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Abstract

The pincer complexes, [Pd(L,)CI|BF, (PdL,), [Pd(L,)CI]|BF, (PdL,), [Pd(L3)CI|BF, (PdL,), [Pd(L,)CI|BF, (PdL,) were
prepared by reacting the corresponding ligands, 2,6-bis[(1H-pyrazol-1-yl)methyl]pyridine (L,), bis[2-(1H-pyrazol-1-yl)ethyl]
amine (L,), bis[2-(1H-pyrazol-1-yl)ethyl]ether (LL3), and bis[2-(1H-prazol-1-yl)ethyl]sulphide (L,) with [PdCL,(NCMe)],
in the presence NaBF,. The solid-state structures of complexes PdL;—PdL, confirmed a tridentate coordination mode,
with one chloro ligand completing the coordination sphere to afford square-planar complexes. Chemical behaviour of the
complexes in solution confirms their stability in both aqueous and DMSO stock media. The electrochemical properties of
the compounds showed irreversible two-electron reduction process. Kinetic reactivity of Pd complexes with the biological
nucleophiles viz, thiourea (Tu), L-methionine (L.-Met) and guanosine 5'-diphosphate disodium salt (5’-GMP) followed
the order: PdL, <PdL; <PdL,, and PdL, <PdL,. The kinetic reactivity is subject to the electronic effects of the spectator
ligand(s), and the trend was supported by the DFT computed results. The palladium complexes PdL;-PdL, bind to calf
thymus (CT-DNA) via intercalation mode. In addition, the bovine serum albumin (BSA) showed good binding affinity to
the complexes. The mode of quenching mechanism of the intrinsic fluorescence of CT-DNA and BSA by the complexes was
found to be static. The order of interactions of the complexes with DNA and BSA was in tandem with the rate of substitu-
tion kinetics. The complexes, however, displayed relatively low cytotoxicity (ICsq> 100 uM) when tested against the human
cervical adenocarcinoma (HeLa) cell line and the transformed human lung fibroblast cell line (MRC-5 SV2).
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Introduction

There has been a growing interest in expanding the antican-
cer activity of metallo-compounds besides Pt-drugs. Among
the non-Pt-drugs, Pd(II) complexes have become promising
alternatives by displaying better anti-proliferative proper-
ties and favourable toxicity profile [1-4]. Pd(I) complexes
have been viewed as suitable anticancer drug candidates due
their noticeable enzymatic catalytic attributes and ability to
cleave the double structure of DNA [3]. An essential charac-
teristic of Pd-containing chemotherapy drugs is their lower
kidney toxicity than cisplatin [5]. Also, a positive correlation
is observed between the solubility of Pd(I) complexes and
their cytotoxic effects [6, 7]. However, the main challenge
for the development of antitumour Pd(IT) complexes is their
high hydrolysis and reactivities (10> times faster than Pt),
resulting in the formation of multiple reactive species that
are unable to reach the pharmacological target [5]. Conse-
quently, the selection of suitable carrier ligands to regulate
the reactivity and stability of Pd(I) compounds is one of
the foremost challenges in the design and development of
Pd(II)-antitumour drugs [5]. Pincer-type spectator ligands
have become increasingly popular in the development of
stable Pd(II)-based anticancer drugs in the presence of bio-
logical thiols [8—10], owing to their ability to stabilise the
metal centres more effectively than their related mono and
bidentate variants.

Pincer ligands have been shown to be relatively non-
toxic, and their versatile structures can easily be fine-tuned
to ensure desirable properties and reactivity, as in solubility
and cytotoxic [8]. For example, Bugarci¢ [11-14] and Jag-
anyi [15, 16] laboratories have examined the nucleophilic
substitution reactions of Pd(II) complexes of pincer ligands
with nitrogen donor atoms. The findings of the studies depict
that m-acceptor and n/c-donor has an essential role in deter-
mining the reactivity of the compounds. In another study,
Co¢i¢ and the group [17] used pincer-type ligands to control
the kinetic reactivity of Pd(II) complexes, thus improving
their resultant cytotoxicity. The work revealed that steric
crowding reduces the lability of the leaving groups, DNA/
BSA binding properties and cytotoxic effects of Pd(II) com-
pounds. In another study, Pd(IT) complexes supported by
N-heterocyclic ligands were found to be stable in aqueous
solutions containing physiological thiols [10]. The NHC
moiety stabilises the Pd(II) centres, due to its strong sigma-
donating ability. These Pd(II) complexes demonstrated
in vitro cytotoxicity against cancer cells, in vitro angio-
genesis and in vivo cytotoxic effects on tumour xenografts
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in nude mice model, with no noticeable toxicity [8]. The
mechanism of action of the complexes was found to involve
induction of mitochondrial dysfunction and inhibition of
EGEFR signalling pathway.

In our recent contribution [18], we carried out a system-
atic investigation of the electronegative effects on the rate
of kinetic reactivity of Pd(II) complexes using heteroatoms
positioned remotely on the spectator ligand(s) backbone,
and thereby enhancing DNA binding propensity and the
resultant cytotoxic effects. Overall, Pd(I) complexes with
high kinetic lability in the study demonstrated the highest
DNA binding affinities, and improved cytotoxic activities
on the studied tumour cell lines. Inspired by these find-
ings, the present study focuses on the competing roles of
trans-heteroatoms on carrier ligands typified by NAEAN
donor atom (where E=NH, O, S) on kinetic reactivity and
the biological activities of Pd(II) complexes. We report in
detail the synthesis, structural characterisation, ligand sub-
stitution reactions, DNA and BSA protein interactions and
cytotoxic activities of the complexes against the human cer-
vical adenocarcinoma (HeLa) cell line and the transformed
human lung fibroblast (MRC-5 SV2) cell line. The rates of
kinetics reactivity were evaluated using biological nucleo-
philes: thiourea (Tu), L-methionine (L.-Met) and guanosine-
5’-monophosphate (5’-GMP). The interaction mechanisms
of the Pd(IT) complexes with DNA/protein molecules at the
atomic level were rationalised by in silico approach and are
herein described.

