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ARTICLE INFO ABSTRACT
Keywords: Four [(N'N"N)PdPcl]* complexes [chloride-(2,2":6',2"-terpyridine)Pd(I1)]Cl (PdL1), [chlorido(2,6-bis(N-pyr-
Pd(II) complexes azol-2-yl)pyridine)Pd(ID]Cl (PdL2), [chlorido(2,6-bis(3,5-dimethyl-N-pyrazol-2-yl)pyridine)Pd(I)]Cl (PdL3)
PYYaZ?lliC'N n-donor and [chlorido(2,6-bis(3,5-dimethyl-N-pyrazol-2-ylmethyl)pyridine)Pd(I)]BF; (PdL4) were synthesized and
?LI;ZE:; characterized. The rates of substitution of these Pd(II) complexes with thiourea nucleophiles viz; thiourea (Tu),
Calf thymus DNA N,N'-dimethylthiourea (Dmtu) and N,N,N’,N'-tetramethylthiourea (Tmtu) was investigated under pseudo first-
Cytotoxicity order conditions as a function of nucleophile concentration [Nu] and temperature using the stopped-flow
technique. The observed rate constants vary linearly with [Nul; kops = k2[Nu] and decreased in the order:
PdL1 > PdL2 > PdL3 > PdL4. The lower n-acceptability of the cis-coordinated N-pyrazol-2-yl groups (which
coordinates via pyrazollic-N n-donor atoms) of the PdL2-4 significantly decelerates the reactivity relative to
PdL1. Furthermore, the six-membered chelates having methylene bridge in PdL4 do not allow n-extension in the
ligand and introduces steric hindrance further lowering the reactivity. Trends in DFT calculated data supported
the observed reactivity trend. Spectrophotometric titration data of complexes with calf thymus DNA (CT-DNA)
and viscosity measurements of the resultant mixtures suggested that associative interactions occur between the
complexes and CT-DNA, likely through groove binding with high binding constants (K, = 10* M™1). In vitro MTT
[3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide] cytotoxic activity data showed that PdL1 was
the most potent complex against MCF7 breast cancer cells; its ICso value is lower than that of cisplatin. The
results demonstrate how modification of a spectator ligand can be used to slow down the reactivity of Pd(I)
complexes. This is of special importance in controlling drug toxicity in both pharmaceutical and biomedical
applications.
1. Introduction oxaliplatin and cisplatin have been used for the treatment of ovarian and
testicular cancer [7-10]. Some of these drugs have shown serious side
PA(II) and Pt(II) ions form predominantly square-planar complexes effects such as nausea, vomiting, nephrotoxicity, neurotoxicity and
[1]. These complexes and those of other platinum group metal ions have ototoxicity [8,11]. The research into alternative non-platinum drugs
shown great potential for anti-tumour activity, making them useful in with high efficacy, less side effects and that can be administered orally is
chemotherapy [2-6]. For example, Pt(II) complexes such as carboplatin, ongoing.
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Fig. 1. Structures of complexes, PdL1-4 (counter ions omitted).

Carefully designed Pd(II) complexes can be promising alternatives
for chemotherapy; some of them have been reported to be antitumor
active [12-20]. Others [21] have shown activity on some cisplatin-
resistance tumours. In general, the synthetic design of these Pd(II)
antitumor agents follows the same strategies that have been used to
design Pt(II) antitumor drugs [22]. Pt(II) and Pd(II) complexes are very
similar in their structures and reaction mechanisms. However, their
rates of substitution are very different; Pd(II) complexes are 10%-10°
more reactive than Pt(II) complexes [1,23-25]. cis-Pd(II) complexes, the
analogues of cisplatin (and its subsequent generational drugs) have not
been as much successful anti-tumour drugs as the latter due to serious
side effects caused by rapid hydrolysis of their leaving groups in the
cytoplasm, producing highly reactive species which never reach the
targeted DNA because of their facile deactivation by bio-nucleophiles
[12,26]. cis-Pd(II) complexes are also rapidly isomerised into their
trans isomers [26-28]. For instance, cis-[Pd(NH3),Cly] and cis-[Pd
(DACH)Cl], (DACH: (1R,2R)-(—)-1,2-diamine-cyclohexane) are both
inactive against most tumours due to the fast in vivo hydrolysis and
coupled inactivation reactions. In addition, [Pd(NH3)2Cly] undergoes
facile isomerisation to its equally inactive trans-conformation [22,29].
One strategy to circumvent this, is to design Pd(II) complexes that are
less prone to deactivation by bio-nucleophiles. This can be achieved
through coordination of spectator ligands which lower the electrophi-
licity of the metal centre through n/c-donation or use of ligands that are
bulky or have significant steric hindrance to the approach of nucleo-
philes, particularly in the cis positions of the Pd(II) complexes. The li-
gands should preferably be multidentates to guarantee thermodynamic
stability of the complexes through the chelate effect [26,30]. Good
candidates are ligands such as the (N/S)"(N/C)"(N/S) type, C = phenyl,
N/S = heterocyclic aromatic rings. The electronic and steric effect of
such spectator ligands can potentially modulate the rate of deactivation
of their Pd(II) complexes caused by the ubiquitous bio-nucleophiles. The
formation of highly reactive species in vivo can be reduced if sterically-
hindered ligands particularly in the cis-positions of Pd(II) complexes are
used. Such structural modification aim at kinetically or thermodynam-
ically stabilizing the candidate Pd(II) complexes, bears the hope for an
improved cytotoxic effect against cancer cells through a kinetic decel-
eration effect [3,4,31,32].

PA(ID) or Pt(II) complexes coordinated with the terpyridine (terpy)
ligand or its derivatives are highly reactive [33,34-37]. Due to the high
conjugation of the terpy ligand, it accepts electron density through its
low-lying n* molecular orbitals from the metal-centred orbitals, leading
to the stabilization of the five-coordinate intermediate during a substi-
tution process [38,39]. Comparative reactivity data has demonstrated
that extending the n-conjugation of a terpy-type ligand by fusing addi-
tional aromatic rings generally enhanced n-back bonding, leading to
higher reactivity. For example, when the terpy structure was modified to
2-(2'-pyridyl)-1,10-phenanthroline [40] the rate was doubled. However,
the presence of substituents at the 4’-position of the terpy ligand [40,41]
and electron donating groups at the 4, 4’ and 4” positions lowered the
rate of substitution by diminishing the extent to which electron density
is m-back donated into the terpy ligand [41-43].

Modification of the terpy’s flanking (lateral or terminal) rings with

other aromatic groups has potential to have a profound influence on the
reactivity of the complexes. Bulky aromatic rings are likely to slow down
the rate of substitution regardless of their o/a-donor character.
Comparative rate data for [Pt"O(N"N"N/N"C'N)CI]", N'N"N/N"C'N =
tridentate of a terpy ligand framework; n = 0; 1, showed that chloride
substitution rate was significantly reduced when the two cis-pyridyl
rings of terpy were replaced with N-pyrazol-2-yl groups [44,45]. The cis-
coordinated N-pyrazol-2-yl lateral rings 6/z-donated electrons from its
pyrazollic-N donor atoms to orbitals of appropriate symmetry on the
metal centre [44,45]. However, the effect on the rate of substitution of
coordinated tridentates, incorporating cis-positioned N-pyrazol-2-yl
groups on the [Pd(H)(Z,6—bis(substituted—/N—pyrazol—2—yl)pyridine)Cl]Jr
complexes has not been studied. Given the good n/c-donor properties of
the N-pyrazol-2-yl group and the anticipated hope of lowering down the
substitution reactivity of the Pd(II) complexes, the role of cis-coordi-
nated N-pyrazol-2-yl groups on the rate of chloride substitution from
four PA(II) complexes, PAL1-4 (whose structures are shown in Fig. 1)
was studied.

Density function theory (DFT) was used to optimise the ground state
structures of the complexes and relevant data was used to support the
observed reactivity trends. The single X-ray crystal structures of PdL2,
PdL3 and PdL4 are also reported.

