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A B S T R A C T   

A series of 1,3-bis(2-arylimino)isoindoline Pd(II) complexes core viz.; Chlorido(1,3-bis(2-pyridylimino) 
isoindoline)palladium(II), Pd1, Chlorido(1,3-bis(4-methyl-2-pyridylimino)isoindoline)palladium(II), Pd2, 
Chlorido(1,3-bis(2-pyridylimino)benz(f)isoindoline)palladium(II), Pd3 and Chlorido(1,3-Bis(1- 
isoquinolylimino)isoindoline)palladium(II), Pd4 were synthesized, appropriately characterized and the crystal 
structure of Pd2 elucidated. The kinetics and mechanism of the substitution of the chloride ligand with thiourea 
ligands, Tu, Dmtu and Tmtu, from the complexes were investigated under pseudo-first-order conditions. The 
analyses were performed using stopped-flow analyzer or UV–visible spectrophotometer. The reactions proceeded 
through two consecutive steps for most complexes with exception of Pd4 showing only a single step. The sub
stitution rates followed the order: Pd1>Pd2>Pd3>Pd4 due to varying degrees of steric influences and 
σ-/π-donations caused by the methylation and benzannulation on the cis-/trans-positions of the pyridyl rings of 
the BPI. The quenching of the fluorescence of CT-DNA/EB by the Pd(II) complexes suggests static quenching 
mechanism. The simulated docking of the complexes onto CT-DNA suggests they bind mainly in the minor 
grooves of DNA. The UV–Visible absorption titrations and quenching of tryptophan (Trp) fluorescence of BSA by 
the complexes depict reasonable interactions which occur mainly in the hydrophobic domains of the former. The 
order of strength of the interaction of the complexes with DNA or BSA is consistent with the rates of substitution 
kinetics.   

1. Introduction 

Designing less toxic antitumour-active Pd(II) drugs remains a chal
lenge because their rates of ligand exchange are 102–105 times higher 
than their analogous Pt(II) compounds.[1] To reduce the toxicity asso
ciated with highly reactive Pd(II) complexes towards biological nucle
ophiles, strong σ-/π-donor N^N^N chelators with a measurable steric 
hindrance at the lateral positions are needed in the design of Pd(II) drug 
candidates that are moderately inert towards substitution. Such struc
tural modifications of the non-leaving ligand can slow down the rate of 

substitution and thus stabilize the complexes against deactivation by 
biological nucleophiles. This can ensure better prospects of the Pd(II) 
complexes reaching and ultimately interacting with DNA, the target for 
their antitumour action.[2] At the same time, side reactions that man
ifest toxicity are also reduced.[3]. 

The 1,3-bis(2-pyridylimino)isoindolines (BPIs) are one such class of 
strong σ-/π-donor N^N^N chelators that can potentially bring moderate 
inertness to their Pd(II) complexes. BPIs are pincer-type tridentates, 
whose chemistry has attracted great interest from the time they were 
discovered in the 1950 s due to their special coordination.[4] BPIs 
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coordinate as monoanionic tridentates (N^N^N) to form octahedral and 
square-planar complexes with most metal ions in the transition group 
such as Ru(II/III), Pt(II) and Pd(II)[5] among others.[5b,6] Most of these 
complexes bear twin and flexible six-membered chelates around the d8 

metal ions and have near-perfect bite angles. Some of the complexes 
have found applications in catalysis[7] electrochemical and photo
physical applications [5c,8]. However, there are no literature reports on 
their biomedical applications. In particular, their anti-tumour activity is 
unreported, yet some of the free BPI ligands have been reported to have 
anticancer activity.[9] Literature data on substitutional lability of Pt 
(BPIs) complexes is still scanty.[10] Therefore, studying the rates of 
ligand substitution from these complexes could be very insightful in 
designing and discovering BPI-ligated Pt(II)/Pd(II) complexes with 
antitumour potential. 

From a coordination point of view, terpyridyl or its conjugated de
rivatives make a good reference class of N^N^N chelators for forming 
stable Pd(II)/Pt(II) complexes. Unlike the Pd(II)/Pt(II)(BPIs) complexes, 
their terpyridyl analogues are rigid and form twin 5-membered chelates 
with notable acute bite angles. These complexes are highly reactive. 
Benzannulation of the core N^N^N of the ligand on different positions of 
the pyridyl rings can increase or lower the substitution rate, in keeping 
with the respective position. For example, when one or both lateral 
pyridyl rings of the ligand, N^N^N, is/are changed to a deprotonated 
phenyl group (a strong σ-donor cis to the labile ligand), the rate of 
substitution is reduced.[11] However, the rate is increased when the 
strong σ-donor phenyl ring is positioned trans to the labile ligand group 
due to the ground state trans-labilizing effect.[12] Furthermore, when 
terpyridine ligand is extended by π-conjugation through the incorpora
tion of an additional ring to increase the π-surfaces, reactivity is also 
increased due to charge dissipation through π-back bonding from the 
metal’s dπ-orbitals into the π*-orbitals of the N^N^N ligand.[12–13] 
However, benzannulation via the cis positions lowers the substitution 
rate because of the poor π-acceptability characteristics of the benzo
pyridines compared to pyridines.[14]. 

Notably, the incorporation of methylene bridging groups,[1b,15] for 
example between the terpyridyl results in a flexible and steric imposing 
tri(pyridyl)dimethane (tpdm)[15a] ligand also known to form six- 
membered chelates around the central metal atom just like the BPIs. 
By comparing the substitution rate constants in several related Pd(II) 
complexes,[16] it was demonstrated that the rates could reduce by up to 
six orders of magnitude[15a] due to steric-imposing effects. On the other 
hand, comparative retardation factors for the analogous Pt(II) com
plexes were lower by a small factor of about 10.[15b]. 

Other studies that explored the reactivity of several N^N^N chelated 
Pt(II) complexes when the ligands formed six-membered flexible che
lates incorporating azaindole units,[1a,15a,17] also reported a similar 
decrease in the substitution rates in comparison to the reference com
plex, Pt(II)(terpy)Cl]+.[17b,d] A combination of an out-of-plane steric 

effect due to the relatively flexible ligands and a strong π-donation of the 
pyrollic-N of the azaindoles at the cis positions synergistically lowered 
the rate of substitution. In another study, the substitution rates from [Pt 
(II)(1,3-bis(2-pyridylimino)isoindolate)Cl]+ and its analogues for which 
the π-conjugation of their non-leaving ligands was increased, were 
compared to that of Pt(II)(terpy)Cl]+.[10] The former complexes were 
found to be relatively more inert. Also important in slowing the reac
tivity of the derivatives relative to the reference Pt(II)(terpy)Cl]+ com
plex, is the featuring of sterically bulky aromatic groups or site-shielding 
ancillary substituents at the lateral positions of the terpyridyl-based 
N^N^N ligand.[17b,c] These groups can effectively block the facile 
approach of the entering nucleophile towards the coordinated metal. 
This steric effect conferred by proximal groups onto the leaving group 
can dominate over electronic factors for the kinetic control of the sub
stitution reaction.[18]. 

As a build-up to this knowledge, Pd(II) complexes coordinated with 
BPIs as flexible, six-membered core N^N^N ligands (shown in Fig. 1) 
were synthesized and kinetically studied using bio-relevant thiourea 
nucleophiles to establish their structure–reactivity relationships. Thio
urea nucleophiles were chosen due to their exemplary high aqueous 
solubility, different nucleophilicity, variable steric hindrances, neutral 
donor character, binding properties as well as their biological relevance. 
[19] Moreover, sulfur-donor nucleophile exhibit the combined proper
ties of thioethers (π-donor and σ-acceptor) and thiolates (σ-donor) in 
their substitution reactions.[19a,20]. 