Results and discussion

Preparation and characterisation of ligands
and their respective Pd(Il) complexes

The bis-(pyrazolyl) ligands used in the study were syn-
thesised in good yields via phase transfer catalysed (PTC)
alkylation of pyrazole using 2,6-bis(chloromethyl)pyridine
(Ly), bis(2-chloroethyl)amine (L,), bis(2-chlroethyl)ether
(L3), and (2-chloroethyl)-1H-pyrazole (L), following previ-
ously reported literature procedures [19-21] (Scheme 1), and
their spectroscopic data are recorded in the supplementary
information). Subsequent treatment of equimolar amounts of
L;-L,4 and [PdCI,(NCCH,;),], with NaBF, as a counter ion
in CH,Cl, gave the corresponding complexes PdL-PdL,
respectively, with yield of 60-85% (Scheme 1).

The purity and structures of PdL,—PdL, were established
using 'H and '*C NMR (Figs. S1-S13) and FT-IR (Figs.
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Scheme 1 Synthetic pathways
of tridentate pyrazol-1-yl
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S14-S22), LC-MS (Figs. S23-S30), elemental, and X-ray
structural analyses. As an illustration, "H NMR spectrum of
ligand L, showed two distinct triplets for the CH, protons,
compared to four sets of signals for the CH, linker protons
in the respective complex PdL, (Fig. S9). The appearance
of the four sets of methylene signals in PdL, is attributed to
the increased restricted rotations (structural rigidity) arising
from the occurrence of stable chair and twist-boat (skew-
boat) conformations in the complex in relation to the more
fluxional molecular behaviour or dynamic exchange pro-
cess (unrestricted rotation) in the ligand [21]. The 'H NMR
spectra of the remaining ligands L;—L; and their respective
complexes PdL;—PdL; are shown in Figs. S1-S8.

Also, from the >C NMR, the downfield shifts of the reso-
nance of methylene carbon at 31.18 and 51.05 ppm (L) to
36.14 and 52.31 ppm (PdL,), Fig. S13, are in tandem with
formation of the complex (!3C NMR spectra of the other
compounds are given in Figs. S10-S12). FT-IR spectroscopy
was also adopted in the determination of the identity of the
ligands and their corresponding complexes (Fig. S14-S22).
For example, a considerable shift of the absorption bands
of C=N from 1395 cm™! (L,) to higher frequency of
1415 cm™! (PdL,) suggests the coordination of the Pd(II)

ion to the N-atoms of the pyrazolyl units. Similarly, an
upfield shift of the C—S wavenumber from 748 cm™' (L)
to 776 cm™! (PdL,) is also consistent with the formation of
the complexes (Fig. S22). A shift of the absorption bands
to higher frequencies upon coordination indicates the sigma
donor property of the spectator ligand(s) [22]. The identities
of the compounds were also confirmed by LC-MS tech-
nique, and all complexes gave the anticipated molecular ion
peak (M™"). For instance, the expanded ESI mass spectrum
of complex PdL, with m/z at 362 (64%) corresponds to the
exact mass of 362.97, Fig. S30a. The observed mass spectra
were consistent with the calculated isotopic mass distribu-
tions of the complexes (Figs. S27-S230). The experimen-
tal values of elemental analyses of complexes PdL,—PdL,
comply with the suggested molecular structures indicated
in Scheme 1; the values also confirm the purity of the bulk
materials.

X-ray structural analysis of complexes PdL,-PdL,.
Suitable single crystals of PdL;-PdL, for X-ray diffrac-

tion measurements were afforded by slow evaporations
of concentrated CH,Cl,/Et,0 solutions at 25 °C. ORTEP
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representations of the molecular structures of PdAL;-PdL,
are shown in Fig. 1. The crystallographic data for the com-
plexes are summarised in Tables S1 and S2, respectively.
As shown in Fig. 1, the solid-state structures of
PdL,-PdL, reveal four-coordinate complexes in dis-
torted square-planar geometries. The six-membered ring,
N(1)~-Pd(1)-Niyrigine- of 89.81(8) ° (PdL,), is smaller than
N(1)-Pd(1)-NH of 93.5(3) ° (PdL,), and N(1)-Pd(1)-O
of 90.98(5)° (PdLj), a characteristic of the greater con-
straint imposed by the restricted rotations of the pyridine
ring (PdL,) than the more flexible CH, linkers (PdL, and
PdL;). The longer bond distance Pd(1)-CI(1) of 2.3149(6)
(PdL,) in comparison to Pd(1)-ClI(1), 2.293(2) (PdL,)
and Pd(1)-CI(1), 2.2574(4) (PdL3) is due to the stronger
trans-influence of S atom (soft ligating atom) than Nj g
and O atom (which are hard bases). Also, the observed
longer Pd(1)-CI(1) of PdL, in relation to PdL; is ascribed
the higher polarizability of NH than O atom, resulting in
a stronger o-bonding to Pd-metal centre (increasing trans-
labilisation effect). The shorter bond lengths of Pd(1)—Cl(1)
of 2.2793(6) A (PdL,) than Pd(1)-CI(1) of 2.293(2) A
(PdL,) is attributable to better trans-influence of NH spe-
cie (o-donor) than the pyridine moiety (n-acceptor). The
Pd(1)-CI(1) bond distance of 2.2793(6) (PdL,) compares
well with the average of 2.289+0.013 A for 20 similar

structures [23]. With the exception of Pd(1)-CI(1) bond
distances 2.2574(4) A for PdL; (lower than the minimum
value 2.281 10%), Pd(1)-CI(1) bond distances of 2.293(2) and
2.3149(6) for PdL, and PdL,, respectively, correlate well
with the mean of 2.308 +0.020 A obtained for 25 related
structures [24].