To probe on the non-covalent/covalent interactions of complexes,
PdL1-4 with DNA, the complexes were spectrophotometrically titrated
with a CT-DNA or an EtBr/CT-DNA (EtBr = 3,8-diamino-5-ethyl-6-
phenylphenanthridinium bromide and CT-DNA = calf thymus DNA)
fluorescent probe soluteion. Furthermore, in vitro anticancer activity of
the complexes, PAL1-4 was evaluated by the colorimetric MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay while
nucleus morphological changes were evaluated by the acridine orange/
EtBr (AO/EtBr) fluorescence staining assay method.

2. Experimental section
2.1. Materials and procedures

All syntheses were performed under nitrogen atmosphere using
standard Schlenk line techniques. All chemical reagents and solvents
were procured from Sigma-Aldrich and used as supplied. The N'N"N
ligands: Terpy, L1, was procured from Sigma Aldrich, while 2,6-bis(N-
pyrazol-2-yl) pyridine [46] L2; 2,6-bis (3,5-dmethyl- N-pyrazol-2-yl)
pyridine [46,47] L3 and 2,6-bis(3,5-dimethyl-N-pyrazol-2-ylmethyl)
pyridine [46,48] L4, were synthesized according to the standard liter-
ature methods with minor modifications as described in the Notes NSI 1,
in the Electronic Suppementary Information (ESI) and characterized.

2.2. Preparation of complexes

2.2.1. [Chlorido(2,2':6',2"-terpyridine)Pd(ID]Cl (PdL1)

This complex was prepared by a modified procedures [49]. KoPdCly,
(0.163 g, 0.5 mmol) was dissolved in 30 mL of deionized water and
filtered into a reaction flask. A 2,2:6',2"-terpyridine (terpy) solution
which had been prepared by dissolving 0.1165 g (0.5 mmol) in 20 mL of
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methanol was gradually added to the reaction flask. A light orange
precipitate formed immediately. The mixture was digested (ca. 50 °C)
for 2 h. Thereafter, the volume of solvent was reduced to about 10 mL
under vacuum. The solid which formed was filtrated on a Buchner
funnel to yield a light orange crystalline precipitate. The precipitate was
washed with diethyl ether (3 x 20 mL) and dried at 50 °C under vacuum.
Yield 0.1925 g, 86.2%. H NMR 400 MHz (CD30D, ppm): § = 7.77 (dd,
2H), 8.48-8.44 (m, 4H), 8.37(td, 2H), 7.89(s, 1H), 7.78(d, 2H). 3¢ NMR
(100 MHz CD30OD, ppm): § = 78.01, 124.1, 124.8, 128.3, 142.2, 142.7,
152.3, 155.2. TOF MS-ES', m/z: 375.9579 [M - Cl]". Anal. Calc for
C15H711N3PdCl,.2H50: C, 40.34; H, 3.39; N, 9.41. Found: C, 40.32; H,
3.30; N, 9.20%.

2.2.2. [Chlorido(2,6-bis(N-pyrazol-2-yDpyridine)Pd(I)]Cl (PdL2)

PdL2 was prepared according to the procedure of Willison and co-
workers [50] with some modifications. K;PdCly (0.1959 g, 0.60 mmol)
was dissolved in 30 mL of deionized water and filtered into a reaction
flask. A solution of 2,6-bis(N-pyrazol-2-yl)pyridine made by dissolving
(0.15 g, 0.71 mmol) in 20 mL of methanol was gradually added to the
flask. A tanny-yellowish precipitate was formed immediately. The
mixture was refluxed for 2 days at 70 °C. The tanny-yellowish solid was
removed by filtration. The filtrate was reduced to near dryness under
vacuum and the resultant yellow solid was washed with cold water,
methanol, chloroform, diethyl ether and hexanes. (0.1436 g, 56.4%). H
NMR (400 MHz, CD3OD, ppm): § = 9.05 (d, 2H), 8.64 (t, 1H), 8.13 (d,
2H), 8.92 (dd, 2H), 6.96 (d, 2H). 13C NMR (100 MHz, CDs0D, ppm): § =
109.0, 110.6, 133.2, 145.8, 146.5. MS-ES*, m/z: 353 [M-Cl]" Anal Calc
for C11HgNsPdCl,.2H,0: C, 31.12; H, 3.09; N, 16.49 Found: C, 31.02; H,
3.00; N, 16.22%. X-ray quality crystals were grown from slow evapo-
ration of a mixture methanol/water solution of PdL2.

2.2.3. [Chlorido(2,6-bis(3,5-dimethyl-N-pyrazol-2-yDpyridine)Pd(I1)]Cl
(PdL3)

The complex was prepared by a procedure analogous to PdL2, using
2,6-bis(3,5-dimethyl-N-pyrazol-2-yl)pyridine as the ligand. The yellow
solid was washed thoroughly with diethyl ether and hexane. (0.142 g,
96.3%). 'H NMR (400 MHz, CD30D, ppm): § = 2.63 (s, 6H), 2.86 (s, 6H),
6.52 (s, 2H), 7.88 (t, 2H), 8.49 (t, 1H). '*C NMR (125 MHz, CD30D,
ppm): 6 = 12.9, 78.4, 108.5, 113.2, 145.4, 146.6, 147.5, 160.4. MS-ES™
m/z: 410 [M - Cl]". Anal Calc for Cy5H;7NsPdCl,.2.5H,0: C, 36.79; H,
4.53; N, 14.30 Found: C, 36.78; H, 4.26; N, 14.05%. X-ray quality
crystals were grown from slow diffusion of diethyl ether into methanol
solution of PdL3.

2.2.4. [Chlorido(2,6-bis(3,5-dimethyl-N-pyrazol-2-ylmethylpyridine) Pd
(1] BF; (PdL4)

Modified procedure [51] was used. To a solution of 2,6-Bis(3,5-
dimethyl-N-pyrazolylmethyl)pyridine (0.1152 g, 0.39 mmol) in CHxCl,
(20 mL) was added [Pd(CH3NC)2Cl>] (0.1011 g, 0.39 mmol). The so-
lution was stirred for 12 h and the product precipitated by addition of
hexane (20 mL) to give a pink solid (0.1546 g, 0.3275 mmol). The solid
was then suspended in CH,Cl, (10 mL) and a solution of NaBF,4 (0.036 g,
0.3275 mmol) in CH5Cl; (10 mL) was added and the mixture stirred for
10 min. The resultant mixture containing Pd black was filtered over
Celite to give a clear solution. About 20 mL of hexane was added to the
filtrate to induce precipitation. The mixture was kept at —4 °C to afford
colourless single crystals suitable for X-ray analysis. (0.0441 g, 25.7%).
'H NMR (400 MHz CD30D, ppm): § = 8.20 (t, 1H), 7.90 (d, 2H), 6.13(m,
4H), 5.78 (d, 2H), 2.56 (s, 6H), 2.47 (s, 6H). 13C NMR (100 MHz, CD30D,
ppm): 6 = 12.9, 78.4, 108.5, 113.2, 145.4, 146.6, 147.5, 160.4. MS-ES™
m/z: 438 [M — BF4]™. Anal Calc for C15H17NsPACIBF4: C, 38.96; H, 4.04;
N, 13.36 Found: C, 38.64; H, 3.66; N, 12.97%.

2.3. Physical measurements and instrumentation

'H NMR and !3C NMR spectral data of ligands and complexes were
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acquired on a using Bruker Avance DPX 400 NMR or DPX 500 with a 5
mm BBOZ probe at 30 °C. Low-resolution electron-spray ionization
(EST™) data were acquired on Shimadzu LC-MS 2020 or on a Waters TOF
Micro-mass LCT Premier spectrometer in a with a positive ion mode.
Exemplary NMR and mass spectra for the synthesized ligands and
complexes are shown in Figs. SI 1-19, ESI. Elemental compositions of
the ligands and complexes were determined using a Thermo Scientific
Flash 2000 or a Carlo Erba Elemental Analyzer 1106. A Cary 100 Bio
UV-visible spectrophotometer was used to determine the suitable
wavelengths for monitoring the substitution reactions. The wavelengths
selected for kinetic analysis are reported in Table SI 1, ESI. An applied
Photophysics SX 20 stopped-flow reaction analyzer coupled to an online
data acquisition system was used to measure the rates of the substitution
as a function of concentration and temperature. The instrument was
thermo-controlled within +0.1 °C. The X-ray data was collected on a
Bruker Apex Duo fitted with an Incoatec microsource operating at 30 W
power and Oxford Instruments Cryojet operating at 100(2) K.