The structures of the BPIs were varied through, the addition of the 
methyl groups at the 4,4′-positions of the cis-pyridyl coordinated units, 
or through benzannulation either at the isoindolate head (trans to 
leaving group) or at the bis(pyridyl) rings (cis positions to the leaving 
group). Density function theory (DFT) calculations were done to provide 
more information to help understand the trends observed in the rates of 
substitution. The biomolecular titrations of the complexes were probed 
to determine their mode of action (i.e. groove binding, intercalation, or 
covalent binding) with the target, thymus DNA (CT-DNA). Additionally, 
we evaluated the protein binding properties of the complexes to asses 
their ease of transportation, distribution and metabolism in the plasma. 

2. Experimental 

2.1. Materials and methods 

Syntheses were done using standard Schlenk techniques in the 
presence of nitrogen atmosphere. 1,2-dicyanobenzene, 1,3-diiminobenz 
(f)isoindoline, 1-butanol, triethylamine (NEt3), 2-amino-4-methylpyri
dine, 2-aminopyridine, 1-aminoisoquinoline, anhydrous 1-butanol, 
thiourea nucleophiles, and benzene were purchased from Aldrich. 
Dichloro(1,5-cyclooctadiene)palladium(II) [Pd(COD)Cl2, 99%], anhy
drous calcium chloride (CaCl2), and Bis(benzonitrile)dichloropalladium 

Fig. 1. Structures of the Pd(II) complexes studied.  
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(II), (C6H5CN)2PdCl2, 95% were used as received from Sigma-Aldrich. 

2.2. Ligands syntheses 

The ligands, 1,3-bis(2-pyridylimino)isoindoline, L1, and 1,3-bis(4- 
methyl-2-pyridylimino)isoindoline, L2, [21] 1,3-bis(2-pyridylimino) 
benz(f)isoindoline, L3, [6a] and 1,3-bis(1-isoquinolylimino)isoindoline, 
L4, [5c,22] were synthesized following standard literature procedures. 
The details of their synthetic procedures and characterization are given 
as notes, NSI 1, in the Electronic Supplementary Information (ESI‡). 

2.3. Synthesis of complexes 

The Pd(II) complexes; Pd1, Pd2, Pd3 and Pd4 were synthesized 
following published procedures.[5b, 5c, 5e, 7]. 

2.3.1. Chlorido(1,3-Bis(2-pyridylimino)isoindoline)palladium(II), Pd1 
Pd(COD)Cl2 (142.8 mg, 0.5 mmol) was added into a stirring solution 

of L1 ligand, 1,3-bis(2-pyridylimino)isoindoline (149.5 mg, 0.5 mmol) 
in methanol (20 mL) and triethylamine, NEt3 (70 μL, 0.5 mmol) added. 
The mixture was heated to 50 ◦C under nitrogen atmosphere for 24 h. 
The mixture was cooled and the precipitate formed was filtered off. The 
water-leached solid was further purified by washing and the crude 
product obtained was recrystallized from dichloromethane/n-hexane 
yielding a bright yellow solid. Yield: 110 mg (50 %). 1H NMR (400 MHz, 
CDCl3, ppm) δ = 9.88 (m, 2H), 8.06 (m, 2H), 7.86 (m, 2H), 7.63 (m, 4H), 
7.09 (m, 2H). 13C NMR (100 MHz, CDCl3, ppm) δ = 153.9, 152.3, 120.0, 
122.6, 126.7, 131.7, 138.0, 138.4, 139.5. TOF-MS ESI+ m/z = 461.9970 
(M + Na)+. Anal. Calc. for C18H12N5PdCl: C, 49.11; H, 2.75; N, 15.91. 
Found: C, 48.72; H, 2.39; N, 15.92. 

2.3.2. Chlorido(1,3-Bis(4-methyl-2-pyridylimino)isoindoline)palladium 
(II), Pd2 

To a mixture of Pd(PhCN)2Cl2 (767.1 mg, 2.0 mmol) and L2 ligand, 
1,3-bis(4-methyl-2-pyridylimino)isoindoline (654 mg, 2.0 mmol) in 
benzene (20 mL), triethylamine, NEt3 (279 μL, 2.0 mmol) was added. 
The mixture was then stirred at room temperature under a nitrogen 
atmosphere for 2 days. The precipitate product observed was separated 
by filtration. The solid was washed three times with water (50 mL) and 
thereafter recrystallised from a dichloromethane/n-hexane solution 
mixture yielding a yellow-ochre solid. Single crystals of Pd2 of good 
quality for X-ray diffraction analysis were obtained via recrystallization 
from slow evaporation of its chloroform solution. Yield: 150.8 mg (16.1 
%). 1H NMR (400 MHz, CDCl3, ppm): δ = 9.70 (d, 2H), 8.02 (m, 2H), 
7.61 (m, 2H), 7.42 (s, 2H), 670 (m, 2H), 2.42 (s, 6H). 13C NMR (100 
MHz, CDCl3, ppm) δ = 153.1, 152.1, 151.6, 149.4, 138.1, 131.6, 126.9, 
122.4, 121.5, 20.9. TOF-MS ESI+ m/z = 469.9752 (M + H)+. Anal. Calc. 
for C20H16N5PdCl: C, 51.30; H, 3.44; N, 14.96. Found: C, 51.33; H, 3.11; 
N, 15.29. 

2.3.3. Chlorido(1,3-Bis(2-pyridylimino)benz(f)isoindoline)palladium(II), 
Pd3 

To a mixture of Pd(COD)Cl2 (142.8 mg, 0.5 mmol) and ligand L3, 
1,3-bis(2-pyridylimino)benz(f)isoindoline (174.5 mg, 0.5 mmol) in 
methanol (20 mL), triethylamine, NEt3 (70 μL, 0.5 mmol) was added. 
The mixture was then heated to 50 ◦C under a nitrogen atmosphere for 2 
days. The mixture was left to cool to room temperature and the 
precipitated solid was separated by filtration. The solid was washed 
three times with water (50 mL) to remove impurities. The washed pre
cipitate was recrystallised from a dichloromethane/n-hexane solution 
mixture yielding a yellow solid. Yield: 133.3 mg (54.4 %). 1H NMR (400 
MHz, CDCl3, ppm) δ = 9.85 (m, 2H), 8.50 (s, 2H), 8.05 (q, 2H), 7.85 (m, 
2H), 7.64–7.59 (m, 4H), 7.06 (m, 2H). 13C NMR (125 MHz, CDCl3, ppm) 
δ = 153.9, 153.6, 152.3, 139.3, 131.1, 134.0, 130.0, 128.0, 126.5, 
123.0, 119.6. TOF-MS ESI+ m/z = 954.9501 (2 M + Na)+. Anal. Calc. for 
C22H14N5PdCl: C, 53.90; H, 2.88; N, 14.29. Found: C, 53.78; H, 2.76; N, 

13.99. 

2.3.4. Chlorido(1,3-Bis(1-isoquinolylimino)isoindoline)palladium(II), Pd4 
To a mixture of Pd(COD)Cl2 (142.8 mg, 0.5 mmol) and ligand L4, 

1,3-bis(1-isoquinolylimino)isoindoline (199.5 mg, 0.5 mmol) in meth
anol (20 mL), triethylamine, NEt3 (70 μL, 0.5 mmol) was added. The 
mixture was stirred at 50 ◦C under a nitrogen atmosphere for 2 days. The 
mixture was left to cool to room temperature and the precipitated solid 
was separated by filtration. The solid was washed three times with water 
(50 mL) to remove impurities. The washed precipitate was recrystallised 
from a dichloromethane/n-hexane solution mixture yielding an orange 
solid. Yield: 98.7 mg (36.5 %). 1H NMR (400 MHz, CDCl3, ppm) δ = 9.74 
(d, 2H), 9.32 (d, 2H), 8.29 (q, 2H), 7.84 (d, 2H), 7. 83 (d, 2H), 
7.76––7.72 (m, 4H), 7.41 (d, 2H). 13C NMR (125 MHz, CDCl3, ppm) δ =
151.0, 145.4, 138.4, 137.1, 132.5, 131.8, 128.4, 128.2, 127.9, 126.9, 
122.9, 118.1. TOF-MS ESI+ m/z = 855.3387 (M + 4DMSO + 3H)+. Anal. 
Calc. for C26H16N5PdCl: C, 57.80; H, 2.98; N, 12.96. Found: C, 57.51; H, 
2.66; N, 12.93. 

