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mplexes of tridentate ligands with
selective toxicity againstCryptococcus neoformans
and Candida albicans†

Ahmed M. Mansour *

Novel Pd(II) and Pt(II) complexes of the tridentate 2,6-bis(1-ethyl-benzimidazol-20-yl)pyridine (LBZ), and 40-
(2-pyridyl)-2,20:60,200-terpyridine (LPY) ligands were synthesized, characterized using a variety of analytical

and spectroscopic tools, and screened for their potential antimicrobial properties against some bacterial

and fungal strains as well as cytotoxicity against healthy human embryonic kidney (HEK293) cells. The

electronic structures of the complexes were investigated by time-dependent density functional theory

calculations. The free ligand LPY and benzimidazole complexes exhibited selective toxicity against

Cryptococcus neoformans and Candida albicans, while displaying no cytotoxicity against HEK293. In the

case of Cryptococcus neoformans, the antifungal activities of the benzimidazole-based complexes (MIC

¼ 1.58–2.62 mM) are higher than those of the reference drug fluconazole (26.1 mM).
Introduction

Antimicrobial resistance may be an emerging public health
emergency, and it seems that organic chemistry alone is not
adequate to supply the world with new effective antimicrobial
agents.1 Metal-based compounds are relatively uncommon
drugs compared with organic compounds, having made their
clinical entrance in 1978 with the endorsement of cisplatin.
While some metal complexes are currently used in clinical
applications such as anticancer therapies,2,3 little attention has
been given to their capability as antimicrobial agents. With the
current drug pipeline being very scarce, essentially comprising
of some antibiotic derivatives, modern classes of antimicrobials
are compulsorily required. In fact, a few reports have examined
the antimicrobial properties of Pd(II) and Pt(II) compounds.4–11

These two elements are fairly rare and expensive, restricting
their use as clinical antibiotics if substantial doses are neces-
sary. In 2014, Lippard and co-workers reported the effect of
a monofunctional Pt(II) agent, phenanthriplatin (Fig. 1a), on
Escherichia coli and bacteriophage l lysogens.4 The ability of
phenanthriplatin to initiate bacterial lamentation and lysis in
lysogenic bacteria proves that the toxicity of this compound is
mediated by its interaction with DNA.4 Mixed-ligand plati-
num(II) complexes with 1,10-phenanthroline and 1,2-diamino-
ethane (or 1S,2S- or 1R,2R-diaminocyclohexane) (Fig. 1b) exhibit
higher selective toxicity towards Escherichia coli (MIC ¼ 10–20
mM) than those of their Cu(II) analogues (MIC $10–20 mM).5
e, Cairo University, Gamma Street, Giza,
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9757
Trans-Pt(II)(salicylaldimine)(pyridine)$BF4 and trans-
(Pt(II)(salicylaldimine))2(4,4-bipyridine)$2BF4 (Fig. 1c) induce
signicant retardation in the growth of Escherichia coli
compared to the control and cisplatin by changing the
morphology of the bacterial cells.6 In 2018, we reported on the
antimicrobial activity and protein binding affinities of four
Pd(II) and Pt(II) cisplatin analogues bearing N,N-pyr-
idylbenzimidazole derivatives (Fig. 1d) decorated with an alky-
lated phosphonium or sulfonate side chain.7 Both Pd(II)
sulfonate and the Pt(II) phosphonium complexes displayed
higher toxicity against Cryptococcus neoformans (MIC ¼ 5–30
mM) and Candida albicans (MIC ¼ 2–30 mM) than the reference
drug uconazole (MIC ¼ 26.1 mM), while displaying no anti-
bacterial activity against the tested bacterial strains and healthy
HEK293 cells.7 The simplest Pt(II) complex of 1,5-cyclooctadiene
(COD) (Fig. 1e) exhibited promising selective antibacterial
activity against a board of Gram-positive bacteria, including
Fig. 1 Previously reported Pd(II)- and Pt(II)-based complexes (a–f)
exhibiting antimicrobial activity.
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vancomycin- and methicillin-resistant Staphylococcus aureus,
while demonstrating no toxicity against HEK293 cells or hae-
molytic properties at the highest tested concentrations.1 A series
of terpene-derived chiral palladium(II) complexes exhibited
interesting antimicrobial activity against the Gram-positive
pathogens, C. albicans and C. neoformans var. grubii with MIC
#0.25–16 mg mL�1.8 Among the examined Pd(II) terpene
complexes, the amine-linked Pd(II) derivative (Fig. 1f) displayed
promising antifungal activity (MIC #0.25 mg mL�1) and
possessed an exceptional selectivity index with respect to C.
neoformans var. grubii (>128 against HEK293).8 Besides, the
Pd(II) complex of 1-quinolin-8-yliminomethyl-naphthalen-2-ol
exhibited antibacterial activity against S. marcescent, E. coli,
and M. luteus microbes with MIC of 2.25–3.75 mM.10