2.4. Single-crystal X-ray crystallography

The X-ray data of the complexes PdL2-4 were obtained from a
Bruker Apex Duo fitted with an Incoatec microsource operating at 30 W
power and Oxford Instruments Cryojet operating at 100(2) K. The data
were collected with graphite monochromated Mo Ka (A = 0.71073 A)
radiation at a crystal-to-detector distance of 50 mm. The structures were
solved by direct methods SHELX-2014 [52] and WinGX [53] and refined
with full-matrix least-squares technique on F using SHELX-2014 [52].
All hydrogen atoms were included as idealised contributors in the least-
squares process.

2.5. Kinetic measurements

Solutions of complexes, PdL1-4 (3.0 x 10~* M) supplemented with
30 mM lithium chloride (LiCl) were prepared for measuring the rates of
substitutions. LiCl was used to prevent any possibility of spontaneous
solvolysis of the chloro complexes. The rate of substitution was
measured by varying the ligand concentration at 50, 40, 30, 20, and 10-
fold excess of the complex concentration. This simplified kinetics to
pseudo-first-order. Measurement of the rates of substitution of com-
plexes, PdL1-4 as the [Nu] was varied, were carried out at 298 K except
for the reaction of PAL1 and Tu, for which it was carried at 293 K. This
reaction was ultrafast, it could not be monitored reliably on the stopped-
flow instrument at 298 K. To determine activation parameters, AH” and
AS7, rates were measured as a function of temperature within 20 °C to
40 °C with 5 °C intervals for all the substitution reactions except for the
reaction of PdL1 and Tu, for which a range of 10 °C to 20 °C with an
interval of 2.5 °C were used. The second-order rate constants, ko, were
obtained from slopes of a regressed linear plots of k.ps versus [Nu] using
OriginPro 9.1® software.

2.6. Computational modelling

To understand the structure, steric and electronic factors of the
complexes which may control the kinetics of the reactions, ground state
electronic structures of complexes, PdL1-4 were optimized using the
density functional theory (DFT). The DFT calculations were performed
with the Gaussian 09 program suite [54] using the B3LYP (Becke 3-Lee-
Yang-Parr) functional method, utilizing LANL2DZ (Los Alamos National
Laboratory 2 Double ¢) [55] as the basis set. The influence of solvent was
evaluated via single-point computations using the C-PCM (conductor-
like polarizable continuum model) [56,57] in methanol solvent. All the
complexes were modelled with a formal charge of +1 and at singlet
state.
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Table 1

Journal of Inorganic Biochemistry 213 (2020) 111261

DFT optimized minimum-energy structures, HOMO and LUMO frontier molecular orbitals, with respective planarity for complexes, PdL1-4 at B3LYP/LANL2DZ level

of theory (isovalue = 0.02).

Complex structure HOMO maps

LUMO maps Planarity/dihedral angle (°)
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2.7. DNA-binding experiments

2.7.1. UV-visible absorption titrations of complexes with CT-DNA

DNA titration/binding studies [58] were done to give useful infor-
mation to help understand the complexes’ anticancer mechanism of
action in biological systems details of which are described (Notes NSI 2,
ESI). A concentration (16 pM) of each Pd(II) complex, (PdL1-4) dis-
solved in 2.0% DMSO (because it was established that neither the non-
leaving tridentate ligand nor the leaving chlorides of the Pd(II) com-
plexes were displaced by the DMSO solvent) was titrated spectropho-
tometrically with increasing aliquots of CT-DNA (0-200 pM) prepared in
a 5 mM Tris-HCl/50 mM NaCl buffer (pH = 7.2). To eliminate the
absorbance of CT-DNA, the requisite amount of CT-DNA were added to
both reference and sample solutions. Details on the titration are as
previously reported [58-60]. The binding strength (K}) of PA(II) com-
plexes were calculated using the Wolfe-Shimer equation [61] (Eq. (S1),
ESI) as described in literature [58-60].

2.7.2. Competitive quenching of fluorescence of CT-DNA-EtBr binding
studies

The competitive binding of the complexes, PdL1-4 onto the CT-DNA
was probed spectrophotometically by titrating the solution of a fluo-
rescent probe, CT-DNA-EtBr, (EtBr = 3,8-diamino-5-ethyl-6-phenyl-
phenanthridinium bromide) with complexes, PdL1-4. The fluorescent

probe solution (comprising 20 pM CT-DNA and 20 pM EtBr as a bound
CT-DNA-EtBr complex) was prepared in 5 mM Tris-HCl/50 mM NaCl
buffer (pH = 7.2). Aliquot amounts of 5 pM PdL1-4 complexes were
added (0-300 pM) to the CT-DNA-EtBr fluorescent probe solution,
thoroughly mixed and incubated for 10 min before their fluorescence
spectra were acquired within the wavelength range of 520 to 700 nm
after excitation at 500 nm. The Stern-Volmer(quenching) constant, Ky,
Kapp. and bimolecular rate constant (k, M1 s for the binding of the
PdL1-4 complexes (the quenchers, Q) onto DNA was evaluated using
the Stern-Volmer equations (Eq. (S2-2c), ESI) [62] as detailed in liter-
ature [58-60].

Analysing the fluorescence quenching data according to the
Scatchard equation [63] (Eq. (S3), ESI) the associated binding interac-
tion parameters (K, n) were evaluated as detailed in literature [58-60].
To correct for the primary/secondary inner filter effect (IFE) [64] of the
fluorescence during the competitive quenching titrations, the absor-
bance of the CT-DNA was measured at the excitation and emission
wavelengths of 510 and 597 nm, respectively using a Shimadzu UV-
1800 UV-visible spectrophotometer. The absorbance data was used to
correct [59,60] for IFE on the measured fluorescence of the CT-DNA-
—EtBr probe during its titration with complexes PdL1-4 according to Eq.
(S4), in Notes NSI 3, ESI.
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Table 2
DFT-calculated parameters for complexes, PAL1-4. Bond distances and angles
are given in Table 3 (for easier comparison with the X-ray diffraction data).

Property PdL1 PdL2 PdL3 PdL4
Energy gap (eV)
LUMO (eV) —3.307 -3.114 —2.969 —2.286
HOMO (eV) —7.296 —7.388 —7.286 —6.806
AELumo-HOMO 3.989 4.274 4.317 4.520
NBO charges
pd>! 0.582 0.582 0.567 0.433
Cl —0.522 0.489 —0.498 —0.424
Electrophilicity index () 7.08 6.45 6.10 4.57
Dipole moment (Debye) 13.16 15.35 14.82 14.20

2.8. Variation of CT-DNA viscosity with additions of complexes

The viscosity of CT-DNA upon addition of aliquots of complexes
PdL1-4 or EtBr was measured using an Ubbelodhe viscometer with
manual timing as previously reported [59,60]. More details are
described in Notes NSI 4, ESI. The solution column was totally immersed
in a thermostatic water bath maintained at 25 (40.1) °C.

2.9. Invitro cytotoxicity and morphological studies

The Vero (normal healthy cells) and human breast adenocarcinoma
(MCF-7) cell lines were obtained from the National Centre for Cell Sci-
ences Repository, University of Pune, India. The Vero and MCF-7 cells
were grown as previously reported [59,60] (more details are found in
Notes NSI 5, ESI). The in vitro cytotoxicity of complexes, PdL1-4 against
Vero and MCF-7 breast cancer cells was evaluated using the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay
[65]. The respective ICso values were determined by nonlinear regres-
sion analysis of the % cell viability versus concentration of the complexes
using OriginPro 9.1®.