2.4. Instrumentation and physical measurements 

1H and 13C NMR spectra were obtained from either a Bruker Avance 
DPX 400 or a DPX 500 NMR with a 5 mm BBOZ probe at 30 ◦C. A Waters 
TOF Micro-mass LCT Premier or a Shimadzu LC-MS 2020 spectropho
tometer fitted with an electron spray ionization in the positive mode 
(ESI+) was used for mass spectroscopic analysis. The respective mass 
and NMR spectra for the complexes and ligands are shown in Figures SI 
1–21, ESI‡. For elemental analysis of the ligands and complexes, a Carlo 
Erba Elemental Analyzer 1106 was used while the single-crystal X-ray 
structure of Pd2 was solved on a Bruker Apex Duo fitted with an 
Incoatec microsource operating at 30 W power and an Oxford In
struments Cryojet operating at 100(2) K. A Cary 100 Bio UV–visible 
spectrophotometer was used for pre-determination of suitable wave
lengths which were used for monitoring each substitution reactions and 
measuring the rate constants for slower reactions. An Applied Photo
physics SX 20 stopped-flow reaction analyzer coupled to an online data 
acquisition system was used for quantifying fast reaction rate constants. 
The instrument was thermo-controlled within ± 0.1 ◦C. 

2.5. X-ray crystallography 

A suitable crystal (0.34 × 0.22 × 0.14) mm3 was selected and 
mounted on a MITIGEN holder in paratone oil on a Bruker APEX-II CCD 
diffractometer. The crystal was kept at T = 100(2) K during data 
collection. Using Olex2,[23] the structure was solved with the ShelXS- 
2013[24] structure solution program, using the direct solution method. 
The model was refined with version 2016/6 of ShelXL[25] using Least 
Squares minimization. The crystal structure was deposited (CCDC 
number 1829125) at Cambridge Crystallographic Data Centre. 

2.6. Computational analysis 

The DFT minimum energy geometric structures were computed by 
the Gaussian 09 program suite[26] using the B3LYP (Becke 3-Lee-Yang- 
Parr) functional method,[27] utilizing the LANL2DZ (Los Alamos Na
tional Laboratory 2 Double ζ)[28] as the basis set. The influence of the 
solvent on the geometry of the complexes was evaluated in ethanol via 
the single-point computation using the conductor-like polarizable con
tinuum model (C-PCM).[29] All the complexes were modelled as neutral 
metal compounds in their singlet state. The calculated geometric and 
electronic empirical data was correlated to the observed kinetic trends. 

2.7. Kinetic analysis 

The Pd(II) complexes were prepared by first dissolving accurately 
weighed amounts in a few drops of THF and then topped up to 100 mL 
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using water containing 10 mM NaCl, to achieve a final concentration of 
1.0 × 10-4 M. The solvent containing NaCl was used to prevent solvolysis 
since it does not easily coordinate to square planar d8 ions.[30] Fresh 
solutions of the nucleophiles which were 50–10 folds more concentrated 
than each Pd(II) complex were made by dissolving weighed amounts of 
each nucleophile in the same solvent system as used for the complexes 
and were diluted accordingly. The excess concentration folds in each 
nucleophile over the complex were used to maintain pseudo-first-order 
reaction conditions. 

Suitable wavelengths at which the kinetic reactions could be moni
tored were predetermined spectrophotometrically by recording the 
spectral changes between 800 nm and 200 nm for all reactions between 
each complex and the nucleophiles. The wavelengths at which each 
reaction was monitored are presented in Table SI 1, ESI‡. Reactions that 
were studied on the Stopped-flow analyzer (τ less than 16 min) were 
initiated by an automated mixing of equal volumes of the complex and 
ligand solutions directly into the stopped-flow reaction cell while those 
reactions run on the UV–visible absorption spectrophotometer were 
initiated through manual mixing of the thermally pre-equilibrated so
lutions in a tandem cuvette. The rate constants were measured under 
pseudo-first-order conditions as a function of each nucleophile concen
tration [Nu] at 25 ◦C as well as the temperature-dependent reactions in 
the range between 20 ◦C and 40 ◦C at 5 ◦C intervals. 

2.8. DNA and protein binding experiments 

2.8.1. UV–Visible absorption and fluorescence spectroscopy 
The UV–Visible absorption titrations of CT-DNA and the quenching 

of the fluorescence of CT-DNA/ethidium bromide (EB) with the com
plexes were carried out according to the previously reported literature 
procedures.[1b,31]. 

2.9. Molecular docking details 

Molecular docking of the complexes onto DNA or BSA was carried 
out using the AutoDock Vina software suite.[32] The crystal structures 
of DNA (PDB ID: 1Z3F) and BSA (PDB ID: 4F5S) were obtained from the 
protein data bank (http://www.rcsb.org/) at a resolution of 1.60 and 
2.47 Å, respectively. The structures were refined by removing hetero 
atoms, solvent molecules (H2O), and cofactors. Polar hydrogen atoms as 
well as Kollman charges were added to the structures. The Gasteiger 
charges were also computed for each atom, while non-polar hydrogens 
were merged into carbon atoms. The coordination spheres of the Pd(II) 
complexes were generated from DFT calculations, and the optimized 
geometry was converted to PDB format with the help of GaussView 5.0 
software. The complexes and receptors were prepared using AutoDock 
Tools. In the post-docking analysis, the binding sites of the complexes 
were constrained to the entire receptor with a grid spacing of 0.375 Å. 
BIOVIA Discovery Studio Visualizer 2022 package was used to produce 
molecular animations, atomic interaction measurements, and structural 
images. 

3. Results and discussion 

3.1. X-ray analysis 

The X-ray crystal structure for the Pd2 (C20H16ClN5Pd) complex is 
depicted in Fig. 2, while the crystallographic data, refinement structure 
parameters as well as selected bond lengths and angles of the complex 
are shown in Tables SI 2, and SI 3 in ESI‡, respectively. 

In the crystal structure of Pd2, the Pd(II) metal ion is coordinated in a 
tridentate fashion to the N1, N3 and N5 atoms of the L2 ligand at dis
tances of 2.057(6), 1.964(1) and 2.061(2) Å, respectively. The fourth 
coordination site is occupied by the chloride atom at a bonding distance 
of 2.339(1) Å. These bond lengths are within the range observed for 
other [Pd(II),(BPI)Cl]+ complexes. [5b,5e,7,33] The central Pd–N3 bond 

distance is noticeably shorter than the other two Pd–N bond lengths. 
This is attributed to the increased ionic nature of the bond [7] because of 
the largely localized negative charge at the N3.[34]. 

The coordination geometry of the Pd2 complex adopts almost a 
perfect square-planar. However, the Pd–Cl bond is slightly displaced 
from the PdN1N3N5 plane. The bite angle (N1–Pd–N5) of the ligand is 
172.17(6)◦, which is a slight deviation from linearity (180◦). This is as 
expected of the six-membered flexible chelates of the [Pt/Pd(II)(BPI)X]+

complexes. However, the angle N3–Pd–Cl1, is markedly non-linear at 
165.27(5)◦ and is attributed to the repulsive interactions between the 
ortho-hydrogen atoms of the pyridyl groups and the coordinated chlo
ride atom.[7] These bond angles (presented in Table SI 3, ESI‡) are 
comparable to the DFT-calculated values of the angles N1–Pd–N5 
(169.677◦) and N3–Pd–Cl1 (164.264◦) shown in Table 2. The Pd2 cat
ions pack as inversion dimers, with no metal–metal interactions as 
evidenced by a longer Pd–Pd distance (6.3601(6) Å) compared to the 
minimum separations distance (4 Å) required for effective intermetallic 
interactions.[35] However, there exist non-conventional intermolecular 
linkages through C20–H⋅⋅⋅Cl1 and C17–H⋅⋅⋅C9 as presented in Figure SI 
22, ESI‡. These are mainly the weak van der Waals type. In addition, as 
illustrated in Figure SI 23, ESI‡, Pd2 cations pack in columnar stacks, 
and the packing compares well with that reported in the literature for a 
related Pd(II) complex [5e]. 