In addition, a review has reported a sudden high hit rate for
some classes of metal complexes (9.9%) compared with some
organic compounds (0.87%) submitted to the same examina-
tion.11 Of the 63 examined platinum-based compounds, 27
complexes exhibited promising activity against at least one of
the tested bacterial and fungal strains.11 Further examination of
the antimicrobial activity of the Pt complexes revealed that
a total of 18 compounds displayed no cytotoxic effects toward
healthy mammalian cells and induced no haemoglobin release
at the tested concentration. This encouraged me to synthesize
new Pd(II) and Pt(II) complexes of 2,6-bis(1-ethyl-benzimidazol-
20-yl)pyridine (LBZ), and 40-(2-pyridyl)-2,20:60,200-terpyridine (LPY)
(Scheme 1), and evaluate their potential antimicrobial activity
against ve bacterial strains (Staphylococcus aureus, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Escherichia coli, and Aci-
netobacter baumannii) and two fungal (Candida albicans and
Cryptococcus neoformans) pathogens. The cell viability of healthy
HEK293 cells treated with the synthesized complexes was
determined to assess if the toxicity was limited to the tested
microbes or extended to mammalian cells as well. Their
compatibility with human red blood cells (RBCs) was evaluated
by determining the HC10 and HC50 (the concentrations at which
10% and 50% haemolysis occur). Aer the administration of the
biologically active metal complexes, there is a chance for them
to be tackled by the surface accessible histidyl proteins, which
will affect the biodistribution and pharmacokinetics. Thus, it is
essential to investigate the stability of the compounds aer
Scheme 1 Synthesis of square-planar Pd(II) and Pt(II) complexes
coordinated by tridentate ligands (1–4).

© 2021 The Author(s). Published by the Royal Society of Chemistry
designing and before developing a new effective drug, speci-
cally in presence of some target and/or model proteins. Thus,
the stability of the Pd(II) and Pt(II) complexes was evaluated in
the presence of hen white egg lysozyme (HEWL) by mass
spectrometry.

Results and discussion
Synthesis and characterization

Benzimidazole LBZ was synthesized via the selective alkylation
of 2,6-bis(benzimidazole-20-yl)pyridine12 using iodoethane and
a mixture of fresh sodium hydride and DMF.13 In a strongly
basic medium (potassium tert-butoxide and ammonia), the
reaction of 2-pyridine carboxaldehyde with two equivalents of 2-
acetyl-pyridine gave 40-(2-pyridyl)-2,20:60,200-terpyridine (LPY)
with a good yield and in pure form.14 The reactions between the
ligands and Na2PdCl4 in methanol afforded the square-planar
complexes 1 and 3. The IR spectra are presented as ESI
(Fig. S1†). The ESI mass spectra, in the positive mode, displayed
two fragments at m/z ¼ 510.0516 (calcd 510.0515) (1) and
452.9917 (calcd 452.9940) (3) corresponding to {PdClL}+ (L ¼
LBZ and LPY), respectively (Fig. S2†). A literature search showed
that L coordinated with metal ions in either a tridentate fashion
via all the three nitrogen donor atoms,13,15 bidentate mode k2–
N1,10, in which one of the two outer heterocyclic rings is bent out
of the mean plane of the other two coordinated centers,14,16,17 or
monodentate k1–N1 binding mode in few examples.18 The 1H
NMR spectra of the free ligands and complex 1 were compared
to each other (Fig. S3†). The most striking difference between
the 1H NMR spectra of LBZ and complex 1 occurred at the triplet
signal of the pyridyl ring and the doublets of benzimidazole-
H4/H40, which lay closest to the metal center and chloride ion.
For example, the triplet signal experienced a downeld shi
from 8.22 to 8.60 ppm as a result of complex formation. In the
case of 1, the observation of the doublet and triplet signals of
the pyridine ring in a 2 : 1 ratio (Fig. S4–S7†) is consistent with
the tridentate coordination mode of LBZ. For 3, the presence of
a singlet 1H NMR signal (Fig. S8–S11†) for the central pyridine-
H3/H5 conrmed that all the three close nitrogen donor atoms
of LPY were involved in complex formation.15 The chloro Pt(II)
analogues (2 and 4) were prepared by heating to reux a mixture
of K2PtCl4 and L in a 75% (v/v) methanol/water mixture for 15 h.
The shi of n(CN)/n(CC) from 1610 (LBZ) and 1616 cm�1 (LPY) in
the spectra of free ligands to z1604 cm�1 in those of 1–4 may
be attributed to the participation of the pyridine and benz-
imidazole nitrogen atoms in complex formation (Fig. S1†). The
ESI mass spectra of 2 and 4 (Fig. S12†) showed the {PtClL}+

peaks at 597.1133 (calcd 597.1128) (2) and 540.0546 (calcd
540.0549) (4). As expected, the NMR spectra of 1 and 2 were
typical (Fig. S13–S16†), revealing to the same mode of coordi-
nation of LBZ irrespective of changing the metal ion. Unlike 1–3,
complex 4 had poor solubility in most organic solvents,
including DMSO and DMF. To address the solubility problem,
the counterion was replaced by the hexauorophosphate ion.
However, the new form of 4 also showed limited solubility in
most organic solvents, such as DMF, and decomposed in DMSO
(Fig. S17†). In DMF-d7, the