The morphological changes/damages caused on the MCF-7 cells by
complexes, PdL1-4 were further investigated by using the AO-EtBr (AO
= acridine orange) [66] staining microscopy as previously reported
[59,60]. The visual images of the morphological changes on the MCF-7
cells after staining were captured on a FLoid® cell imaging station (Life
Technologies).

3. Results and discussion
3.1. Computational details

DFT lowest-energy structures of the complexes, PdL1-4 were
calculated and the data used to explain the observed trend in rates of
reaction. The optimized geometry, frontier molecular orbitals and the
planarity structures alongside calculated dihedral angles of the com-
plexes are presented in Table 1, whereas the extracts of the calculated
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data are presented in Table 2.

The frontier orbital mappings from Table 1 reveal that the HOMO
(highest occupied molecular orbital) electron iso-densities are an
admixture from Pd’s 4d orbitals and Cl’s 3p orbitals as well as from the &
MOs (molecular orbitals) on the spectator ligand moieties. In the
HOMOs of PAL1 and PdL2, the pyridyl moiety is a major contributor. In
contrast, pyrazolyl moieties’ contribution is evident for the HOMOs of
PdL3 and PdL4. The LUMOs (lowest unoccupied molecular orbitals) are
however evenly distributed for PAL2 and PdL3 except in PdL1 and PdL4
where the distribution is concentrated on the pyridyl fragments with
minor contributions around the Pd metal centre. Significantly, the
LUMO electron iso-density of PdL1 is centred on the pyridyl rings, has
minor features on the Pd and has no contribution from the Cl atom. This
is consistent with the fact that terpyridine ligand system is a better
n-acceptor than the pyrazolyl moieties as supported by the lowest AE
value (Table 2) of PdL1 than the rest of the complexes. A better energy
matching between Pd’s drn orbitals and extended n* orbitals of terpy
promotes efficient delocalization of electrons compared to the rest of the
complexes.

Calculated data in Table 2 illustrate that the complexes adopt slightly
distorted square-planar geometry with N5-Pd-N1 deviating from the
ideal 180° by 5.5° — 14.5°. On the other hand, the geometry optimized
structures of PAL1 and PdL2 show the metal atoms lie in the plane of the
ligand structures, while in PdL3 and PdL4, the pyrazole fragments are
twisted out-of-plane with a dihedral angle of 0.71° and 46.15° respec-
tively, away from N3-Pd-Cl main axis (see Table 1). The large out-of-
plane twist in PdL4 is due to the methylene spacer groups causing
fluxional flexibility within the tridentate ligand. This demand is also
depicted in the single X-ray diffraction molecular structure of the com-
plex (Fig. 2c).

The energy band gap of the HOMO-LUMO increases in the order
PdL1 < PdL2 < PdL3 < PdL4, which is also the increasing order of the
rate of chloride substitution from the complexes (Table 4). In addition,
the monotonic increase in the HOMO energy level from PdL1 to PdL4 is
an indication that the structural changes in the spectator ligands from L1
to L2-4 are accompanied by a stronger donation of electron density into
Pd-centred orbitals. The same changes also monotonically increase the
LUMO energy, and this cause a reduction in m-acceptability of the li-
gands in the same order [67].

3.2. X-ray crystal determination of the complexes, PdL2—4

The molecular structures of the complexes PdL2
(C11H9N5PdC12.2H20), PdL3 (C15H17N5PdC12.CH3OH) and PdL4
(C17H21NsPdCIBF4.CH2Cly) were solved by single-crystal X-ray crystal
diffraction. The crystallographic data and refinement structural pa-
rameters for complexes, PdL2-4 are summarized in Table 3, while their
molecular structures are shown in Fig. 2.

The complexes PdL2 and PdL3 crystallise each with a chloride

Fig. 2. Molecular structures of PdL2 (a), PAL3 (b) and PdL4 (c) with atom numbering scheme. The displacement ellipsoids of atoms are shown at the 50%
probability level. Unconventional hydrogen bonding interactions between the counter CI~ and H atom of water or methanol are shown by a blue dashed line. The

counter ion and solvent molecule in 2c have been omitted for clarity.
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Table 3
Crystal data and structure refinement for PdL2-4.

PdL2
Molecular formula C11HoNsPdCl,.2H,0
M; 424.56
Crystal size/mm?® 0.210 x 0.190x 0.140
T/K 100(2)
VA 0.71073
Crystal system Monoclinic
Space group P21/c
a/A 11.2092(7)
b/A 6.7184(4)
c/A 20.5656(12)
a/° 90
p/° 105.340(3)
v/° 90
V/A3 1493.57(16)
Z 4
D./Mg m~> 1.888
u/mm~! 1.611
F(000) 840
0 range/° 1.884-27.168
Reflections collected (independent) 12,629 (3292)

Rint 0.0252

No. of parameters (restraints) 205 (6)

R indices (all data) R; = 0.0386, wR, = 0.0772
Goodness-of-fit on F2 1.054

Max, Min Ap/e A3 1.742, —0.898

PdL3 PdL4
C15H;,N5PdCl,.CH;0H C17H,1NsPACIBF,.CH,Cl,
476.68 608.97

0.180 x 0.140 x 0.110 0.36 x 0.19 x 0.11
100(2) 100(2)

0.71073 0.71073
Monoclinic Triclinic

P2l/c P-1

10.2667(4) 7.7353(3)
11.0524(5) 12.3436(9)
16.0338(7) 13.4839(9)

90 115.036(3)
95.028(2) 90.896(3)

90 92.142(4)
1812.38(13) 1164.98(14)

4 2

1.747 1.736

1.334 1.189

960 608

2.241-28.263 1.668-27.075
16,424 (4460) 18,239 (4962)
0.0279 0.0587

232 (0) 330 (unknown)

R; = 0.0269, wR, = 0.0562 R; = 0.0807, wRy = 0.1518
1.072 1.034

0.846, —0.606 1.564, —2.183

counter ion, while PdL4 crystalizes as a tetraflouroborate salt. In addi-
tion, the crystallization of PdL2 is stabilised by two water solvent
molecules while that of PAL3 and PdL4 have a methanol and a
dichloromethane solvent molecule, respectively.

All the ligands coordinate to the Pd(II) ion tridentately by the N3 of
the central pyridyl ring and the N1/5 atoms of the terminal pyrazolyl
rings, while the fourth position is covalently bonded to a CI1 ligand
(Fig. 2). The Cl2 (counter ions) of PdL2 and PdL3 and BF, for PdL4 are
held by unconventional hydrogen contacts/interactions (indicated by
the blue dashed line in Fig. 2a and b) between the hydrogens of one
water molecule and methanol molecule for PdAL2 and PdL3, respec-
tively. The donor/acceptor distance for the H-bonding, C12...H-O1water)
is 3.182(4) A in PAL2 while that of C12...H-O1 (methanol) is 3.044(2) A for
PdL3.

The complexes adopt a distorted square-planar coordination geom-
etry around the metal centre given that the angles N1-Pd1-N3,
N5-Pd-N3, N3-Pd-Cl1 and N5-Pd-Cl1 deviates approximately by 2° —
10° from the expected square-planar angle of 90°. The bite angle
N5-Pd1-N1 also deviates from linearity (180°) to 160.77(11)° 160.33
(6)° and 174.1(2)° for PdL2 PdL3 and PdL4, respectively. In addition,
N3-Pd1-Cl1 angles are 178.74(8)°, 179.17(5)° and 177.3(1)° for PdL2,
PdL3, and PdL4, respectively; they too depict slight deviation from
linearity. The bite angles are however comparable to the DFT-calculated
values (Table SI 1, ESI). The bond angle N3-Pd1-Cl1 for PdL2 is com-
parable to 178.91(13)° reported for an X-ray structure of an analogous
Pt(1I) complex [50], while that of PAL4 (177.3(1)°) is almost equal to
177.63(12)° of analogous X-ray structure, [chlorido(2,6-bis(3,5-
dimethyl-N-pyrazol-2-ylmethyl)pyridine)Pd(II)]BArs, (Ar = 3,5-
(CF3)2CeH3) [51]. The difference between the two being that the latter
crystallized with a bulky counter ion. Selected bond lengths/distances
and angles of the X-ray structures of PAL2-4 are tabulated in Table SI 1,
ESI. Also in the same table, theoretical DFT calculated values are
included for comparison purposes.