Stability of complexes PdL,-PdL, in aqueous buffer
and dimethyl sulfoxide (DMSO) solutions

The stability tests of PdL;—PdL, in aqueous (50 pM Tris
buffer containing 50 mM NaCl, pH 7.2) and DMSO media
were conducted by NMR (i.e. 'H) and UV-Vis spectro-
photometers. Since the substitution kinetics and DNA/pro-
tein interactions were performed in buffer (having water),
we evaluated the possibility of H,O to coordinate to the
metal complexes, i.e. the ability of C1™ to be solvated. The
binding of the aqua species to the metal centre is known
to influence ligand substitution kinetics and electron rate
constants [25]. Though the hydrolysis of metal complexes
can be determined by NMR spectroscopy, UV—-Vis measure-
ments tend to be more suitable, particularly when buffered
solutions are employed [26]. The invariant UV—Vis spec-
tra of PdL,—PdL, (both intensity and position bands) over
the 48-h period (Fig. S31), strongly point to the absence

&
(©

Fig. 1 ORTEP diagram (50% thermal ellipsoids) of a PdL;, b PdL,, ¢ PdL; and d PdL,
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of solvent ligand-exchange reactions, hence stability of the
compounds in buffer solution.

Often metal complexes undergo ligand dissociation upon
dissolution in DMSO stock solutions used in biological
assays [27, 28], and thus we studied the effects of DMSO
on PdL,-PdL,. No significant changes in the electronic
absorption spectral traces were observed within 72 h (Fig.
S32), indicative of their stability in DMSO for cellular stud-
ies). Furthermore, the "H NMR spectral data of complexes
PdL, (Fig. S33a) and PdL, (Fig. S33b) reveal that DMSO-
mediated ligand dissociation did not take place, consistent
with the UV-Vis spectra.

Electrochemical properties of palladium(ll) PdL,-
PdL, complexes

To further gain insight on the electronic structures of
PdL,-PdL,, their electrochemical measurements were
examined using a combination of cyclic voltammetry (CV)
and square wave voltammetry (SWV). Typical CV and SWV
voltammograms of PdL,-PdL, are shown in Fig. S34-37,
respectively. The wave shapes are very similar for the com-
plexes, displaying irreversible reductive behaviour involving
the transfer of two electrons. While the anodic scan of the
complexes did not display well-defined oxidation signals,
the cathodic runs showed reduction peaks at -1.4 V (PdL,)
-1.1 V (PdL,) -0.89 V (PdL;) and -1.1 V (PdL,) (Figs.
S35-S38, respectively), indicative of ligand—metal charge
transfer reductions [29]. The order of the reduction peaks
of the complexes is in accordance with the sequence of
the electron-donating effects of the species S (PdL,)>NH
(PdL,) and O (PdLj3). The reduction values (negative)
can be ascribed to high electron cloud on the Pd(II) metal

character, increasing the dn(Pd) orbital energy as a result
of the electron richness of the spectator ligands, leading to
a lower energy MLCT absorption. This argument is well
supported by the DFT-optimised frontier orbital density
distributions (Fig. S38), with the considerable localisation
of the LUMOs on the Pd character suggesting the potential
o-donor ability of the spectator ligands. The cathodic wave
of PdL; (-1.4 V) is rather unusual because pyridine is a
good pi-acceptor. The absence of oxidation waves explicitly
signifies the reactive nature of the reduced forms of Pd(II)
complexes [29].

Kinetic and mechanistic study
Concentration effect

The kinetics of displacing the chloro ligands with the
nucleophiles was studied using stopped-flow instruments by
examining the changes in the absorbance of the spectra (at
a befitting wavelength) with time, to produce kinetic traces.
Noteworthy, the traces generated the observed pseudo-first-
order rate constants (k) using eqn (S1, SI), indicating
that the reactions were first order. The obtained k¢ values
were plotted on different concentration of the nucleophiles
[Nu]. Plots of k., against [Nu] obtained for PdL,-PdL, at
298 K are given in Fig. S39-S42, respectively. Linear plots
of kg, on [Nu] with zero intercept were exhibited in all com-
plexes, suggesting irreversible or non-solvotic pathways. By
reducing the positive inductive effect, the reactions can best
be described by eqn (S3, SI). The rate constants, k, were
derived from the gradient of a plot of k,, on [Nu], and the
acquired values are provided in Table 1.

Table 1 The rate constants

O Complex Nu kz/M_1 s~ AH?/kJ mol™! -AS*/Jmol~! K~! AG7£25 o/kJ mol~!

