.24 4.22 4.15 4.13
Electrophilicity index (w) (eV) 48.44 46.96 44.74 43.49 42.09

NBO charges

Pty 0.776  0.771 0.770 0.767 0.767
Pt, 0.776  0.771 0.770 0.767 0.767
N; —0.517 —0.516 —0.518 —0.518 —0.518
N, —0.515 —0.516 —0.517 —0.517 —0.518
N3 —0.536 —0.513 —0.513 —0.509 —0.509

Dipole moment (Debye) 0.5785 5.5062 3.3977 4.6459 1.3105

Bond length (A)

N;-R 1.4972 1.5004 1.5043 1.5050 1.5067
Pt,-Pt, 9.44 9.70 11.58 12.47 14.03
Bond angles (°)

Dihedral 50.55 50.47 50.28 50.06 50.30
Basal 129.45 129.53 129.72 129.94 129.70

Acidity and pK, titrations of the aqua Pt(u) complexes

The acidity of the complexes in this study is discussed based on
the first deprotonation. A typical spectrum obtained during the
PH titrations is shown in Fig. 2. From the first deprotonation,

218 | New J. Chem., 2018, 42, 214-227

Basal angle

"~ Dihedral

Fig. 1 DFT-optimized structure of PtL2 showing the dihedral and basal
angles between boat conformed pyridyl groups.

the trend for the pK,; values shows that the acidity of the
coordinated aqua ligands depends on the length of the alkyl
bridge between the metal centres and decreases in acidity as the
alkyl chain increases. As was mentioned in the experimental
section, the pK, values were determined from the Boltzmann
eqn (2) by fitting a characteristic sigmoid curve and locating the
inflection point using the Origin 7.5® software.*® The pK, values
of the deprotonated complexes are summarized in Table 3 while
the proposed deprotonation mechanism is represented in the
equilibrium reaction in Scheme 2.

Y= A+ (A — A)/(1 + exp(x — Xo)/0x) (2)

where A; and A, are the initial and final y values respectively,
X, = centre, Ox = width. The y value at x, is half way between the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 2 UV/vis spectral changes for the titration of PtL2 within the pH
range of 1 to 10; the inset shows the titration curve at 2 = 245 nm.

two limiting values 4; and A,. The y value changes drastically
within a range of x variable. The width of this range is
approximately Ox.

The difference in the acidity of dinuclear complexes is
attributed to the metal-metal distance through charge addition
and also to the inductive effects of the alkyl chain. Complexes
with shorter distances between the platinum(un) centres
undergo addition of single charges that enhances electrophili-
city and acidity due to the close proximity of Pt>* ions.”® The
mutual charge addition of each Pt(u) centre becomes weaker as
the distance between the metal centres becomes longer as
shown by the current study. This is evident from the pK,; trend
in the acidity of the complexes PtL2 > PtL3 > PtL4 > PtL5 >
PtL6. The inductive effect of the alkyl group on the pyridine
rings is proposed to increase the electron density on the
pyridine nitrogen atoms making them stronger donors. The
study also suggests that the strength of the inductive effect is
dependent on the length of the alkyl chain. The trend shows the
longer alkyl chains to stabilize the platinum centres due to their
increased inductive effect which is also supported by the slight
increase in N3-R bond lengths across the series as shown in
Table 2. As a result, the aqua ligands become more basic and
hence have high pK, values. An increase in electron density
around the platinum atom leads to a stronger ¢ bond and
increased intrinsic basicity of the complexes. This increased
inductive effect of alkyl moieties enhances the negative
charge around platinum centres that results in their stability.
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This study suggests the inductive effects to be a key factor in the
acidity of the complexes. In addition it shows that the dinuclear
complexes are more acidic than the mononuclear ones. This
difference is attributed to the difference in the overall charge of
the complexes which is +2 for the mononuclear and +4 for the
dinuclear complexes. Coordination of a second Pt(u) atom
results in addition of charges that make the dinuclear platinum
complexes more electrophilic that favours aqua deprotonation.
Because of the overall charge of +4 on the dinuclear Pt(u)
complexes the aqua ligands are more acidic compared to the
reference mononuclear complex PtL1*.