The bond distances N3-Pd1 of 1.938(2) A (for PdL2) and 1.941(2) A
(for PdL3) are shorter than the Pd1-N1 or Pd1-N5 distances. In PdL4,
the N3-Pd1 distance is longer (2.204(4) f\) than in the former two
complexes, reflecting the weakening of the trans bond, possibly to the
out-of-plane-twisting of L4 as dictated by the steric demands of the two
methyl substituents on its terminal N-pyrazol-2-yl moieties. Overall, the
range of bond distances are comparable and within the ranges reported

for other X-ray related structures [50,51,68].

For all the three complexes, the Pd1-N3 bond distances are notice-
ably shorter than the Pd1-CI1 being 2.273(1) A; 2.297(1) A and 2.311
(1) A for PAL2, PdL3, and PdL4, respectively. Changes in the structures
of coordinated ligands L2-L4 are accompanied by the strengthening of
the Pd—N3 bond. The DFT data (simulated solvent medium) is in good
agreement with the solid state X-ray diffraction data, with the former
value being higher (<5% RSD) than the latter.

PdL2 and PdL3 stack as slip-up and head-to-head inversion dimers
along the c axis. The Pd—Pd distances between the dimers are 3.3622(3)
A (for PAL2) and 3.4697(3) A (for PAL3) (see Fig. SI 20, ESI) and are
shorter than 4 A, the minimum bond distance for effective (4d%)—Pdi(4d§)
overlap to enable metal-metal-to-ligand charge transfer (MMLCT) in the
solid state. These intermolecular metal-metal interactions have been
observed in the supramolecular structures of Pt(II) complexes with
similar ligand structures [50]. In sharp contrast to the supramolecular
structure of the former two complexes, PdL4 molecules do not crystalize
as dimeric cations; the Pd-Pd! distance of PdL4 (10.1507(9) A) is much
greater than the 4 A minimum threshold for metal-metal interactions in
d® metal complexes. This is probably due to the twisted conformation of
the cis-coordinated N-pyrazol-2-yl forced by the steric demands of their
bis(3,5-dimethyl) substituents on the packing of PdL4 cations in the
solid structure, see Fig. 2c. In addition, the solid structure of PdL2 has a
C-H---Cl1 bonding linkage indicating intermolecular interaction as
shown in Fig. SI 21, ESI, which is not the case with PdL3 and PdL4
complexes.

3.3. Kinetic and mechanistic studies

The rate of substitution of chloride ligands from complexes, PdL1-4
was studied as a function of nucleophile concentration and temperature
using thiourea nucleophiles viz., Tu, Dmtu and Tmtu under pseudo first-
order conditions. Rates were monitored on the stopped-flow spectro-
photometer. The optimal wavelengths at which each reaction could be
monitored were determined spectrophotometrically by recording the
UV/Vis-spectral changes before and after mixing the complex and the
nucleophile. Typical spectral changes recorded soon after mixing the
reactants are shown in Fig. SI 22, ESI, for a trial reaction of PdL3 and
Tmtu. The wavelengths for monitoring the reactions of complexes,
PdL1-4 and the nucleophiles are presented in Table SI 2, ESI.
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Fig. 3. Real-time absorbance data for the reaction of PdL2 and Dmtu at 298 K
recorded at 380 nm on a stopped-flow analyzer.
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Fig. 4. Plots of the k,ps versus [Nu] for chloride substitution from PdL4 by the
thiourea nucleophiles at T = 298 K and I = 30 mmol LiCl.

The real time changes in absorbance accompanying the reaction of
PdL2 and Dmtu at 298 K and wavelength 380 nm recorded by mixing is
shown in Fig. 3.

As shown in Fig. 3, there is a good least-square fit of data to a generic
single-exponential standard Eq. (1).

Ac= Ao+ (A —Ag)e TP @

where Ay, A, and A, represent the absorbance of initial reaction mixture,
at time t, and at the end of the reaction respectively. The rate data for
reactions of other complexes and nucleophiles also fitted perfectly to Eq.
(1). The fit generated pseudo-first-order rate constants (kops ). Thus, the
substitution reactions are first-order in concentration of both the thio-
urea nucleophiles and Pd(II) complexes. When the average k.ps, were
plotted against [Nu] using Origin Pro 9.1®, straight lines with zero in-
tercepts were obtained as shown in Fig. 4 for reactions of PdL4. Similar
plots for the other complexes are shown in Figs. SI 23-25, ESI, while the
values of kgs at each nucleophile concentration are tabulated in
Tables SI 3-6, ESI.

Thus, keps varies linearly with [Nu] as expressed in the rate law: kops
= ka[Nu]; the substituting thiourea nucleophiles irreversibly displaced
the chloride co-ligand from complexes, PdL1-4. The rate constants, ks
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Table 4
Rate constants and thermodynamic parameters for reactions of PdL1-4 com-
plexes and nucleophiles at 298 K.

Complex  Nucleophile  kp/M™!s7! AH? /kJ AS7/J Pt(ID) ko/
mol ! K ! mol™! M ts?!
PdL1 Tu* (1.18 + 18+1 88 + 4 1494 +
0.02) x 10° 10°
Dmtu (4.1 +0.3) 2342 -80+6 448 + 107
x 10*
Tmtu (4.66 + 49 +1 -11+3 82 + 4°
0.02) x 10°
PdL2 Tu (1.26 + 24+1 -85+ 3 0.86 +
0.03) x 10* 0.01”
Dmtu (4.99 + 32+1 —68 +3 0.37 +
0.03) x 10° 0.01"
Tmtu (3.04 + 44 +£1 —86+3 0.17 +
0.09) x 10? 0.03"
PdL3 Tu (1.01 + 24+1 —87+3 0.31 +
0.01) x 10* 0.02"
Dmtu (4.33 + 24 +1 —95+5 0.13 +
0.03) x 10° 0.01”
Tmtu (113 + 63+1 —36+3 0.014 +
0.02) x 10? 0.001"
PdL4 Tu 1.46 £0.01 52+ 2 —67+6 -
Dmtu (5.67 + 39+1 ~119+4 -
0.07) x
107!
Tmtu (3.28 + 61 +2 —85+7 -
0.01) x
1073

" kacaos x) Was extrapolated using linear equation from the Erying plot [In(k,/
T) =m(1/T) + c] from 20 °C to 25 °C assuming the linearity exists up to 25 °C,
where ko203 k) was measured to be (1.1 + 0.1) x 10°.

@ Data from ref. [36].

b Data from ref. [45].
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Fig. 5. Eyring plots for the reactions of PAL3 and nucleophiles.

obtained from the gradient of the linear plots of kqs against [Nu] are
summarized in Table 4. Also included in Table 4 for comparison pur-
poses are the ky values for the analogous Pt(II) complexes with the same
ligand framework found in literature [45]. The rate of chloride substi-
tution by Tu from PdL1 was too fast to be followed reliably at 298 K,
therefore it was monitored at 293 K. The k, values at 298 K was
extrapolated from ky value measured at 293 K [(1.1 &+ 0.1) x 10° M!
s 1] using an Eyring Free linear relationship of the form: In(ky/T) = m
(1/T) + c (the relationship is shown in Fig. SI 26 and the extrapolation
shown in Fig. SI 27, ESI).