(k,), activation enthalpy
éégj ) and entropy ECAS*) and PdL, Tu 595+10 14£1 14743 582
Gibsfre energy ofacivation LMet  218x4 2011 13423 60+2
complexes with the biological 5’-GMP 542 25+ 12943 6342
nucleophiles, in aqua solution PdL, Tu 432 +4 15+ 144 +3 57+1
(50 pM Tris—HCI buffer, L-Met 186 +4 201 13544 60+3
g 50 mM NaCl, 5-GMP 301 2541 13444 65+3
prE=s PdL, Tu 23743 2441 120+3 60+2
L-Met 105+2 311 103+4 62+3
5’-GMP 13+0.1 34+1 110+3 67+2
PdL, Tu 830+10 14+1 141+3 56+2
L-Met 38143 22+1 122+3 58+2
5’-GMP 88+1 22+1 134+3 62+2
PdL? Tu 6146+78 27+1 83+3 -
L-Met 2877+28 30+1 79+3 -
5’-GMP 927+13 30+1 86+4 -

#Data retrieved from ref [18]

@ Springer



658

JBIC Journal of Biological Inorganic Chemistry (2022) 27:653-664

The values of rate constant (k,) of complexes followed the
order: PdL,>PdL, > PdL; (Table 1). The observed reactiv-
ity is associated with the electronic abilities of the auxiliary
ligand(s). The higher reactivity of PdL, (S) in comparison to
both PdL, (NH) and PdL; (O) is due to the preference of Pd
atom (soft acid) to coordinate with the soft donor S atom as
opposed to NH and O atom (hard bases), leading to the elec-
tron accumulation in the bonding area and, thus, a stronger
o-bonding to the metal centre [30]. The consequence of this
is the weak and elongated bond trans to the Cl atom, which
accelerates reactivity rate [31, 32]. The Pd(1)-CI(1) bond
distances of solid-state structures of 2.293(2), 2.2574(4),
and 2.315(6) 1&, for PdL,, PdL; and PdL, (Table S2) sup-
port the argument.

The higher intrinsic reactivity of PdL, (NH) than PdL;
(O) is due to the better polarizability of NH (with larger
and more diffuse electron cloud) compared to O atom. On
the rows of the periodic table, polarizability decreases from
left to right [33]. Polarisability allows for easy movement of
electrons between the heteroatoms and Pd(II) ion (causing
a stronger sigma-bond), leading to the elongation of Pd—Cl
bond distance. The claims are supported by the shorter X-ray
bond distances of Pd(1)-NH of 2.065(7) (PdL,) in com-
parison to Pd(1)-O of 2.0849(12) A (PdLj;). The solid-state
structure Pd(1)—CI(1) bond length of 2.293(2) A for PdL,,
and 2.2574(4) A for PdL, are consistent with the proposi-
tion of an increased elongation of Pd—Cl bond. Likewise,
the computed bond lengths of Pd-heteroatoms and Pd—Cl for
PdL, and PdL; (Table S2) are in tandem with the observed
kinetic trend. Moreover, the higher polarizability of the het-
eroatoms in the complexes induces greater dipole moments
[34]. The observation agrees well with the computed dipole
moments of 15.538 (PdL,) and 14.226 (PdL;), Table S2.

The observed high reactivity of PdL in relation to PdL,
can be accounted for both by the electronic and steric influ-
ence of the spectator ligand(s). The out-of-square confor-
mations of PdL, compared to the rigid planar structure of
PdL, introduce steric effects, minimising facile nucleophilic
attack. This assertion is evidenced by the X-ray dihedral
angle of N(1)-Pd(1)-N(3), 89.81(8) ° (PdL,), which is
smaller than N(1)-Pd(1)-N(5), 93.5(3) ° (PdL,). Concern-
ing electronic effects, the pi-acceptor ability of the pyridine
moiety (PdL,) reduces electron cloud on the Pd(II) ion,
while the NH moiety (PdL,), a good sigma donor, donates
electrons to the metal centre [35-37]. The argument is
well supported by the DFT computed high positive NBO
charge of Pd atom in PdL; (0.443) in comparison to PdL,
(0.423), Table S3. This is further evidenced by the calcu-
lated lower AE| ypo-pomo for PAL; (4.024 eV) than PdL,
(4.128 eV), which makes a metal-to-ligand charge transfer
(MLCT) transitions easier (PdL,), Table S3. The AE back-
donations of 0.503 and 0.516 eV for PdL; and PdL,, respec-
tively, agree with the observed reactivity trend. Likewise,
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the chemical hardness (7), electrophilicity index (), and
nucleophilicity (¢). The kinetic reactivities of PdL,—PdL,
(with heteroatoms directly coordinated to the Pd(II) ion)
are lower than those of our previously published work (het-
eroatoms non-coordinated to the Pd(II) metal centre [18].
In our earlier work, the reactivities of the complexes are
largely influenced by the pi-back donation resulting in a
more electrophilic Pd(IT) metal centre, while in the present
study, the k, values were influenced by polarizability of the
heteroatoms. The rigid and planar nature of the complexes
in the previous study also contribute to their enhanced reac-
tivity, while the CH, linkers in the current work make the
complexes to deviate out of the of plane (as shown by the
DFT-planarity diagrams in Fig. S38). The entering ligands
Tu, L-Met and 5°-GMP, were studied due to their varied
electronic and steric demands, binding abilities, and bio-
relevance (Chart 1) [38, 39]. Nucleophiles Tu and L-Met
were employed as models for suphur-containing molecules,
which are plenty in the blood plasma. The molecule 5’-GMP
(nitrogen donor) was utilised as a representation for nucle-
obases binding. The reactivities for the incoming ligands
follow the order Tu < L-Met < 5’-GMP for all complexes.
Nucleophiles Tu and L-Met display greater reactivity to 5’-
GMP owing to the fact that soft acids such as Pd(II) ions
(which are very polarizable) prefer to form coordinate bonds
with sulphur atom [39]. Among the selected nucleophiles,
Tu demonstrated the highest reactivity since it is the least
voluminous ligand. The slightly greater reactivity of L-Met
can be explained by the electron releasing nature (positive
inductive effect) of the CH; substituents that enhances its
nucleophilicity. The least reactivity of 5’-GMP can also be
accounted for by its steric bulkiness in comparison to the
other two nucleophiles.