3.2. DFT analysis 

The geometry-optimized structures of the Pd(II) complexes, images 
of HOMOs, LUMOs, planarity and extracts of calculated data are shown 
in Tables 1 and 2, respectively. 

The mappings of the frontier orbitals in Table 1 show that the LUMOs 
encompass the entire complex, while the electron isodensities of the 
HOMOs are projected predominantly over the bis(pyridyl)imino-2,5- 
pyrrolate moieties of the BPIs as well as Pd–Cl bond. These MOs are 
derived from the π-system of the bis(pyridyl)imino-2,5-pyrrolate of the 
BPIs, the 3p-orbitals of Cl atom as well as from 4d-orbitals of the Pd atom 
and seem to be dictating the magnitude of the HOMO energies. 

The methylation in the 4/4′-positions at the lateral pyridyl rings of 
the BPIs raises the HOMO energy from − 6.209 eV (for Pd1)) to − 6.133 
eV (for Pd2). Similarly, benzannulation of the lateral rings raises the 
HOMO energy from − 6.209 eV (for Pd1) to − 6.197 eV (for Pd3) and −
6.104 eV (for Pd4). Thus, methylation of the lateral pyridines and 
benzannulation increase the electron density of the BPI core, leading to 
the destabilization of their HOMO energies. This is attributed to 
increased electron repulsions in the occupied molecular orbitals. The 
HOMOs’ mappings for these complexes are comparable to those 

Fig. 2. The structure of Pd2 showing the atom numbering scheme. The 
displacement ellipsoids of atoms are shown at the 50% probability level. 
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reported for Pt(II) complexes [5c,8]. 
The LUMOs encompass π* MOs admixtures, derived from the phenyl 

moieties (for Pd1, Pd2 and Pd4) or naphthyl (for Pd3) and the bis 
(pyridyl)imino-2,5-pyrrolate moieties.[8] There are only small contri
butions from the 4d-orbitals of the Pd atom. The interactions from the 
atomic orbitals incrementally raise the LUMO energy from − 2.982 eV 
(for Pd1) through − 2.917 eV (for Pd2) to − 2.891 eV (for Pd3) while 
significantly lowering that of Pd4 to − 3.180 eV. For the latter complex, 
a lower HOMO-LUMO energy gap is observed compared to the other 
complexes. Therefore, it is observed that methylation of the lateral rings 
of the BPI leads to the destabilization of the LUMOs of Pd2 while ben
zannulation results in destabilizing of Pd3 and a contrasting stabiliza
tion of the LUMOs of Pd1 and Pd4. 

The angles around the Pd(II) centres show near-perfect square-planar 
coordination for Pd1 and Pd3, while those for Pd4 and Pd2 show some 
significant deviations from linearity, culminating in non-linearity in the 
bite angles. The deviations are possible manifestations of steric conflicts 

between the ortho-hydrogen atoms from the pyridyl rings of the 
respective BPIs and the chloride atoms of the latter complexes.[5c, 7] 
The HOMO-LUMO energy increases following the order: Pd4 < Pd2 <
Pd1 < Pd3 (see Table 2). However, it does not correlate well with the 
observed reactivity trends and thus is of minimal effect on the rate of 
substitution. 

3.3. Kinetics and mechanistic analysis 

In the pseudo first-order situation, the substitution reaction of the 
labile chloride ligand from the Pd(II) complexes by the thiourea nucle
ophiles proceeded via two consecutive steps, denoted by observed rate 
constants, kobs(1/2) for all the complexes except for Pd4 where only a 
single step was observed. The kobs(1/2) values were acquired by fitting 
absorbance-time data to standard single-exponential decay functions. 
Representative kinetic traces (absorbance-time data evolution) for the 
two substitution steps for the reaction between Pd1 and Tu are 

Table 1 
DFT optimized structures, HOMO and LUMO frontier molecular orbitals, and respective planarity for the Pd(II) complexes calculated using the B3LYP/LANL2DZ 
method (Isovalue = 0.02).  
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presented in Fig. 3. 
Average kobs(1/2) values of 6–8 runs (for reactions that were moni

tored using the stopped-flow analyzer) and 3 runs (for reactions moni
tored by the UV–visible spectrophotometer) were used for the linear 
regression of the data to obtain the second-order rate constants, pre
sented as k(1/2). When the average values of kobs(1/2) were plotted against 
[Nu], with the aid of OriginPro 9.1® software,[36] straight-line plots 
having zero y-intercepts were obtained. The k(1/2) constant values were 
deduced from the regression slopes of the plots. The zero y-intercepts 
meant that the solvolysis or reverse pathway was insignificant or absent. 
Therefore, the substitution reaction proceeds by the rate law shown in 
equation (1). 

kobs(1/2) = k(1/2)[Nu]Nu = Tu,Dmtu,Tmtu 1 

Characteristic plots of kobs(1/2) against the concentration of the nu
cleophiles of Pd3 are shown in Fig. 4a and b (see also similar plots in 
Figures SI 24–26 and SI 30–31, whereas the kobs values for specific 
nucleophile concentration are shown in Tables SI 4–7 and Tables SI 
12–14, ESI‡). The values of k(1/2) are listed in Table 3. 

To get the thermal activation (enthalpy, ΔH∕=, and entropy, ΔS∕=) 
parameters for the substitution reactions, the rate constants which had 
been measured at different temperatures were linearly fitted according 
to the Eyring[37] equation (2), 

ln
(

k1/2

T

)

= −
ΔH∕=

(1/2)

RT
+

(

23.8+
ΔH∕=

(1/2)

R

)

2 

where, T and R are the temperature of the reaction medium and gas 

constant, respectively. When the ln
(

k(1/2)
T

)
values were plotted against 

values of (1
T) the values of activation parameters, ΔH∕= and ΔS∕= were 

obtained from the slopes and the y-intercepts of the plots, respectively. 
Typical Eyring plots for the reactions of Pd4 with the nucleophiles are 
shown in Fig. 5. 

In addition, similar plots are presented in Figures SI 27–29 and SI 32- 

SI 34, while the values of ln
(

k(1/2)
T

)
and (1

T) are given in Tables SI 8–11 and 

Tables SI 15–17, ESI‡. The calculated values of ΔS∕= and ΔH∕= are sum
marized in Table 4. 

A comparison of the respective values of k1 and k2 indicates that the 
values of the former rate constants are 3–4 orders of magnitude higher 
than those of the latter for the reactions of Pd1-3. The first substitution 
step is attributed to the nucleophilic substitution of the chloride coor
dinated to the Pd(II) complexes by the nucleophiles, whereas the slower 
one (which is the second reaction step) represents complete dechelation 
of the BPIs in rapid succession steps. These are induced by a labilizing 
effect of the coordinated thiourea upon substituting the chloride co- 
ligand and the isoindolate head at the trans-position. The ultimate 
products of the substitution reactions are the respective free BPI ligands 
and Pd(Nu)4

2+ species. The dechelation of the BPIs was confirmed by 
monitoring the reaction of Pd2 and Tu over time in tetrahydrofuran‑d8 
solvent using 1H NMR spectroscopy as shall be discussed ahead. 
Dechelation of tridentate ligands has also been observed for the re
actions of some dinuclear Pt(II) complexes having a related tridentate 
N^N^N ligands coordination [38] and reactions of bidentately- 
coordinated dinuclear Pt(II) complexes.[39] The consecutive reaction 
pathway followed by all except Pd4 is as depicted in Scheme 1, vide 
infra. 