The stability of these complexes is due to each metal centre
possessing a delocalized electronic structure with a boat
conformation.** This makes the Pt centres to be in a conjugated
six membered ring that causes the electron density to be deloca-
lized into the ring, hence resulting in the shielding of alkyl protons.
The inductive effect of the alkyl group is reported to be transmitted
to the Pt(u) centres via the lone pair on nitrogen being delocalized
over the amide group. The electron lone pair of the nitrogen atom
affects cross conjugation of the complexes affecting the stability of
Pt(u) centres. As such the NBO charges on the Pt centres do not
change significantly since the surrounding environment has iden-
tical atomic and conjugative connectivity.>’® In such complexes, the
NBO charge on the metal is not readily quantified due to being in a
delocalized system.””” Due to the chelating effect the metal ions
with a positive charge in the complexes are stabilized through
resonance. This behaviour is supported by the raising of frontier
orbitals in Table 1. The positively charged Pt*" ion becomes
stabilized as the alkyl chain increases indicating increased induc-
tive effect as the alkyl chain length increases.”®*® This observation
is in agreement with the negative charge being stabilized as one
moves from sp® — sp® closer to the positively charged nucleus.
This is also supported by the general decrease in the electrophilicity
index across the complexes as the alkyl chain increases. The results
also show that the subsequent pK, values increase with subsequent
deprotonation; this observation is attributed to the lowering of the
overall charge from +4 to +1. This decrease in the overall charge
decreases the electrophilicity and the acidity of the metal centres
making it more difficult to deprotonate the consequent coordi-
nated aqua ligand due to the formation of hydroxo species. The pK,
studies show that the complexes undergo four stepwise deprotona-
tion, an observation reported in our previous studies®*>® and
investigations by van Eldik et al.*"*°

Kinetic results

The substitution kinetics of the coordinated aqua ligands in the
complexes was followed spectrophotometrically by the change

Table 3 pKj, values for the four stepwise deprotonation equilibria of the tetraaqua Pt(i1) complexes

Complex PtL1* PtL2 PtL3 PtL4 PtL5 PtL6

PKa1 5.24 £ 0.07* 2.11 £ 0.01 2.27 £ 0.01 2.34 £ 0.01 2.47 £ 0.03 2.71 £ 0.06
PKax 6.19 £ 0.04* 3.74 £ 0.03 3.60 £ 0.01 3.39 £ 0.04 3.44 £ 0.03 3.49 £ 0.01
PKas — 4.89 + 0.04 4.58 £ 0.02 4.88 +0.01 4.68 £ 0.05 4.74 £ 0.04
PKaa — 6.45 £ 0.01 6.38 £ 0.01 6.53 £ 0.02 6.33 £ 0.06 7.04 £ 0.06

PK, values for PtL1* were obtained from ref. 41b.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 3 UV/vis spectral changes observed during the reaction between

PtL3 and TU; the inset is a typical kinetic trace of absorbance versus time at
320 nm, T = 29815 K, pH = 2.0 and / = 0.1 M NaClO,.

in the absorbance at suitable wavelengths as a function of
nucleophile concentration and time. Fig. 3 and 4 show typical
spectral changes of absorbance versus wavelength for the slow
reaction steps of complexes with odd and even number of
carbons in the alkyl chain of PtL3 and PtL6 respectively. The
inset is a kinetic trace of absorbance versus time from which the
pseudo-first-order rate constants k.,s were obtained by fitting
the single exponential function.

Plots of k,ps against nucleophile concentrations resulted in
linear dependence second-order rate constants, k,, with no
significant intercepts as shown in Fig. 5, 6 and Fig. S1-S3 in
the ESL.¥ The summary of the second order rate constants is
shown in Table 4. Based on this observation, eqn (3) represents
the corresponding rate laws for the consecutive reaction steps.
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Fig. 4 UV/vis spectral changes observed during the reaction between
PtL6 and TU; the inset is a typical kinetic trace of absorbance versus time at
320 nm, T = 29815 K, pH = 2.0 and / = 0.1 M NaClO,.