Temperature effect and iso-kinetic relationship

To establish AH?, AS* and AG*E25 «c» ky values were exam-
ined within the range of 25-45 °C with 5 °C interval. These
parameters were determined from the Eyring plots using
eqn (S4, SI). Ilustrative plots of PdL;—PdL, with the enter-
ing ligands are shown in Figs. S43—-S46, respectively. The
gradient and intercepts of the plots gave AH? and AS7,
respectively, and these values are presented in Table 1. The
negative AS” values can be attributed to the contribution
of the solvent electrostriction that elongates Pd—Cl bond
distance in the transition state solvation, increasing the
dipole moment of the complexes. Consequently, as shown
in Table S3, the dipole moment of PdL, in the transition
state is greater than those of complexes PdL, and PdL;. The
values of AS* get more negative with the small size of the
entering ligand (Tu), and this could be attributed to the con-
structive overlap between the van der Waals radii, creating
a penta-coordinate intermediate with a smaller nucleophile.
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The negative AS™ values indicate an associative mechanism
of substitution reaction [40].

Free energy relationships (i.e. linear free energy relation-
ships) was obtained from the plots of AH” versus AS™ using
eqn (S5, SI). The straight line of the plots indicated the pres-
ence of a linear free energy relationships near iso-kinetic
temperature. The slopes of the plots provided the iso-kinetic
temperature, T, (an arbitrary temperature at which similar
reactions proceed at the same rate), while the intercept gave
AG?. The T, was obtained at 450.22 K, while AG” was
computed at 79,695.21 kJ mol ™! (Fig. S46b). The magnitude
of AG" 5. values (Table 1) are comparable (with § AG",s o
~ (), demonstrating that the substitution reactions proceed
through the same mechanism, which is associative [41, 42].
Moreover, the graph shows a near-linear fit with R? value
of 0.9651, indicating a correlation between AH? and AS’&_

DNA interactions studies
Electronic absorption spectroscopic assay

DNA binding properties of PdL,—PdL, were examined
by UV-Vis spectroscopy. The electronic absorption spec-
tral curves for PdL;—PdLare provided in Figs. S47-S50,
respectively. The observed equilibration time for PA-DNA
complexes being less than 30 s. The titration curves show
that the addition of DNA results to hypochromism shift in
the absorption bands, indicative of the existence of inter-
calative binding mode [43]. The intrinsic binding constant,
Ky, was ascertained utilising eqn (S6, SI), and the free
energy (AG) of the complex-induced DNA, was quantita-
tively obtained from eqn (S7, SI), are presented in Table 2.
The computed K, values (ranging from 1.38 X 10° M~ to
5.54x 10> M~!) compare well with those of related Pd(II)
complexes in literature [44—46], and indicate strong bind-
ing affinity to DNA helix via intercalative binding mode.
The negative values of AG demonstrate that the interactions
between the Pd complexes and DNA occur spontaneously
[47, 48].

EB-DNA competitive measurements

Competitive binding titrations using EB-bound CT-DNA
were conducted to further understand the mode of inter-
actions between the metal complexes and DNA. Changes
in the fluorescence spectrum of EB-DNA with increas-
ing concentrations of PdL;—PdL, are presented in Figs.
S51-S54, respectively. Considerable decrease in the
emission intensity bands at 597 nm was noted with the
increasing amounts of individual metal complexes, indi-
cating that Pd- complexes can effectively compete with
EB for binding to DNA and thus affirming the interca-
lation of the complexes to base pairs of DNA [45, 46].
From the spectral data, the Stern—Volmer binding con-
stant (Ky) and the bimolecular quenching rate constant
(kq) were determined from eqn (S8, SI), Stern—Vol-
mer plots and the binding constants values are given in
Table 2. The K, values of (1.10-26.40 x 10° M~") were
10*- fold lower than that of the classical intercalator EB
(10 M), indicating that the complexes bind less strongly
than EB [49]. The apparent binding ability constant, K, ,
was derived from eqn (S9, SI). The 10°-10° M~! magni-
tudes of K, of PdL,—PdL, are lower than the classical
intercalators and metallo-intercalators binding constant
(10" M~1) [50], affirming moderate intercalating agents
to DNA. The k, values of 9.17x 10" M~! 5! for PdL,,
6.92x 10" M~ s~ for PdL,, 4.80x 10" M~! 57! for
PdL;, and 11.49x 10" M~ s7! for PdL, (Table 2) are
greater than the maximal limit of collisional (dynamic)
quenching rate constant (2.0x 10'° M~! s71), suggesting
the presence of static quenching mechanism [51]. The
DNA binding constant, Ky values, and the number of
binding sites per nucleotide, n, were computed from eqn
(S10, SI), and Scatchard plots. The calculated values are
provided in Table 2. The values of K, (magnitude 10> or
10°> M) are comparable with those of similar Pd- com-
plexes [45]. The n values are = to 1 (Table 2), implying
one binding site available in DNA. The order of the calcu-
lated competitive binding constants is in tandem with the
K, values and substitution kinetics trend.

Table 2 DNA binding constants derived from the UV-Vis and EB-DNA fluorescence experiments for the Pd complexes

Complex UV-Vis titration Fluorescence emission titration
K, (10°M 1 -AG™,s oo/k K, (10°M™ K,pp (10°M7H ky (10" M~ s7h Ke (10°M™h n
Jmol ™!