To verify the above-proposed reaction mechanism, Pd2 was reacted 
with 6 equivalents of Tu and the changes experienced in the chemical 
shifts (δ) and intensity of the protons belonging to the coordinated 6- 
pyridyl of L2 were monitored as a function of time. The 1H NMR spec
trum of L2 and subsequent spectral arrays of the reaction mixture of the 
Pd2 with 6 equivalents of Tu are presented in Fig. 6. The Ha’ (H6/6′) 
protons’ resonance peak occurs as a doublet (d) at δ of 8.4 ppm and is 
upfield of the resonance peak of the same protons (Ha) for the Pd2, 
which occurs as a singlet at δ = 9.95 ppm (spectral data at t = 0 in the 
array). In the same spectrum, the absence of the N–H resonance of the 
isoindolate which occurs at δ = 14.1 ppm in the free ligand’s spectrum 

Table 2 
Summary of calculated parameters for the Pd(II) complexes studied.  

Property Pd1 Pd2 Pd3 Pd4 

NBO Charges     
Pd2+ 0.573  0.557 0.573  0.566 
Cl- − 0.545  − 0.560 − 0.544  − 0.562 
Electrophilicity index (ω) 6.544  6.366 6.245  7.400 
Bond lengths (Å)     
Trans- N3–Pd 2.009  2.004 2.011  1.997 
Cis- N–Pd 2.137  2.090 2.138  2.090 
Pd–Cl 2.479  2.479 2.478  2.484 
H⋅⋅⋅Cl 2.24  2.41 2.24  2.43 
Energy gap (eV)     
LUMO (eV) − 2.982  − 2.917 − 2. 891  − 3.180 
HOMO (eV) − 6.209  − 6.133 − 6.197  − 6.104 
ΔELUMO-HOMO 3.227  3.216 3.306  2.912 
Bond angles (◦)     
Trans N3 – Pd – Cl 179.998  164.264 179.989  162.572 
Cis N1 – Pd – N5 178.764  169.677 178.999  169.027 
Deviation of Pd – Cl from the main 

axis 
0  13.13 0  34.56 

Dipole moment (Debye) 3.445  4.765 4.677  6.687  

Fig. 3. a) Stopped-flow kinetic trace for the first step reaction of pd1 (1.0 × 10-4 M) with Tu (3.0 × 10-3 M) at 308 K and wavelength of 360 nm. b) UV–visible spectra 
for the second step reaction of Pd1 (1.0 × 10-4 M) with Tu (3.0 × 10-3 M) at 298 K. Inset: single exponential fitting of kinetic data at 360 nm. 
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[7] is also noted. 
In less than 4.5 min after the onset of the reaction, the evolved 

spectrum shows that the Ha protons at 9.95 ppm decrease in intensity 
and there is an emergence of two additional peaks at δ = 8.49, (Ha’) and 
a broad-singlet at δ = 14.02 ppm. The latter two resonance peaks are due 

to the free L2 ligand after its de-coordination from the complex by the 
three incoming Tu ligands in quick and successive steps. The intensity of 
the Ha protons of the complex decreases to almost zero in 22 h, whilst 
that (Ha’) of the corresponding free ligand (L2) increases in an inverse 
proportion. Thus, the observed time (22 h) frame for this exemplary 
reaction corroborates that the second and slower step observed for the 
reactions monitored on the UV–visible absorption spectrophotometer 
(denoted by the rate constant k2) is a dechelation of the respective co
ordinated BPI ligand, leading to the ultimate formation of the Pd(Nu)4

2+

and the respective free ligand as proposed in Scheme 1. 

3.3.1. Insights into substitution reactions 
The structures of the BPI ligands were altered via methylation and 

extending the π-conjugation, through benzannulation at different sites 
to the coordinated rings of the core BPI and the effect this caused on the 
reactivity of the complexes was measured. This was done to determine if 
the structural variations on the core BPI ligand could further slow the 
substitutional reactivity of the complexes as a design strategy to limit 
their susceptibility towards deactivation by biological nucleophiles. 

Starting from the structure of the Pd1, a change was introduced onto 
the core BPI ligand by methylation of its lateral pyridyl rings to obtain 
Pd2. Benzannulation of the centrally coordinated isoindolate (trans to 
the Cl) gave Pd3 while at the lateral pyridyl rings (cis to the Cl) formed 
Pd4. The k1 data showed that the reactivity of Pd2-4 towards chloride 
substitution by thiourea nucleophiles is lower than that of Pd1, giving 
further credence to the BPIs being a potential class of ligands for 
lowering the lability of their Pd(II) complexes. This is a requirement for 

Fig. 4. Plots of kobs(1) (a) and kobs(2) (b) versus [Nu] for the substitution of chloride and the dechelation of Pd3, respectively, I = 0.01 M CF3SO3H, T = 298 K.  

Table 3 
The rate constants, k1 and k2 for the reactions between the Pd(II) complexes and 
thiourea ligands at T = 298 K.  

Complexes Nucleophiles k1 (M¡1 s¡1) k2 £ (10-2 M¡1 s¡1)  

Pd1 
Tu 2046 ± 20 53.1 ± 0.6 
Dmtu 848 ± 7 39.5 ± 0.4 
Tmtu 319 ± 2 26.2 ± 0.3  

Pd2 
Tu 1322 ± 4 15.7 ± 0.3 
Dmtu 288 ± 2 12.1 ± 0.2 
Tmtu 69 ± 1 5.3 ± 0.2  

Pd3 
Tu 1176 ± 10 13.9 ± 0.2 
Dmtu 191 ± 1 7.2 ± 0.1 
Tmtu 15.6 ± 0.1 1.5 ± 0.1  

Pd4 
Tu 4.22 ± 0.03 – 
Dmtu 1.01 ± 0.01 – 
Tmtu 0.35 ± 0.004 – 

No second step observed. 

Fig. 5. Eyring plots for the reactions of Pd4 with thiourea nucleophiles at 
different temperatures. 

Table 4 
Values of ΔH(1/2)

∕= and ΔS(1/2)
∕= for the chloride substitution from the Pd 

complexes.    

Enthalpy (kJ mol− 1) Entropy (J K− 1 mol− 1) 
Complexes Nucleophiles ΔH1

∕= ΔH2
∕= ΔS1

∕= ΔS2
∕=

Pd1 
Tu 33 ± 2 70 ± 1 − 72 ± 7 − 49 ± 3 
Dmtu 50 ± 2 41 ± 1 − 21 ± 8 − 132 ± 3 
Tmtu 41 ± 1 54 ± 1 − 104 ± 5 − 71 ± 4  

Pd2 
Tu 56 ± 3 65 ± 3 − 25 ± 10 − 59 ± 9 
Dmtu 49 ± 1 60 ± 1 − 41 ± 3 − 80 ± 4 
Tmtu 51 ± 2 65 ± 1 − 50 ± 5 − 52 ± 3  

Pd3 
Tu 53 ± 2 59 ± 1 − 20 ± 7 − 76 ± 2 
Dmtu 53 ± 1 57 ± 3 − 19 ± 5 − 79 ± 8 
Tmtu 47 ± 1 61 ± 2 − 65 ± 3 − 57 ± 6  

Pd4 
Tu 64 ± 2  − 24 ± 7  
Dmtu 66 ± 2  − 27 ± 6  
Tmtu 56 ± 1  − 77 ± 3   
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Scheme 1. Proposed reaction mechanism for the chloride substitution from the Pd(II) complexes.  