Kobs(1,2,3) = k—2 + ka[Nu] ~ ky[Nu] 3)

where k_, = rate constant for the solvent path and k, = rate
constant for the direct path, [Nu] = nucleophile concentration.
The contribution of the solvent through the solvolytic path (k_,)
is negligible or absent. The values of k, obtained from the linear
regression analysis from eqn (3) are summarized in Table 4.

Activation parameters

The values of activation parameters AH and AS* are calculated
from Fig. 7, 8 and Fig. S4-S7 in the ESIt using eqn (4) below.

k AH# ky AS#  AH# AS#
1“(7)“?*{1“(7 TR TR T\ P8R

(4)
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Fig. 6 Plots of kops() Versus thiourea concentration for the reaction of the
dinuclear platinum(i) complexes at pH = 20, T = 29815 K, /| = 01 M
NaClOyg.

where k;, and /4 are Boltzmann’s and Planck’s constants respec-
tively, T = absolute temperature and R = gas constant. The data
for the obtained activation parameters are given in Table 5.

The small but positive AH* and large negative values of AS*
support an associative mechanism. The low enthalpy values are
attributed to bond formation and participation of the entering
ligand in the transition state. The large negative values of
entropies signify a more compact transition state than that of
the reactants.®’

Substitution reaction

The number of substitution steps was dependent on the “odd
or even” effect of the alkyl spacer.®>®* Complexes with even
number of methylene groups [n = 4, 6], PtL4 and PtL6, showed
anti-conformations (Fig. S32, ESIt) and three kinetic steps were
observed except for [n = 2] PtL2 which showed two reaction
steps. On the other hand complexes with odd groups [n = 3, 5],
PtL3 and PtL5, showed syn conformations with only two reac-
tion steps. These conformations are supported by Albrecht and
others who also observed a similar odd-even effect.®> As such
different substitution behaviour is expected due to the different

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Table 4 A summary of the second order rate constants, Kops,2,3. for

displacement of coordinated aqua ligands and the chelation step at
pH =20, T=29815K,/=0.1M NaClO4

Second-order rate constant/M ™" s~

1

Complex Nu kz(lst) kz(an] X ].072 kz(grd) X 1073
PtL1* TU 38.70 £ 0.60 106 + 3 —
DMTU 48.80 + 0.50 2+ 0.1 —
TMTU 22.80 £+ 0.40 — —
PtL2 TU 36.90 + 0.18 4+0.2 —
DMTU 32.79 £ 0.11 7 0.1 —
TMTU 13.53 £ 0.06 1+0.1 —
PtL3 TU 21.71 £+ 0.22 7+0.1 —
DMTU 17.43 £ 0.18 3+0.1 —
T™TU 9.71 + 0.16 3+0.1 —
PtL4 TU 16.20 £ 0.10 11 £ 0.6 5+ 0.09
DMTU 13.57 £+ 0.02 6+ 0.1 3+ 0.03
TMTU 7.04 + 0.08 4 £ 0.06 Too slow
PtL5 TU 10.92 £+ 0.14 5 £ 0.02 —
DMTU 13.45 £ 0.24 3+ 0.05 —
TMTU 6.28 + 0.04 0.8 + 0.01 —
PtL6 TU 10.21 £ 0.03 8 £+ 0.09 0.5 £+ 0.02
DMTU 12.60 £+ 0.23 3+ 0.04 0.7 + 0.02
T™MTU 5.10 + 0.04 2 + 0.04 Too slow

Data for PtL1* extracted from ref. 41.
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Fig. 7 Eyring plots for the first substitution step of PtL2 with different
nucleophiles at pH = 2.0, / = 0.1 M NaClOy.

architectural framework. The syn conformation restricts Pt(u)
centres in the same plane making them kinetically equivalent.
This equivalency at Pt(u) centres results in simultaneous sub-
stitution at the two Pt(u) centres as suggested in this study. The
second slow step involves a dechelation after the second water
molecule at each Pt(u) centre is substituted. The study shows
the displacement of the labilized amine spacer from two Pt(u)
ions to occur concurrently. Similar behaviour of a single kinetic
step release of two metal ions from the spacer in dinuclear
complexes has also been reported by Basollote et al.®
However, in the anti-conformational configuration, the
study proposes the first step to be the fast substitution of the
water molecule at each Pt(u) centre followed by a slow