PdL, 4.99+0.50 32,51 2.11£0.13 10.76 +£0.77 9.17+£0.32 2.17+0.360.74
PdL, 3.66+0.41 31.74 0.59+£0.02 8.43+0.43 6.92+0.11 1.81+0.01 1.09
PdL, 1.38+£0.32 29.32 0.11+£0.01 0.80+0.15 0.48 £0.02 0.21+0.01 0.79
PdL, 5.54+0.51 32.77 2.64+£0.22 14.71£0.91 11.49+0.81 6.00+0.12 0.82
PdL* 55.3 - 5.43+0.21 2.96+0.19 23.6+2.70 1659 +13.00 1.34

?Data retrieved from ref [18]
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Protein-binding studies
Fluorescence quenching measurements

In the current study, BSA was chosen as the model protein
due to its high structural similarity with the human serum
albumin (HSA), incredible ligand binding abilities, and
availability. The fluorescence intensity of tryptophan moi-
ety was examined over the wavelength of 240-320 nm. As
shown in Fig. S55 (PdL,), Fig. S56 (PdL,), Fig. S57 (PdL5),
and Fig. S58 (PdL,)_the addition of metal complexes to
BSA solution led to a notable decline in the BSA emission
intensity at 281 nm (proving the biding of the complexes
with BSA in the hydrophobic cavity of subdomain IIA, i.e.
Trp 214). The binding constants, K, and kq, were obtained
from Stern—Volmer equation. Conversely, K and n values
were computed from the Scatchard equation and plots. The
values of Ky, kg, Kp, and n are given in Table 3. The K,
values in the order of 10° M™! of PdL,-PdL, were much
lower than the orders of 10’ M~! for classical intercalators.
This indicated that the process of interaction is not fully
controlled by diffusion, but may be assigned to the presence
of parallel quenching processes [52]. The obtained k,, values
(> 10" M~! s71), which are greater than those of dynamic
quenchers (2.0x 10! M~! s71), demonstrating the presence
of a static quenching [53], and a high quenching efficiency
of the complexes. The K values (& 10° or 10’ M™Y) for
PdL,-PdL, are within the ideal range and are high enough
to facilitate considerable attachment and transportation of
the complexes to the desired target cells [54]. The magni-
tudes of Ky, values (> 10° M~") which are high, imply the

Table 3 BSA binding constants and parameters for the Pd(II) com-
plexes

Complex K, x10°,M™" k,x10"”,M™'s™" Kgx10°M™" n

PdL, 2.12+0.13 9.22+0.51 6.70+0.11  1.08
PdL, 2.08+0.24 9.07+0.34 324+022 1.03
PdL; 1.35+0.21 5.85+0.33 1.00+0.12  1.17
PdL, 2.99+0.14 12.98+0.53 40.16+0.66  1.17

interactions of the complexes with the BSA are mainly due
to hydrophobic interactions (situated in the subdomain IIA
of BSA [55]). The n values of about 1 point to a single-bind-
ing site in each albumin. The order of the magnitude of BSA,
DNA and competitive binding constants match the kinetic
reactivity trends of the complexes (i.e. PdL,>PdL,>PdL;
and PdL; >PdL,) and this is attributed to both electronic
and steric effects. In general, DNA binding constants are
lower than those of our previously related compounds (with
the heteroatoms in the cis-positions) [18].

Biomolecular docking simulations

Molecular docking plays a great role in understand-
ing drug-receptor interactions [56]. The compounds
PdL,—PdL, were docked into the binding site of DNA as
depicted in Figs. S59 and S60. The properties of binding
within specific distance and binding energies of the metal
complexes are presented in Table 4. The docked energies of
the complexes were relatively the same (-12 + 0.7 kcal/mol),
with very favourable best-docked conformation. Complexes
PdL,-PdL, exhibited good binding affinities towards DNA.
The energy calculation results ranked PdL, as the most ener-
getically favoured interaction with DNA with a MM-GBSA
value of -50.59 kcal/mol, while PdL; is least favoured with
MM-GBSA value of -41.94 kcal/mol (Table 4). Though
PdL,—PdL, are non-planar (as depicted by the planarity
diagrams Fig.S38), their docked models (Fig. 2A show inter-
calative binding mode (proper intercalating gap), in tandem
with the experimental measurements.

The interactions of PdL,-PdL, with BSA are shown
in Figs.2A and S61. Interactions such as hydrogen bonds,
salt bridges, and hydrophobic interactions were observed
between BSA residues and atoms of PdL;—PdL,. The sim-
ulated docked energies follow the order PdL, (-9.5 kcal/
mol) > PdL; (-8.8 kcal/mol) > PdL, (-8.7 kcal/mol) > PdL,
(-8.4 kcal/mol). The MM-GBSA energy calculation proved
that the compounds were energetically favoured in the order
of PdL, (-59.53 kcal/mol) < PdL, (-61.24 kcal/mol) < PdL;
(-62.35 kcal/mol) < PdL; (-69.75 kcal/mol), Table S12.