Fig. 6. The changes in the 1H NMR spectrum for the reaction of Pd2 with Tu (6 equivalents) in tetrahydrofuran‑d8 with time. The complex undergoes complete 
dechelation within 24 hrs. 
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designing active Pd(II) complexes with reduced toxicity. How these 
structural variabilities affected the substitution rate of the leaving ligand 
is further discussed after this point. 

The data from Table 3 show that the overall rate of direct chloride 
substitution from the Pd(II) complexes decreases following the order 
Pd1 > Pd2 > Pd3 > Pd4 in the first step. A similar trend is also noted in 
the dechelation step for the complexes with an exception of Pd4. 

A comparison of the k1 values of Pd1 and those of Pd2 for all the 
nucleophiles used reveals that the latter’s rate constants are decreased 
by factors in the range 2–5. The methyl substituents at the 4,4′-positions 
of the lateral pyridyl rings, being electron-donating groups,[13a] in
crease the electron density into the lateral (cis) pyridyl rings of BPI 
through inductive σ-donation. Increased density of electrons onto the cis 
Pd-N bonds reduces the positive charge density of the Pd metal which 
also reduces the rate of Cl substitution.[13b,30b], Methylation also 
weakens the π-acceptor ability property from the lateral pyridyl rings. 
This effectively isolates the pyridyl rings from the central isoindolate 
head, vide supra. Consequently, this lowers the π-back bonding of elec
trons from the metal’s filled d-orbitals into the empty antibonding (π*) 
or nonbonding orbitals of the in-plane BPIs. The electrophilicity of the 
Pd(II) metal centre of Pd2 is decreased. The trend in the electophilicity 
indices supports this fact because the value for Pd1 is higher than for 
Pd2 (Table 2). It is also evidenced that methylation at the 4,4′-positions 
of the cis-pyridyl rings for Pd2 induces some steric in-plane repulsions at 
the Cl co-ligand. Compared to that of Pd1, the Pd–Cl bond is titled out of 
the plane by 13.13◦ (Table 2). This is caused by the repulsive in
teractions (H6,6′

(py)⋅⋅⋅(Cl)PdN3, dmin = 2.41 Å) between the Cl co-ligand and 
the H6,6′ (ortho-hydrogens) of the lateral pyridines of Pd2, which is more 
than that of Pd1 (H6,6′

(py)⋅⋅⋅(Cl)PdN3, dmin = 2.24 Å). 
Similar comparisons with Pd1 showed that the k1 values for re

actions of Pd3 and Pd4 with Tu are lower by factors of about 2 and 500, 
respectively. This is contrary to what would be expected of most square- 
planar Pt/Pd(II) complexes which are coordinated with tridentate li
gands that have extended π-conjugation, especially the pyridyl-type. 
Such an unexpected trend was also reported in the study by Wekesa 
and Jaganyi.[10] Moreover, literature data for square-planar Pt(II) 
complexes[5c, 8] indicated that the energy bandgap and hence the ab
sorption frequency corresponding to the metal-to-ligand (intra-ligand) 
charge transfer (ML/ILCT) increased in the order L4 < L1 < L3. This also 
agreed with the trend in the reduction potentials of the free ligands. The 
trends in the literature data meant that L4 ligand was a stronger 
π-acceptor than the other three. In this case, one would expect Pd4 to be 
more reactive than the rest, yet the trend in the k1 values shows the 
opposite. 

The 500-fold reduction in the reactivity of Pd4 relative to that of Pd1 
suggests that both the electronic and a possible overbearing steric effect 
are at play. Benzannulation at the lateral pyridines of BPIs (to form 
isoquinolines / benzopyridines) as donor rings strengthens the π-dona
tion of these moieties towards the Pd metal centre contrary to expec
tation based on increased π-surface areas of the ligand at the cis 
positions. Thus, the extension of the semi-isolated pyridyl rings by co- 
joining them to a strong phenyl ring (benzannulation) effectively 
weakens their π-acceptor properties. As a result of a stronger electron 
π-donation of L4 towards the central Pd metal via the Pd-Cl cis bonds, 
the metal’s electrophilicity index is lowered, leading to unusually lower 
substitution rates. This anomaly in the rate of substitution has been re
ported by our group.[14a,14b,40] Because the extent of retardation on 
the rate is so large, it is conceivable that steric shielding of the leaving 
group by proximal coordinated rings may also be an important retar
dation factor. As explained for the effects of structural changes enacted 
via 4,4′-methylation of the lateral pyridyl rings, benzannulation at the 
cis-pyridyl rings for Pd1, respectively introduces in-plane steric effects 
on the Pd-Cl bond. The cis-positioned isoquinolines being more steric 
demanding groups cause stronger mutual repulsions/conflicts between 
their proximal ortho-hydrogens and the Cl co-ligand (H⋅⋅⋅Cl, dmin = 2.43 
Å, see Table 2). As a result, the Pd–Cl bond for Pd4 tilts out of the ClPdN3 

plane by as much as 34.56◦. A look at the planarity of Pd4 (Table 2) 
depicts that the Pd–Cl fragment experiences the strongest out-of-plane 
distortions. This causes steric hindrance to the entering nucleophile on 
one side of the plane, which significantly lowers the substitution rate for 
Pd4. 

Benzannulation at the centrally coordinated isoindolate also yields 
an unexpected effect on the reaction rate. One would expect that adding 
a phenyl ring to the isoindolate head of Pd3 would make it more reactive 
compared to Pd1 if increased π-surface or the associated trans-labiliza
tion effect is the crucial determining factor. However, this structural 
change in the ligand framework lowers reactivity by about half 
compared to Pd1′s data. It is unclear why this opposite trend is observed. 
However, what seems probable is that the effect on the rate due to 
changes in the ligand structure is derived from the anomalous structure 
of L3, either in the ground or the transition state of its complex upon 
being thermally activated. Comparison of the DFT calculated Pd-Cl bond 
lengths for the two complexes rules out a ground state trans effect as the 
controlling factor. A proposition is that the anomalous effect on the rate 
is stemmed from the significant mismatch in the energies of the orbitals 
parentage of the deprotonated bis(pyridyl)imino-2,5-pyrrolate and the 
naphthalinyl moieties of the L3 ligand. This is also evidenced by the high 
energy bandgap in the ground states of the Pd3. As already alluded to, 
L3 has pseudo-π-conjugated and extended MOs delineated by the nodal 
points located on the 2,5-imino bridges of the pyrrolate head. Therefore, 
an extension of the π-surface of the 1,3-bis(pyridyl)iminoisoindolate by 
phenyl attachment does not enhance the π back-donating ability of the 
entire ligand. This makes it an unusually weaker π-acceptor ligand. 
Thus, when this ligand is coordinated to the central Pd atom, the ex
pected synergism between its π-acceptor capacity and its anionic iso
indoline (a strong σ-donor) is not effectively realized. Theoretically, the 
synergism would increase the Pd(II)’s positive charge as the ligand’s 
conjugated π-surface was increased. This would make L3 a stronger trans 
σ-activator, leading to increased rates in the ground state. Contrary to 
expectations, lower rates were measured for Pd3 with all nucleophiles. 
In other words, in the transition state, Pd1 is more electrophilic than 
Pd3, hence the higher observed reactivity for the former. 

The BPI ligands of the Pd complexes, except that from Pd4 were 
dechelated from the metal centre in a subsequent step that was 2-/3- 
folds lower than the first. The dechelation step presents two possibilities. 
Either the nucleophile which substituted the Cl co-ligand eventually 
labilized the deprotonated isoindolate unit first, followed by the slow 
substitution of the pyridyl units by two more nucleophiles. Such a trans- 
effect by thioureas has been reported in the dechelation of some dinu
clear Pt(II) complexes.[39a,41] The intermediate Pd(II) metallocycle 
that results has two trans-configured and hemi-labile Npy–Pd bonds 
which can be substituted rapidly by two more Tu nucleophiles. The final 
products would be a free BPIs ligand and a [Pd(Nu)4]+ species. 