New J. Chem., 2018, 42, 214-227 | 221
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displacement of the second water molecule that involves the
stepwise displacement of the labilized alkyl spacer as a result of
the strong trans effect of thiourea ligands. However, PtL2
showed two reaction steps instead of the expected three steps
due to its ability to exhibit either syn- or anti-conformation
(Scheme 3). This is partly attributed to its ability to interconvert
by rotations around the single bond by approximately 6 x 10° s~
at 25 °C%” and also due to the shorter spacer between the two Pt(i1)
centres. Due to the proximity of the metal centres, the study
suggests a single kinetic step to release the two metal centres from
the spacer.

To show that the complexes undergo a dechelation process,
a substitution reaction of the chloride complexes with 6
equivalents of TU was carried out. The reaction products were
analyzed using "H and '*°Pt NMR spectroscopy. The '*>Pt NMR
spectrum of PtL6 in DMSO-dg at —2175 ppm indicated that the
platinum centres were coordinated to two nitrogen atoms
(PtN,Cl,).°® Addition of 6 equivalents of TU to the chloride
complex solution leads to the shifting of the PtN,Cl, peak from

View Article Online
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Scheme 3 Proposed conformational shifts of PtL2 as either trans or
gauche conformation.®”

—2175 ppm to —3909.1 ppm. This confirmed the formation
of Pt(TU),>" complex®*7"! as expected from the cis isomer of
(PtNNCI,) when reacted with thiourea. The complex reacts
completely with thiourea to give Pt(TU),>* because of the large
trans effect as proposed in Scheme 4. The "H NMR study shows
a o effect that reduces the electron density from the ligand that
leads to a downfield shift. In the "H NMR spectrum of complex
PtL6 the alkyl protons (Ha) shift to 1.65 ppm compared to Hb at
1.40 ppm of the ligand (Fig. 9). This downfield shift indicates
deshielding of alkyl protons attributed to reduced electron
density upon coordination to the metal centre. This decrease
in electron density causes alkyl protons to resonate downfield.
These shifts support the presence of ¢ inductive effects causing
the shifts of protons of free ligands and their coordinated
forms. Due to the cis configuration of this class of complexes, the
strong trans-effect upon coordination to thiourea labilizes the linker
that leads to the dechelation as supported by Fig. 9 and 10.

Discussion

The substitution behaviour of dinuclear dipyridylamine Pt(n)
complexes with varying alkyl chain lengths was investigated.
The kinetic results show that mononuclear 2,2'-dipyridylamine
complexes react faster than their dinuclear counterparts. The slow
reactivity of dinuclear analogues is due to their increased steric
demand compared to mononuclear complexes. In dinuclear

Table 5 Activation parameters for the substitution of aqua ligands by nucleophiles and dissociation of the bridging linker

Activation enthalpy/k] mol™*

Activation entropy/] mol ' K '

Complex Nu AHY AH} AHY ASY ASh ASh

PtL2 TU 49.53 + 0.1 24.41 + 0.3 — —-76 £1 —226 + 1 —
DMTU 45.09 + 0.4 32.52 + 0.3 — —-92 +1 —206 + 1 —
T™TU 39.69 £+ 0.6 46.12 + 1.6 — —117 £ 2 —155 + 5 —

PtL3 TU 36.53 + 1.1 23.05 + 0.1 — —123 + 4 —219 + 1 —
DMTU 21.01 + 0.5 40.08 £+ 0.5 — —177 £ 2 —170 + 2 —
TMTU 47.39 + 0.7 37.21 + 0.6 — —94 + 2 —180 + 2 —

PtL4 TU 37.30 &+ 0.6 23.37 £ 0.3 24.16 £ 0.9 —124 + 2 —218 + 1 —232 + 3
DMTU 39.60 + 0.4 29.70 + 0.3 29.57 £ 1.2 —117 + 1 —205 + 1 —220 + 4
TMTU 39.58 + 0.5 29.40 + 1.1 — —125 + 2 —201 +4