Table 4 Interaction properties Complex Dock score MM-GBSA H-bond (A) Pi-cation (A)

of complexes: DNA—Pd(II)

complexes analysed by XP DNA-PdL, —125 —41.94 Thymine™ (2.24,2.76)  —

rvr‘;‘ﬁl‘ezer and MM-GBSA DNA-PdL, - 127 —43.42 Thymine™ (2.14) Adenine® (4.27, 4.37, 4.60)
DNA-PdL, -123 —49.33 Thymine” (2.20,2.22) Adenine® (3.72, 3.83)
DNA-PdL, —126 —50.95 - Adenine®® (3.29, 4.57)

Superscript numbers indicate the position of the base while letters show the type of strand. Numbers indi-
cated within brackets represent the distance of interacting atoms in Amstrong (A). The more negative
binding free energy, the stronger the binding affinity between DNA and PdL,-PdL,. Generally, the lower
relative binding energies of the complexes could be ascribed to their non-planar nature (as shown in DFT

computations, Fig. S38)
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/ BSA (PDB ID: 4F55)

Fig.2 A Docked poses of DNA-PdL,_, interactions, indicating inter-
calative mode of action corroborating the experimental results. B
3D Interaction diagrams of PdL,—PdL, with BSA 3D. Black dotted

S 0
s
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H,N NH,
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o
H H
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Chart3 Structures of the investigated biological donor nucleophiles

In vitro cytotoxicity assay

We next addressed the cytotoxicity of PdL,—PdL, against
two cell lines—the human cervical adenocarcinoma (HeLa)
and the transformed (immortalised) human lung fibroblast
(MRC-5 SV2) cell lines, with cisplatin as the reference
anticancer drug, employing the MTT assay protocol. The
cells were exposed to concentrations up to 100 uM for 48 h,
and the resultant viability data are shown in Fig. S62. The
standard drug, cisplatin, reduced cell viability significantly
in a concentration-dependent manner, with ICs, values
below 20 uM and 35 pM for the HeLa and MRC-5 SV2
cells, respectively (Table 5). However, despite having rea-
sonable DNA/BSA interactive capabilities (Tables 2 and 3),
PdL,-PdL, were not quite active (cytotoxic) against the

line represents hydrogen bond while pink dotted lines represent salt
bridge interaction

Table 5 ICs, values for the effects of the Pd(II) complexes against
Hela and MRC-5 SV2 cell lines

Cell line IC5y (uM)

PdL1 PdL2 PdL3 PdL4 Cisplatin
HeLa >100 >100 >100 >100 193+04
MRC-5 SV2 >100 >100 >100 > 100 31.1+6.4

Note: Values are Mean+SEM (n=3). The compound cisplatin was
used as a positive control (based on the MTT assay)

two cell lines (ICs, values > 100 uM), Table 5. This low
cytotoxicity may be attributed to the presence of the meth-
ylene linkers, which reduces the aromaticity and planarity
of the spectator ligands [57-59]. In addition, the relatively
low kinetic reactivity of the complexes (k, ~ magnitude
102) could account for their lower cytotoxic effects, since
some degree of kinetic reactivity is required for the drug to
reach the DNA target [60]. From our previous studies Pd(II)
complexes with k, values ranging from 10? to 10* displayed
better cytotoxic potency comparable to cisplatin [18, 61].

Conclusions

In this current work, a set of Pd(IT) complexes bearing pyra-
zol-1-yl ligands have been successfully prepared and struc-
turally characterised by numerous spectroscopic techniques.
The crystal structures of the studied complexes showed
square-planar coordination geometry. The electrochemi-
cal studies of PdL,-PdL, reveal irreversible, two-electron
reduction reactions. The substitution kinetics of the com-
plexes are associated to the trans-effects of the atoms on the
carrier ligand(s), with PdL, displaying the highest kinetic
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reactivity, while PdL; demonstrates the lowest reactivity.
The trend of kinetic reactivity was substantiated by DFT
results. The values of activation parameters for PAL,~PdL,
(AH” >0, AS* <0) signify associative mechanism for the
substitution process. The examined complexes have strong
affinity towards DNA through a non-covalent binding known
as intercalative mode, consistent with the bio-molecular sim-
ulations. BSA binding parameters conclude reasonable bind-
ing of the complexes to protein, suggesting that BSA can act
as a carrier protein for the complexes. MM-GBSA energy
calculations reveal good binding strength of the complexes
to BSA. However, the complexes displayed minimal in vitro
cytotoxicity (with ICs, values > 100 uM), highlighting the
fact that effective DNA/BSA of metal complexes alone is not
enough to guarantee cytotoxicity.

Experimental section

Preparation and characterisation of Pd(ll)
complexes

[{2,6-bis((1H-pyrazol-1-yl)methyl)pyridine]PAC1}|BF ,
(PdL,;). Ligand L; (0.10 g, 0.39 mmol) was added to a solu-
tion of [PdCl,(NCMe)], (0.10 g, 0.39 mmol) and NaBF,
(0.04, 0.39 mmol) in CH,Cl, (30 mL) to afford a yellow solu-
tion. The mixture was stirred for 12 h and filtered to remove
the precipitate of NaCl through a short pad. To the filtrate
Et,O (10 mL) was added to obtain PdL,; as a yellow solid.
Single-crystals of PdL; were obtained by allowing Et,O to
diffuse into concentrated solution of CH,Cl,. Yield: 1.1 g
(60%). "H NMR (400 MHz, DMSO-dy): &y (ppm): 6.10 (s,
4H, CH,); 6.63 (t, *J;y=3.3, 2H, pz); 7.92 (dd, J,;;;=3.3,
2H, pz); 7.95 (d, 3Ty =7.8, 2H, pz); 8.30 (dd, *J;;;;=3.3,
2H, py); 8.37 (t, *J,y="7.8, 2H, py). '*C NMR (DMSO-dy):
oC (ppm): 60.13; 107.8; 121.42; 137.21; 139.01; 148.11;
156.85. FT-IR (cm™'): v(C-H)=23080; v(C=C)=1510;
v(C=N)=1415; o(C-N)=1071. TOF MS/ES*, m/z (%) 381
(M*, 100). Anal. Caled (%) for C,3H,;BCIF,NsPd: C, 33.37,
H, 2.80; N, 14.97. Found (%): C, 33.63; H, 2.58; N, 15.17.