The thermal effect on the rate of substitution was studied within the
range of 20 °C to 40 °C with 5 °C intervals for all the substitution
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reactions except for PdL1 and Tu for which a range of 10 °C to 20 °C
with an interval of 2.5 °C were used. The activation enthalpies (AH#)
and activation entropies (AS”) were calculated from Eyring plots and
values are presented in Table 4. Representative Eyring plots for the rate
data of PdL3 are shown in Fig. 5; similar plots for the reactions of other
complexes are shown in Figs. SI 28-30, while the values of In(ky/T) and
1/T are tabulated in Tables SI 7-10, ESI.

Comparing the rate constants (Table 4) for the chloride substitution
from complexes, PAL1-4 complexes by the thiourea nucleophiles, PdL1
is the most reactive. This is because terpy is a strong n-acceptor ligand
due to its highly conjugated and planar ligand framework, the chloride
co-ligand in PdL1 is rapidly substituted by incoming thiourea nucleo-
philes. The stronger n- acceptor of terpy ensures effective and efficient
n-back donation of electrons from the metal d-orbitals into its extended
n*-molecular orbitals of the in-plane aromatic pyridyl rings [69-71].
The electrophilicity of the metal centre is increased, making it more
positive, hence more prone to nucleophilic attack by the incoming li-
gands. The increase in the electrophilicity of the Pd(II) ion in PdL1 is
mirrored in the relative magnitudes of the DFT-calculated electrophi-
licity indices of the PdL1-4 complexes (Table 2) which decrease in the
order 7.046 (PdL1) > 6.451 (PdL2) > 6.090 (PdL3) > 4.572 (PdL4).
The high reactivity of Pd/Pt™(terpy)Cl/H50 complexes in aqua, aprotic
or ionic media, with various nucleophiles is well documented
[34-36,69]. Substitution rate constants as high as (7.8 & 0.2) x 10°M!
s1 at 25 °C for chloro substitution from Pd™(terpy)Cl by Tu have been
reported [34].

Using the rate of reaction of PdL1 with Tu as a reference for com-
parison, the order of the chloride substitution from PdL1-4 is PdL1 >
PdL2 > PdL3 > PdL4. The same trend was also observed for the other
two nucleophiles (Table 4). The structure of PdL2 differs from that of
PdL1 by having two cis-coordinated N-pyrazol-2-yl rings in place of the
pyridyl rings of terpy. Based on the reactions of Tu, this difference
causes a 10 times decrease in the rate of substitution from PdL2
compared to PdL1. This is so, despite the two complexes sharing com-
mon 5-membered rigid and aromatic chelate ligands around their metal
ions. As a result, the two complexes have extended and delocalized
n-molecular orbitals that efficiently stabilize the metal centre through
n-back bonding. It is then logical to make a proposition that the two cis-
coordinated N-pyrazol-2-yl rings of L2 are significantly weaker r-ac-
ceptors of electron density than the pyridyl rings of terpy and thus have a
net 6/ donation towards the Pd metal centre. Absorption data profiles
of complexes of ruthenium [72,73] coordinated to L1 and L2 ligands
showed higher energetic metal ligand charge transfer bands (MLCT) in
complexes having L2 ligands than those of L1 ligands [45,72,73]. The
latter class of complexes has a wider energy band gap and thus absorbs
at a higher-energy MLCT than the former [45,72,73]. The two laterally
coordinated L2 ligand raises the LUMO of the complex more than it
destabilises the HOMO, leading to higher energy MLCT bands. The
MLCT difference between the complexes is due to large energy differ-
ence (AE) between the LUMOs and HOMOs which makes L2 a poor
n-acceptor of electron density than L1. In fact they have a poor net 6/n
donation towards the Ruthenium metal centre. The same trend and ar-
guments have been reported and put forward for Pt(II) complexes [50]
stabilised by the two aforementioned ligands.

The more stabilised n* LUMOs of lateral pyridine rings in PdL1
readily accepts n-back donation from the metal, as already mentioned,
as opposed to two lateral pyrazolyl ring of L2 that has pyrazollic N atoms
making them a better n-donor [74,75] towards the Pd metal centre in
PdL2. The net poor n-acceptor capacity of the cis- coordinated N-pyr-
azol-2-yl rings of PdL2 is through the pyrazollic-N n-donor atoms. This
leads to a build-up of electron density towards the metal centre along the
two cis Pd-Npyrazollic bonds through n-resonance [44,76], lowering the
electrophilicity of the complex and thus retarding the nucleophilic
attack by incoming nucleophiles. This is reflected in the relative mag-
nitudes of their electrophilicity indices which decrease in the order:
7.046 (PdL1) > 6.451 (PdL2), see Table 2. The same effect also raise the
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LUMO energy in PdL2 to —3.114 eV compared to PdL1’s — 3.307 eV.
Consequently, the HOMO-LUMO energy gap of PdL2 (4.274 eV) is
higher compared to that of PdL1 (3.989 eV). The pyrazollic-N n-donor
effect is enhanced in PdL3 whose reactivity is further reduced. This is
because the two methyl substituents donate electrons into the pyrazole
rings which in turn make 6/n-donation towards Pd metal centre, causing
its metal centre to be much less electrophilic than PdL2’s. The rate of
substitution is further reduced as observed experimentally. The relative
sizes of the calculated NBO charges of Pd support the observed reactivity
trend (Table 2). In addition, it is worth noting that in PAL2 and PdL3 the
n-backbonding on the trans-pyridyl ring competes with the n/c-donation
ability of the cis-pyrazolyl rings for the palladium metal centre. The
stronger n/c-donation of the pyrazole reduces the n-backbonding.

When the reactivity of PdL4 is compared with those of PdL2/PdL3
and PdL1, a significant reduction in the rate of substitution by factors
which are about 4-5 times (for reactions of Tu) is noted. While the steric
demands in the flanking bis(3,5-dimethyl-N-pyrazol-2-yl) rings of L3
and L4 are the same, the two ligands differ in the aromaticity and
conformational flexibility of their coordination chelates around the Pd
(II). The two methylenic groups bridging the central pyridyl ring and the
flanking pyrazole rings introduce flexibility in the two six-membered
chelates of PdL4. It also destroys the chelate aromaticity of the coor-
dinated ligand, thus isolating each of the donor aromatic rings of L4.
This prevents electron delocalisation as evident from the aromatic
chelates of PAL3 or PdL2. Thus, the n-acceptor property is weakest for
L4. This causes lowest rates of chloride substitution from PdL4. The
more flexible six-membered ring chelates of PdL4 also allow for an out-
of-plane coordination twist of L4, as depicted in its X-ray crystal struc-
ture (Fig. 2¢). Deviations of atoms of the coordinated ligand framework
from the square-plane containing the Pd atom is largest for PdL4 and
this is also depicted from the side-view of the DFT-optimized structures
in Table 1. The chelate rings of PdL4 have a marked degree of out-of-
plane fluxional flexibility. This manifest as aerial hindrance to
incoming nucleophiles during a nucleophilic substitution reaction,
resulting in reduced rates. A similar effect was reported for the rate of
substitution from [Pd(tpdm)Cl]* (tpdm = tri(pyridine)dimethane)
[10,77]. The fluxional movements of the bridging methylene groups of
tpdm forced the bridged pyridyl rings of tpdm to be out-of-plane with
the metal centre, which significantly introduced steric effects to the
incoming nucleophiles. These steric effects retarded the rate of chloride
substitution as also observed for PdL4 in this study.

The reactivity of the complexes, PdL1-3 was compared with their
analogous Pt(II) complexes [36,45] and the ky data is included in
Table 4. The chloride substitution from the PdL1-3 complexes is about
10%-10° times faster than from their Pt(II) analogues. Pd(II) complexes
are more reactive because they form relatively weaker bonds with most
donor atoms of labile ligands (OHy; X = Cl, F~, Br™; N etc.) compared to
Pt. Moreover, the Pt(II) ion is ‘softer’ than Pd(II) and therefore is more
sensitive to electronic ‘communication’ with its spectator ligands,
particularly the strong m-acceptors [25,69,78,79]. In principle and if
need be, it is convenient to increase the reactivity of Pt(II) complexes to
match those of their closely related PAd(II) counterparts by varying the
electronic properties, whereas reducing the lability of Pd(II) complexes
to match their closely related Pt(II) analogues can conversely be ach-
ieved through controlling the steric hindrance or bulk of the spectator
ligands, more so in their cis-positions [10,25,79]. In this study, a com-
bination of electronic and steric factors decreased the reactivity of Pd(II)
metal center to match the range reported for Pt(II) complexes with
similar structure.