The second possibility is linked to the steric hindrance of the already 
coordinated Tu (compared to the displaced Cl) from the first step, which 
would lead to the substitution occurring first at one of the lateral pyridyl 
units of the BPIs instead of the isoindolate head. A similar mechanism 
was observed for the reactions of some terdentate dinuclear Pt(II) 
complexes having relatively flexible N^N^N ligands [38a,42]. The last 
two incoming thioureas would then rapidly substitute the N atoms of the 
pyridyl and the isoindolate head either simultaneously or in rapid suc
cession to form the same products as aforementioned. 

On the other hand, the absence of dechelation in Pd4 may be due to 
its ligand (L4) being the strongest π-acceptor of the four.[5c, 8] This 
makes it a good candidate for withdrawing electron density from the 
metal orbitals. The interactions between the metal’s d-orbitals with the 
ligand’s p-orbitals are thus enhanced, resulting in the shortening of the 
Pd–N3 bond compared to other complexes, making it harder for the 
ligand to detach from the Pd metal. 

The rate of chloride substitution from the Pd(II) complexes showed a 
dependence on the bulkiness and thus steric hindrance of the S-donor 
atoms of the incoming nucleophiles as evident from the trend in the rate 
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constants shown in Table 3. The thiourea nucleophile substituted the 
chloride co-ligand in the order: Tu > Dmtu > Tmtu. This trend reflects 
the steric bulk of the nucleophile, with the bulkiest nucleophile, Tmtu 
(which has four methyl groups around the S-donor atom) being the 
slowest in attacking the Pd(II) metal ion while the unsubstituted Tu is 
the fastest. The trend is also reported in the literature for other 
associatively-activated ligand substitution reactions. [13b,43] For all 
nucleophiles, the reactions proceeded via a bond-forming activated 
pathway as evidenced by the negative values of the activation entropies 
(ΔS∕=1/2) and the relatively low enthalpies (ΔH∕=

1/2). This is archetypical 
of an associative substitution mechanism, known for substitution from 
square-planar d8 complexes. [44]. 

3.4. CT-DNA binding 

3.4.1. Electronic absorption titrations 
The electronic absorption spectra of the complexes (Pd1-Pd4) 

showed well-resolved bands in the range of 290–500 nm. A typical 
change in absorbance accompanying titrating the complexes with CT- 
DNA is shown in Fig. 7 for Pd1 (similar spectra for Pd2-Pd4 are pre
sented in Figures SI 35 – 37, respectively). The interactions of the 
complexes with the increasing amounts of CT-DNA are measurable at 
350 nm since these intra-ligand charge transfer transitions of the type π 
→ π* and n → π* for the coordinated ligands are sensitive to all ant form 
of non-covalent interactions between the complexes and the host, DNA. 
[45] Resultantly when the concentration of DNA is increased, there is a 
concomitant decrease in molar absorbance (hypochromism, 30–40 %) 
for the Pd complexes. This suggests associative interaction that can be 
adsorptively, intra-base intercalation, or grove binding. The values of 
intrinsic binding constants, Kb are moderately large and follow the 
order: Pd1 > Pd2 > Pd3 > Pd4 (Table 5). The order is consistent with 
the trend for chloride substitution. The magnitude of Kb (105 M− 1) 
values compares reasonably well with similar Pd complexes reported in 
the literature.[31d,31e,46] The negative sign of the values of ΔG shows 
the spontaneity of the associative interactions of the complexes with 
DNA.[31e]. 

3.4.2. Fluorescence quenching 
To further confirm the mode and extent of interactions of the com

plexes with DNA, the fluorescence emission of EB/CT-DNA in the 
absence and presence of an increasing concentration of the Pd 

complexes were monitored in the range 530–700 nm. These are shown 
in Fig. 8 (Pd1) and Figures SI 38- SI 40, for Pd2-Pd4, respectively. The 
emission intensity at 610 nm showed a considerable decrease (hypo
chromism) in intensity.[47] KSV values of 4.92 × 104 M− 1 for Pd1, 4.77 
× 104 M− 1 for Pd2, 3.96 × 104 M− 1 for Pd3 and 3.02 × 104 M− 1 for Pd4 
are lower than that of EB (107 M− 1), illustrating that the complexes bind 
less strongly than EB (a classical DNA intercalator). The magnitude of 
the apparent association constants, Kapp (1.67–2.81 × 106 M− 1) are 
comparable to those of known comparative metallo-intercalators (107 

M− 1), indicating that the complexes bind as intercalators of DNA than 
groove binders.[48] The bimolecular quenching rate constant kq 
(magnitude 1012 M− 1 s− 1) is higher than the maximum scatter-collision 
rate constant for known associative biopolymer (2 × 1010 M− 1 s− 1), 
suggesting the existence of ultrafast associative interactions, dictated by 
a static quenching equilibrium.[49] However, the KF values (magnitude 
102 M− 1) portray moderately strong interactions of the complexes with 
DNA. The calculated n values are near unity, suggesting the existence of 
a single binding site per complex per base pair of DNA. The binding 
constants of the complexes on DNA follow the order Pd1 > Pd2 > Pd3 
> Pd4 and match the trend of their chloride substitution from the 
complexes (Table 3). 

3.5. BSA-pd complex interactions 

To understand the interaction of the Pd complexes with proteins, 
particularly serum proteins, BSA was chosen as the model due to its close 
structural resemblance to human serum albumin and good binding 
abilities.[50] The emission of BSA due to the tryptophan (Trp) amino 
acid residues (Trp-212 and Trp-134 in the subdomains IIA and 1B), 
respectively)[31c,51] was monitored at 320 nm by recording the spectra 
from 300 to 420 nm at increasing concentration of the Pd complexes. 
The spectra are shown in Fig. 9 for Pd1, and Figures SI 41-SI 43 for Pd2- 
Pd4, respectively. The emission intensities of Trp (of the BSA) show a 
notable decrease with increasing concentration of the complexes (ca. 
30%). The observed hypochromicity is ascribed to non-covalent in
teractions that significantly change the tertiary structure of BSA as a 
result of the intricate changes in the immediate environment of the Trp 
residues. The KSV(BSA) values (Table 6 which are of the order 105 M− 1) 
are two orders of magnitude lower than those of classical intercalators 
(107 M− 1). [31d] The magnitude of the KSV values depicts strong in
teractions of the complexes with BSA and this occurs mainly within the 
hydrophobic pockets of the host.[52] The kq values of 0.76–3.67 × 1012 

M− 1 s− 1 are greater than those reported for known associative 
biopolymer (2.0 × 1010 M− 1 s− 1), suggesting ultrafast kinetics for the 
associative interactions, governed by a static quenching mechanism. 
[53] The KF values (magnitude 106 M− 1) are lower than the association 
constant (1015 M− 1) for irreversible interactions, revealing that com
plexes reversibly bind onto BSA.[54] Also, the KF values show that the 
interactions are predominantly situated within the subdomain IIA of 
BSA (hydrophobic cavity via nonpolar residues).[55] The values of n 

Fig. 7. Absorption spectral changes of Pd1 in the presence of increasing con
centrations of DNA. The arrows show the decrease in the intensity of absorption 
with the increasing amounts of DNA concentration. The inset graph shows the 
plot of [DNA]/[εa − εf] vs [DNA]. 

Table 5 
DNA-binding constants derived from UV–Visible absorption and EB-DNA fluo
rescence titrations of the Pd(II) complexes.   