Complexes PdL,-PdL, were prepared based on the same
synthetic method described for PdL;.

[{bis[2-(1H-pyrazol-1-yl)ethyl]Jamine}PACI|BF , (PdL,): L,
(0.16 g, 0.78 mmol), [PdCI,(CH;CN),] (0.20 g, 0.78 mmol)
and NaBF, (0.08 g, 0.78 mmol). Yellow solid. Crystals for
PdL, were attained from slow evaporations of concen-
trated CH,Cl, solutions. Yield: 0.28 g (83%). '"H NMR
(400 MHz, DMSO-dy): 8y (ppm): 2.97-3.03 (m, 4H, CH,);
4.54-4.60 (m, 2H, CH,); 4.82-4.89 (m, 2H, CH,); 6.54 (t,
3up=2.0, 2H, pz); 7.13 (s, 1H, NH); 8.00 (dd, *J;;;;=2.0,
2H, pz); 8.15 (d, *Jyz=2.0, 2H, pz). '>*C NMR (DMSO-
dg): 8C (ppm): 49.50; 49.89; 106.94; 134.99; 143.05. FT-IR

@ Springer

(em™h): v(C-H) =3096; v(C=C)=1520; v(C=N) = 1408;
v(C-N)=1035. LC MS/ESI*, m/z (%) =346 [M*, 100]; 692
[M™, 10]. Anal. Calced. (%) for C,,H,sBCIF,NsPd: C, 27.68;
H, 3.48; N, 16.14. Found (%): C, 27.44; H, 3.78; N, 15.80.

[{bis-2-(1H-pyrazol-1-yl)ethyl]ether}PdCI]BF , (PdL;):
L; (0.16 g, 0.78 mmol), [PdCI,(CH;CN),] (0.20 g,
0.78 mmol) and NaBF, (0.08 g, 0.78 mmol). Single-crystals
were obtained by slow evaporation of Et,O into saturated
CH,Cl, solutions. Yield: 0.29 g (85%). 'H NMR (400 MHz,
DMSO-de): 8 (ppm): 3.51 (d, *Jyy=10.0, 2H, CH,); 4.24
(t, 3Ty = 10.0, 2H, CH,); 4.59 (d, 3Jyy=12.1, 1H, CH);
4.71 (d, 3Ty =10.0, 2H, CH,); 4.99 (t, *Jyy=12.1, 1H,
CH); 6.51 (t, *Jyyy;=2.4, 1H, pz); 6.58 (t, 3Jyy=2.4, 1H,
pz); 8.06 (d, 3y =2.3, 1H, pz); 8.12 (d, *J,;y=2.3, 1H, pz);
8.20 (d, *Jyy;=2.0, 1H, pz); 8.57 (d, *Jjy;=2.0, 1H, pz). 1°C
NMR (DMSO-d): 8C (ppm): 51.61; 52.30; 69.58; 70.13;
107.07; 107.66; 135.43; 136.66; 141.37; 142.43. FT-IR
(cm™): 0(C-H)=3107; o(C=C)=1511; o(C=N)=1412;
v(C-0)=1275; v(C-N)=1049. LC MS/ESI*, m/z (%) =347
[M™, 100]. Anal. Calcd (%) for C,,H,,BCIF,N,OPd: C,
27.62; H, 3.24; N, 12.88; O, 3.68. Found (%): C, 27.43; H,
3.16; N, 12.49; O, 3.82.

[{bis[2-(1H-pyrazol-1-yl)ethyl]sulphide}PdCIl]BF ,
(PdL,). L, (0.17 g, 0.78 mmol), [PdCl,(NCMe)], (0.20 g,
0.78 mmol) and NaBF, (0.08 g, 0.78 mmol). Yellow solid.
Single-crystals were acquired by the diffusion of Et,O into
CH,Cl, solution. Yield: 0.3 g (85%). '"H NMR (400 MHz,
DMSO-dy): 8; (ppm): 3.36 (d, *J;=2.8, 2H, CH,); 3.63
(q, 3Ty =2.8, 2H, CH,); 5.06 -5.11 (m, 2H, CH,); 5.24—
5.31 (m, 2H, CH,); 6.58 (t, *Jy; =2.0, 2H, pz); 8.01 (d,
Vg =2.0, 2H, pz); 8.19 (d, 3y =2.0, 2H, pz). *C NMR
(DMSO-dy): 6C (ppm): 36.14 (CH,); 52.31; 107.63; 135.99;
144.03. FT-IR (cm™!): o(C-H)=3142; o(C=C)=1515;
v(C=N)=1415; o(C-N)=1058; v(C-S)=776. LC MS/
ESI*, m/z (%) =364 [M*, 100]. Anal. Calcd (%) for
C,oH4BCIF,N,PdS: C, 26.63; H, 3.13; N, 12.42; S, 7.11.
Found (%): C, 26.94; H, 2.87; N, 12.57; S, 7.39.

Supplementary information

Experimental procedures and analytical data for the com-
pounds (NMR and FT-IR spectroscopic spectral data, mass
spectral, and X-ray crystallography data and files) and bio-
logical graphs and Tables are contained in the supporting
information. The crystallographic data entries are deposition
numbers: 2107406-2107409 for PdL,—PdL,, respectively.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-022-01959-y.
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