Over all, the rate determining step is bimolecular as evidenced from
the low activation enthalpies (AH”) and negative activation entropy
(AS7) values. The substitution of the chloride from the complexes,
PdL1-4 by the nucleophiles is associatively activated. In addition to
this, rate is sensitive to the steric bulk of the incoming nucleophiles. The
nucleophilic order of substituting the chloride ligand from the PdL1-4
complexes is Tu > Dmtu > Tmtu, and is a reflection of the increasing
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Fig. 6. Absorption spectra of PAL3 (16 pM) in Tris-HCl/50 mM buffer at pH 7.2
upon addition of CT-DNA (0-200 pM). The arrow shows the change in absor-
bance upon increasing the CT-DNA concentration. Inset: plot of [CT-DNA]
versus [DNA]/(e,- €f) for estimating the binding constant, K,

Table 5
The binding constants, quenching constants, and quenching rate constant for
interactions of complexes, PdL1-4 with CT-DNA.

Complex UV
titration

Fluorescence quenching parameters: titration of CT-
DNA-EtBr by PdL1-4

Ky, M7? Keys Kapps kg M7! K, M! N
(10% Mt Mt sTt@aohy o
(10%) (10%)
PdL1 99+0.2 420+ 222+ 18.3 + 223+ 101+
0.1 0.2 0.4 0.2 0.05
PdL2 27+£01 49+ 22+ 22402 1.3+ 1.00 +
0.1 0.1 0.1 0.07
PdL3 1.0+£01 28+ 1.6 + 12401 1.7+ 1.00 +
0.1 0.1 0.1 0.04
pdL4 0.78 + 099+ 086+ 0.37 + 015+ 1.0+
0.04 0.03 0.05 0.09 0.03 0.05

order of their bulk size and accessibility of their S-donor atoms for
nucleophilic attack onto the PA(II) ions of complexes, PdL1-4.

3.4. Interactions of the complexes with CT-DNA

3.4.1. Attenuation of the UV-visible absorption of CT-DNA by complexes,
PdL1-4

Additions of CT-DNA to complexes PdL1-4 caused a hypochromism
in the absorbance of ligand-centred band range from 270 nm to 320 nm.
Typical spectral changes accompanying the titrations are given in Fig. 6
for the titration of PdL3 with CT-DNA; similar graphs are given as
Figs. SI 31-32, ESI, for titrations of PdL1-2 and PdL4 complexes,
respectively. The isosbestic points signify inter-conversion between the
Pd(II) complexes and the DNA coordinated adducts. Preferential coor-
dinative interactions have been reported for Pd(Il) interaction with G4
tetramers of duplex DNA [80]. The binding constants, Ky, for these
associative interactions were calculated from the ratio of the slopes to
intercepts of the Wolfe-Shimer plots [61] (Eq. (S1), insets to Figs. SI
31-33, ESI). They are presented in Table 5. The moderately high K}, (10*
M) clearly suggest that the complexes, PdL1-4 rapidly coordinate to
CT-DNA possibly after some non-covalent pre-associative interactions
that includes electrostatic, n—/hydrogen bonding and weak van der
Waal intermolecular forces. Thus, the likely mode of binding is covalent
linking via groove binding as also corroborated by data from the
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viscosity measurements (vide infra).

3.4.2. Quenching of CT-DNA-EtBr fluorescence studies

Titration of the highly fluorescent CT-DNA-EtBr solution with
complexes, PdL1-4 quenched the emission of the former. The Ay ,x are
also shifted slightly to longer wavelengths with each addition as shown
in Fig. 7. Analogous graphs are given as Figs. SI 34-36, ESI. By
quenching the fluorescence of the CT-DNA-EtBr solution, this is direct
evidence that complexes, PdL1-4 competitively displace intercalated
EtBr from the DNA base pairs. Typical fluorescence quenching spectral
changes are given in in Fig. 7 for the titration of PdL1. Linear fitting of
spectral data to the Stern-Volmer equation [62] (Eq. (S2), ESI) and
Scatchard equation [63] (Eq. (S3), ESI) are given as insets (7a & 7b) to
the figure. For quenching data and similar plots for titrations of PdL2-4,
refer to Figs. SI 34-36 and their insets a & b, ESI, respectively. The plots
were used to calculate several quenching constants, kinetic and stoi-
chiometric parameters for the binding process and data is given in
Table 5. The magnitude of quenching constant, Ks, (~10° M™1), suggest
moderate to strong CT-DNA-PdL1-4 interactions only possible through
competitive displacement of EtBr off the DNA base pairs. This occurs
possibly through a stabilizing partial insertion of their ligand framework
of the complexes into the base pairs with the grooves of CT-DNA fol-
lowed by rapid coordinative binding to the N7 atoms of guinine bases
within the neighbourhood. The range of magnitude of the apparent
binding constants (Kapp), (~10° M1 is however less by two orders of
magnitude compared to values (~107 M’l) for classical intercalators
and metallointercalators [81].

The planar and positive charge of PdL1-4 promotes this concomitant
partial insertion and electrostatically interactions with the negative
backbone of DNA, before the subsequent coordination of the N7 atoms of
the bases onto the complexes. DNA groove binding of PdL1-4 is also
supported by the observed trend in viscosity of titrated CT-DNA (vide
infra). The magnitudes of bimolecular quenching rate constants, kq for
the binding process (Table 5) fall in the 10'! M~! s~ range and allude to
ultra-fast kinetics. This is typical of the kinetics of non-covalent bimo-
lecular physical and pre-associative interactions between two attractive
species. The kq values are even higher than those reported for typical
bio-organic fluorescence quenchers (2.0 x 1010 Mm! s’l) [59]. Thus, it
can be deduced also that EtBr is exchanged or displaced from the CT-
DNA statically rather than dynamically.

The magnitudes of the K values (10* M~!) are moderate, reaffirming
the moderate-to-strong binding abilities of complexes, PdL1-4 onto CT-
DNA. Overall, the decreasing order of strength of their binding is PdL1
> PdL2 > PdL3 > PdL4. This trend is the same as what was observed
from the UV-Vis absorption titrations of the complexes with CT-DNA. In
addition, the observed binding trend of the complexes is similar to that
observed for the rate of substitution of the labile chloride from the
complexes (Table 4).

3.4.3. Viscosity of DNA solutions titrated with variable amounts of
complexes

Addition of variable concentration (0-12.0 mM) of PdL1-4 to a 50
uM CT-DNA solution (in 5.0 mM Tris-HCl buffer, pH 7.2) did not
significantly change the relative viscosity of the solutions, see Fig. 8. In
contrast, when the titrant was changed to EtBr (a classical intercalator),
the viscosity of CT-DNA solutions increased dramatically (refer to
Fig. 8). Based on the marked dissimilarity in the effect on DNA viscosity
of complexes, PAL1-4 and a known DNA base-pairs intercalator, it
seems reasonable that the associative interaction probed by UV-visible/
fluorescent quenching experiments are not purely intercalative in na-
ture. Likely, complexes PdL1-4 interact with DNA by groove binding.
However, partial but not full base-pair penetration of the complexes may
occur within the groove neighbourhood, thus accounting for why the
viscosity of DNA remains almost constant on each addition. Titration of
CT-DNA with distamycin [82], (a non-electrostatic DNA groove binder)
has a similar viscosity effect to that of the titration with complexes,
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Fig. 7. Fluorescence emission spectra of CT-DNA-EtBr upon titration with Q (the quencher = PdL1); [EtBr] = 20 pM; [CT-DNA] = 20 pM and [PdL1] range = 0-300
pM. The arrow shows the intensity changes upon increasing [PdL1]. (a): Stern-Volmer plot: I,/I versus [Q] and (b): Scatchard plot: log[(I,-1)/I] versus log[Q].
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Fig. 8. Relative viscosities of 50 pM CT-DNA in 5.0 mM Tris-HCI buffer, pH 7.2
on addition of variable concentration of complexes, [PdL1-4] or [EtBr] =
(0-12.0 mM).