Complex 
UV–Vis titration Fluorescence emission titration 
Kb 

(104 

M -1) 

ΔG≠
25◦C/ 

k 
Jmol¡1 

Ksv 

(104 

M¡1) 

Kapp 

(106 

M¡1) 

kq 

(1012 

M¡1 

s¡1) 

KF 

(102 

M¡1) 

n 

Pd1 8.21 
± 0.4  

− 28.04 4.92 
± 0.2 

2.31 
± 0.1 

4.92 ±
0.2 

11.02 
± 0.7  

1.14 

Pd2 7.58 
± 0.4  

− 27.83 4.77 
± 0.2 

1.89 
± 0.1 

4.77 ±
0.2 

7.23 
± 0.6  

0.99 

Pd3 6.35 
± 0.3  

− 27.40 3.96 
± 0.2 

1.67 
± 0.2 

3.96 ±
0.2 

1.94 
± 0.1  

0.93 

Pd4 4.98 
± 0.3  

− 26.80 3.02 
± 0.1 

1.01 
± 0.2 

3.02 ±
0.1 

1.22 
± 0.1  

0.92  
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Fig. 8. (a) The steady-state fluorescence quenching spectra for EB-DNA in the presence of increasing amounts of Pd1. The arrow indicates the decrease in the 
emission intensity upon increasing the DNA concentration; (b) Stern − Volmer plot of Io/I vs [Q]. (c) Scatchard plot of log[(Io − I)/I] vs log[Q]. 

Fig. 9. (a) The emission profile of BSA in the presence of increasing amounts of Pd1. The arrow shows the decrease in the emission intensity with the increasing 
concentration of metal complexes; (b) Stern-Volmer plot of Io/I vs [Q]; (c) Scatchard plot of log[(Io - I)/I] vs log[Q]. 
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which is close to 1, depict the presence of a single binding per molecule 
of BSA. 

3.6. Molecular docking of the complexes 

3.6.1. Modelling the DNA binding 
Molecular docking simulations were conducted to better understand 

the interactions of the complexes with DNA as depicted in Table 7. 
The results suggest that the compounds adsorptively bind to nucle

otide residues in the minor groove of the DNA double helix. DA6, DA17 
and DG16 nucleotide moieties participate in non-conventional hydrogen 
bond interactions with Pd1, Pd2 and Pd3, respectively. Similarly, C–H 
bond interactions are observed with DT7 (for Pd1) and DG12 and DC11 
(for Pd2). Also, a single triangular donor–donor interaction (DG16) 
stabilizes Pd2 in the groove. Pd4 exhibits one π-anionic interaction with 

the DC23 nucleotide. The binding is further strengthened by the van der 
Waals forces formed between the complexes’ ligand moieties and nu
cleotides such as DA5, DA6, DA17, DA18, DC9, DC11, DC15, DC21, 
DG4, DG10, DG14, DG22, DG24, DT7, DT8, DT19, and DT20. Pd3 
formed the most stable associative adduct with a binding energy (sta
bility score) of − 9.8 kcal/mol, while the DNA- Pd1 adduct was the least 
stable with a binding energy (stability score) of − 8.4 kcal/mol (Table 7). 
The trend contrastingly correlates with the experimental results 
(Table 5). 

The docked poses illustrate possible interactions of the Pd complexes 
with DNA. The minimum energy docked conformations show a 
preferred minor groove binding of the complexes onto DNA (with top- 
ranked poses). The interactions are distinguished by colored dotted 
lines. Molecular interactions include; pi-anion, conventional hydrogen 
bond, C–H bond, pi-alkyl, and triangular donor–donor. The more 
negative the binding score, the stronger the binding affinity between 
DNA and the complex (Pd1-Pd4). 

3.6.2. Modelling the BSA interactions 
To further gain insight into the interactions (putative active pocket, 

binding affinities, and mechanism) of the complexes with proteins bio
molecular docking simulation onto BSA was carried out. Figure SI 44 
illustrates the interactions which are dominated by hydrophobic 

Table 6 
BSA binding constants, and number of binding sites for the complexes.  

Complex KSV £ 105, M¡1 kq £ 1012, M¡1 s¡1 KF £ 106, M¡1 n 

Pd1 3.67 ± 0.2 3.67 ± 0.2 11.62 ± 0.4  1.33 
Pd2 1.54 ± 0.1 1.54 ± 0.1 7.88 ± 0. 4  1.11 
Pd3 1.01 ± 0.1 1.01 ± 0.1 0.95 ± 0.1  1.20 
Pd4 0.76 ± 0.1 0.76 ± 0.1 0.71 ± 0.1  1.01  

Table 7 
DNA-Pd(II) complexes interactions showing the optimized poses and their energies. Docking data analyzed by discovery studio client visualizer.  
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interactions (π-alkyl) as affirmed for the DNA and affirms the spectro
scopic titration data. The binding sites for the insertion of the complexes 
onto BSA are dominated within the hydrophobic cavities for site 1 
(subdomain IIA). The interactions of the BSA receptor with Pd1-Pd4 are 
presented in Fig. 10. The pose of Pd1 depicts it surrounded by hydro
phobic amino acid residues such as ARG196, PRO110 (via pi-cation and 
anion interactions) and HIS145, ARG458 (via π-alky and alkyl in
teractions). The most stable pose of Pd2 shows mutual interactions with 
amino acid residues: ILE455, ALA193, ARG196 and PRO 110 (alkyl and 
π-alkyl interactions); ASP108 and ARG144 (conventional hydrogen 
bond interactions); HIS145 and ARG458 (π-cation interactions), and 
GLU424 (pi-donor hydrogen bond). Similarly, Pd3 has interacted asso
ciatively with ALA193, ARG196, LYS431, TYR451 and ILE455 (alkyl 
and π-alkyl); HIS145 (π-donor hydrogen bond); and SER (conventional 
hydrogen bond). Also, alkyl and π-alkyl (ILE455, ALA193, ARG196 and 
ARG144), π-cation and anion (GLU424 and ARG458), and carbon 
hydrogen bond (HIS145) interactions exist in Pd4. The obtained dock
ing score of − 9.8, − 10.3, − 10.5, and − 11.3 kcal/mol for Pd1, Pd2, 
Pd3 and Pd4 (respectively), and differed from the trends observed for 
the spectroscopic titrations. 

4. Conclusions 

The results from this study have demonstrated that it is possible to 
control the lability of Pd(II) complexes with a careful structural modi
fication of a series of BPI ligands with varied electronic and steric 
qualities. Methylation of the lateral pyridyl units of the BPIs reduced the 
reactivity of their respective Pd(II) complexes but in a moderate manner. 
Benzannulation on the cis-pyridyl units was the most effective in 
reducing the substitution rate from the Pd(II) metal centre than placing a 
phenyl ring at the back of the trans isoindolate head. An increase in the 
cis π-donation, as well as steric shielding of the leaving group by the cis- 
coordinated and high surface-demanding isoquinolinyl groups, induce 
an in-plane H⋅⋅⋅Cl steric repulsions. This distorts the planarity of the 
complex, leading to significantly lower rates (2-/3-folds) than Pd1 for 
the chloride substitution from Pd4 by all nucleophiles. Benzannulation 
on the trans-position coordinated isoindolate did not induce distortions 
on the planarity of Pd3. However, a moderate fall in the rate was 
observed possibly due to the poor π-accepter property of its ligand as a 
result of an energy mismatch of the orbitals parentage forming the 
extended MOs of L3. The trend in the reactivity is opposite to that of the 
increasing π-surface which was a result of the destabilization of the 
HOMOs as demonstrated in trends of the DFT calculated data. All the 
complexes undergo dechelation except Pd4, a clear indication that these 
types of Pd(II) complexes might show instability in some biological fluid 
systems having a high temporal concentration of S-containing bio- 
nucleophiles. However, the stability of Pd4 may make it a classic 
candidate for applications in such biological systems. The reaction 
mechanism is associative as confirmed by the decrease in the entropy 
from reactants to products. DNA titration data suggest moderately 
strong binding, with molecular docking showing minor groove binding. 
BSA spectroscopic titrations of the complexes, along with their docking 
simulations demonstrate that the complexes bind within the hydro
phobic cavity of the protein. Complexes Pd1-Pd4 illustrated a positive 
correlation between the rates of substitution kinetics, and DNA/BSA 
binding constants. 
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