PtL5 TU 32.90 £+ 0.6 44.62 £+ 0.5 — —137 £ 2 —149 + 2 —
DMTU 49.54 + 1.1 46.61 £+ 0.8 — —82+14 —146 + 3 —
TMTU 48.93 + 0.3 30.65 + 0.4 — —-92 +1 —208 + 1 —

PtL6 TU 24.74 £ 0.2 30.26 + 0.4 11.55 £ 0.1 —167 =1 —194 + 1 —293 £ 0.1
DMTU 18.44 £ 0.1 27.02 + 0.2 22.51 £ 0.3 —189 + 0.4 —211 + 1 —255 + 1
TMTU 7115 £ 1.4 43.57 £ 0.5 — —-19+5 —153 £ 2 —

222 | New J. Chem., 2018, 42, 214-227
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complexes, results indicate that the bridging alkyl chain influ-
ences the reactivity of the complexes towards the nucleophiles.
For the first substitution step, the trend is PtL1 > PtL2 > PtL3 >
Ptl4 > PtL5 > PtL6 supporting our view on the influence of the
chain length. This trend is attributed to the stronger c-donation
as the alkyl chain increases that leads to the stabilization of the
metal centres through increased o-donicity.”> The longer alkyl
groups increase the electron density around the Pt(u) centres
through an inductive process. This is enhanced by the lone pair
of electrons on the amine nitrogen making them more o electron
donating leading to a decrease in electrophilicity at the metal
centres. The electrophilicity of the complexes, PtL2 (48.44) > PtL3

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018

(46.96) > PtL4 (44.74) > PtL5 (43.49) > PtL6 (42.09) eV, is in
agreement with the reactivity trend. The electronic effect in these
complexes is also supported by DFT calculations that shows raised
frontier orbitals as the alkyl chain is increased (Table 2). The low
lying LUMO orbitals in the short alkyl spacers indicate less o
effect to the dipyridyl rings. This makes complexes with shorter
alkyl bridging ligands more reactive towards nucleophilic attack.”

However, the HOMO-LUMO energy gap, AE, reflects a
contradicting trend shown by kinetic data. The Pt(u) complex
with the least reactivity, PtL6, has the smallest HOMO-LUMO
energy gap (AE = 4.13 eV) while the most reactive complex,
PtL2, has the highest energy gap (AE = 4.34 eV). Increased
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inductive electron donation raises both the HOMO and the
LUMO due to the increasing chain length as shown in Fig. 11.
This increase in energy is in line with the expectation of
electron donating groups to raise the energy of molecular
orbitals.

The results obtained from the current study were compared
to those of previous works’*”> where the bis(2-pyridylmethyl)-
amine (bpma) head group was appended to alkyl bridges of
variable length. The findings in this paper show an opposite
trend to those previously reported by Jaganyi and Mambanda.”
Although both studies used flexible alkyl linkers, the difference
is attributed to the different head functionalities at the termini viz.
bis(2-pyridylmethyl)Jamine and 2,2’-dipyridylamine. A decrease in
the reactivity of 2,2'-dipyridylamine Pt(u) complexes was observed
as the —-(CH,),~ moiety increased due to the linker being in the
cis-position relative to the leaving group. The trend in the
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Fig. 11 Linear correlation between the chain length and the HOMO/
LUMO orbital energy levels.
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reactivity of this class of bidentate Pt() complexes is attributed
to the strong c-ability of the —(CH,),~ moiety in the cis-position to
the leaving group that causes accumulation of electron density
around the metal centre. However, this trend is opposite to the
kinetic studies reported on the ligand substitution of dinuclear
Pt(u) complexes with flexible linkers having bis(2-pyridylmethyl)-
amine functionality. This head group forms monodentate dinu-
clear Pt(u) complexes whose reactivity increases with an increase
in chain length due to the trans-effect. The high trans-effect’®”® of
bis(2-pyridylmethyl)Jamine linked platinum(u) complexes enhances
the rate of substitution through ground state destabilization. This
shows the stronger effect of the ¢rans ligand to accommodate the
excess electronic charge added to the central metal by the entering
ligand. By comparing these two studies, they suggest that cis
ligands are not as effective as trans ligands in lowering the
activation energy of the ligand — metal ¢ bonding. This
observation is in agreement with classical explanation; the trans
effect causes electrostatic destabilization of the ligand in the
trans position. As such, the study supports the fact that the
electronic properties of the alkyl spacer dictate the strength of its
trans effect in the bis(2-pyridylmethyl)Jamine functionality as the
chain length increases. From the two reactivity trends it follows
that the cis and trans effects have an opposite net effect. While
the trans effect accelerates the rate of substitution through
ground state destabilization, the cis effect decelerates substitu-
tion rates through accumulation of electron density around the
metal centre.