PdL1-4. Thus, these complexes are involved in pre-associative hydro-
phobic interactions between their tridentate ligands and the hydro-
phobic groups within the grooves of CT-DNA which leads to their direct
covalent linking to the DNA base pairs. This also synergised by elec-
trostatic interactions between the positive charge of the PdL1-4 and the
negative backbone of the DNA.

3.5. Invitro cytotoxicity against normal Vero and MCF7 breast cancer
cells

3.5.1. Viability of MCF7 cells treated with complexes by the MTT assay
The In vitro cytotoxicity of the complexes was evaluated against
normal Vero and MCF7 cell lines using the MTT assay. Details are as
previously reported [59,60]. The percentage of MCF7 viable cells after
treatment of the respective PAL1-4 at variable concentrations are given

10

100 - 5 M
Il 15 M
I 30 M
801 I 60 M
z I 90 oM
Z 60- I 120 oM
= I 240 M
>
2 40
X
20
0 4

PdL;

PdL, PdL;  Pdly
Fig. 9. Percentage of cell viability of MCF7 cells when treated for 24 h with

different concentrations of PdL1-4.

Table 6

The ICso (pM) values of the complexes, PdL1-4 towards the normal Vero and
selected breast cancer MCF7 cell lines.

Complex ICso (1M)
Normal Vero Breast cancer MCF-7
PdL1 33+3 4+0.5
PdL2 48 + 2 13+1
PdL3 46 + 2 27 £2
PdL4 34+2 22+ 2
Cisplatin 20 + 9 (positive control) 5 + 1 (positive control)

Data are calculated by mean + standard deviation (SD) of three independent
experiments, i.e., n = 3, for 24 h of incubation.

in Fig. 9 while ICs¢ values are presented in Table 6. Cell viability
depended on the dose of the complexes, PdAL1-4. The complexes are
quite cytotoxic (with ICsg values < 30 pM for the least potent) against
aggressive MCT-7 breast cell lines. However, they are also very toxic
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Fig. 10. AO/EB staining assay images of the MCF-7 cancer cell line after treatment with 10 pM of PdL1-4 for 24 h, Images for PdL1 (b); PdL2 (c); PdL3 (d) and PdL4

(e). The images were visually compared with the negative control image (a).

against normal Vero, ICso < 50 pM for the least potent, see Table 6. Their
indiscriminately cytotoxic to both cell types, including the normal
healthy Vero cells precludes them for further in vivo tests. But note-
worthy is that the terpyridyl complex, PdL1 proved to be the most
cytotoxic candidate against MCF7 cell lines. Its cytotoxicity was com-
parable but slightly lower than cisplatin’s against this cancer cell line.
The superior cytotoxicity of PAL1 could be due to a combination of its
more planar and unhindered geometry and stronger n-conjugation of its
ligand framework; all of which cause favourable strong interactions with
the DNA of the cancer cells. However, further testing on other breast
cancer cell lines needs to be done to confirm its superior cytotoxicity in
related cancer cell lines.

3.5.2. Cell morphology of MCF7 cells treated with complexes by the AO/
EtBr staining assay

Morphological changes due to MCF7 cancer cells after a 24 h treat-
ment of the cells with PdL1-4 complexes at 10 pM were visualised by
fluorescence microscopy, following staining with a solution of the AO/
EtBr fluorescence marker. Images are depicted in Fig. 10b-e. Untreated
MCF7 cancer cells (negative control, see Fig. 10a) showed characteristic
green fluorescence which is associated with stained viability cells. Thus,
no morphological changes were induced by components of the growth
media. However, after a 24 h incubation of MCF7 cells treated with 10
pM of PdL1-4, cell stains had a significant orange-yellow hue, see
Fig. 10b-e. Micrographic image of PdL1 had the highest density of the
non-green stains. This is a reflection of cell morphological changes
synonymous with membrane blebbing and associated changes to the
structure of normal nuclear DNA. These changes modulate the extent of
intercalation of EtBr on the DNA and hence the hue of the fluorescence
which is visualised on the microscope. Such changes are associated with
the onset of early apoptotic cell damage. The orange hue is due to cells in
their late apoptotic cell cycle stages. At these apoptotic stages, the
chromatins of the cells are condensed and aggregated and thus stains
appear as dense spots. The red colour fluorescence hue is due to dead
cells, whose DNA had been necrosed. Overally, the results indicate that
morphological changes associated with apoptotic cell cycles as well as
necrosis [83] of the MCF7 cells had occurred at a significantly lower
dose (10 pM) of the PdL1-4. This is in good agreement with very low (<
30 p M for the least active) ICs values measured in vitro by the MTT
assay.

4. Conclusions

The rate of chloride substitution from complexes PdL1-4 decreases
in the order: PdL1 > PdL2 > PdL3 > PdL4. It can be explained mainly
by electronic effects of the spectator ligands for complexes PdL1-3. The
pyrazollic-N-n-donor effect of cis-coordinated pyrazoles in PdL2, de-
creases the ability of n-back bonding relative to that of PdL1, resulting in
accumulation of electrons around the Pd-N.; bonds in PdL2 and this
lowers the electrophilicity of Pd, leading to reduced nucleophilic attack
of the complex. A comparison of the structural differences between
PdL3 and PdL4 points to the steric effects of the six-membered flexible
chelates as well as to the steric hindrance by the methyl substituents on
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the cis-coordinated pyrazoles of PdL4 as plausible structural factors
reducing the reactivity of the latter complex. The six-membered chelate
rings incorporating the bridging sp> methylene carbons introduces steric
hindrance and curtails n-back bonding of electron density into the
ligand, resulting in lower rates of substitution. This significantly reduces
the rate of substitution from PdL4 by 4-6 orders of magnitude compared
to the rate constants of PdL1. Reducing reactivity of Pd(II) metal com-
plexes to a rate similar to those of Pt(II) through coordination of a
suitable spectator ligands has been demonstrated. This is important in
controlling indiscriminate deactivation reactions that are unwanted in
antitumour and other biological application. The negative entropy of
activation values show that the rate determining step in bimolecular and
hence associative in nature.

UV-visible absorption, EtBr/CT-DNA competitive fluorescence ti-
trations and viscosity measurements of the PdL1-4 complexes collec-
tively showed an associative binding of PdL1-4 to DNA occurs with high
binding constants (K, = 10* M™!). The increasing order of binding
abilities of the complexes is PdL4 < PdL3 < PdL2 < PdL1. Data ob-
tained from In vitro cytotoxicity by the MTT assay pointed out PdL1 to be
the most cytotoxic complex (ICsp = 4.0 + 0.5 pM) against MCF7 cell
lines. Its cytotoxicity against MCF7 was comparable but slightly lower
than cisplatin’s. AO/EB staining microscopy images of MCF7 cancer
cells after a 24 h treatment with PdAL1-4 (ca. 10 pM) showed evidence of
cell blebbing, induction of apoptosis in its early stages and cell death by
necrosis.
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Appendix A. Supplementary data

Electronic Supplementary Information (ESI) available: Single X-ray
crystallographic analysis were deposited with Cambridge Crystallo-
graphic Data Center, with reference numbers CCDC 1587601, 1587602
and 1829126 for the complexes; PdL2, PdL3 and PdL4, respectively.
Also, spectral (NMR and MS) characterization data for ligands and
complexes and additional kinetic plots and data tables of the same are
presented. In addition, notes of some procedures, DNA binding UV-vi-
sible and fluorescence spectra as well as crystallographic data in CIF are
annexed. Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jinorgbio.2020.111261.
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