This study has shown that the reactivities of dinuclear Pt(u)
complexes may be manipulated by the geometry of the com-
plexes ranging from the relationship of the diamine bridge with
the leaving group to the nature of the diamine bridge. It further
shows that the investigated complexes are stabilized as the
alkyl chain increases, a trend that has been previously reported

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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by van Eldik°®® and Jaganyi.”® The stability of the complexes was
attributed to stronger o inductive effects in the cis configu-
ration due to the accumulation of electron density around the
Pt() centre as the alkyl chain increases. From these findings it
is concluded that the structural features and reactivity pattern
of the investigated dinuclear Pt(un) complexes are governed by
both steric and electronic effects arising from the methylene
bridge.

Steric factors were influenced by the size of the complex and
the preferential conformations of the complexes. Increasing
—(CH,),~ groups increases the size and flexibility of the com-
plexes resulting in an increased steric hindrance. The slow
reactivity of large complexes may partially be attributed to their
large size. The study also investigated the reactivity of the
entering nucleophiles based on their steric and electronic
demands. This investigation shows reactivity to be dependent
on the steric influence of the entering nucleophile. The reactivity
order of the nucleophiles followed the trend TU > DMTU >
TMTU. However, in some cases where DMTU is faster than TU,
the enhanced reactivity is attributed to the inductive effect by the
two methyl groups.®’ The second and third steps are much
slower since they are governed by the steric hindrance caused
by coordination of the first nucleophile. In cases where the
kinetic data are not reported, it was due to the slow reactivity
of the nucleophile involved.

Conclusion

This paper has provided a comprehensive investigation on the
effect of alkyl chains on the mechanistic substitution reactions
of cis-dinuclear Pt(i) complexes with tetraaqua ligands. The
study shows that the length and parity of the flexible linker
are influential parameters on the transitional properties of the
metal complexes. The study supports literature findings that
the length of the alkyl chain has a significant influence on the
structural and electronic properties of the complexes. The
kinetic behaviour of the complexes is controlled by the con-
formations and electronic effect of the alkyl spacers. An
increase in alkyl chain length into the Pt(i) coordination sphere
results in a decrease in acidity of the coordinated tetraaqua
ligands and hence higher stability of the complexes. The results
also show the number of substitution steps to be controlled by
the odd-even effect of the alkyl spacer. The absence of separate
kinetic steps for the release of both Pt(u) ions in the odd
numbered alkyl chain suggests an apparent single process of
dechelation. The mechanism of substitution is associative in
nature as shown by small but positive values of enthalpy and
large negative values of entropy. The ability of these complexes
to undergo ligand exchange makes them potential candidates
for building chemotherapeutic agents for drug delivery. How-
ever, the displacement of the labilized chain linker due to the
strong trans effect by S-donor nucleophiles may limit the appli-
cation of this family of complexes as anticancer agents. This
work has provided a useful approach for tuning the reactivity of
new but promising dinuclear platinum anticancer candidates.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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These results are beneficial in understanding the antitumour
activity and toxicity of dinuclear bifunctional Pt(n) complexes.
Elucidation of this multilevel mechanism of dipyridylamine
Pt(u1) complexes with sulphur-donor bio-relevant molecules will
greatly increase our understanding of the mechanism of action
of bifunctional dinuclear Pt(i) complexes.
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