1H NMR pattern of LPY in 4 was
RSC Adv., 2021, 11, 39748–39757 | 39749
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consistent with the tridentate mode of chelation as in 3
(Fig. S18†). The PF6

� counterion was tracked by observing the
doublet 19F NMR (Fig. S19†) and septet 31P NMR signals
(Fig. S20†) at �71.8 (1JPF ¼ 709 Hz) and �141.8 (1JPF ¼ 709 Hz),
respectively. Compound 4 was also analysed by solid-state NMR
(13C{1H}, 19F and 31P) (Fig. S21–S23†). The PF6

� signals were
observed at �70.1 and �141.4 (1JPF ¼ 710 Hz) in the 19F and 31P
NMR spectra, respectively.

Density functional theory calculations

The local minimum structures of 1–4 (Fig. 2) were obtained by
optimizing the models representing their molecular structures
([MClL]+ (M ¼ Pd(II) and Pt(II))) and analysing the harmonic
frequencies using the Becke 3-parameter (exchange) Lee–Yang–
Parr (B3LYP)19 functional and the effective core potentials (ECP)
of the Hady and Wadt, LANL2DZ basis set.20,21 Because of the
absence of the imaginary frequencies, the obtained geometries
were labelled as local minima. The geometries around 1–4 could
be described as square-planar and were dened by the tri-
dentate ligand L (L¼ LBZ and LPY) and the chloride ion. Selected
bond lengths and angles are given in Table 1. The trans-M–N
bonds in 1–4 are equal [PdN2 ¼ PdN12 ¼ 2.047 Å (1), PtN2 ¼
PtN12 ¼ 2.033 Å (2), PdN37 ¼ PdN38 ¼ 2.055 Å (3) and PtN37 ¼
PtN38¼ 2.041 Å (4)]. Although the PdCl bond lengths in 1 and 3
are equal, the trans-M–N bonds of 1 are shorter than those of 3
by 0.008 Å. The distance from the Pd(II) ion to the central
pyridine N in 1 is longer than the corresponding distance in 3 by
0.035 Å. The Pd–N bonds of 1 and 3 are shorter than the
equivalent bonds in 2 and 4. The corresponding cis-angles in
the four complexes are nearly equal.

To get an insight into the electronic structures and transi-
tions of 1–4, time-dependent density functional theory calcu-
lations were executed using their local minimum structures. In
the singlet state, the lowest 30 spin-allowed excitation states
were calculated using the B3LYP/LANL2DZ level of theory and
the SMD solvation model.22 The electronic spectra were simu-
lated using GaussSum. Each excited state was included by
Fig. 2 Local minimum structures of the cationic part of (a) 1, (b) 2, (c) 3
and (d) 4 obtained at the B3LYP/LANL2DZ level of theory (H atoms are
omitted for clarity).

39750 | RSC Adv., 2021, 11, 39748–39757
a Gaussian convolution with the full-width at half-maximum
(FWHM) value of 3000. The electronic absorption spectrum
(Fig. S24†) of 1 is characterized by three electronic transitions at
317, 370, and 431 nm corresponding to HOMO�1 / LUMO+1,
HOMO�1 / LUMO and HOMO / LUMO/LUMO+2, respec-
tively. As shown in Fig. 3, HOMO is mainly composed of p(Cl),
LUMO is on p*(LBZ) and LUMO+2 is contained to d(Pd)/p(Cl)/
p(N donors).

Thus, the transition at 431 nm is assigned to LLCT/LMCT,
while the other transitions at 370 and 317 nm are assigned to
p–p* within the ligand framework. The TDDFT spectrum of 2
displayed three electronic transitions at 316, 378 and 478 nm
with oscillator strengths of 0.3256, 0.3244, and 0.0036, respec-
tively. As shown in Fig. 3, the longest wavelength transition at
478 nm (HOMO/ LUMO) is that of p–p* within LBZ, while the
main band at 378 nm (HOMO�4/HOMO�2 / LUMO) repre-
sents a mixture of p–p*/LLCT. Experimentally, the electronic
absorption of 2 demonstrated four electronic transitions in
DMSO at 318, 340, 372, and 460 nm, which are in agreement
with the calculated electronic spectrum, disclosing the suit-
ability of this calculation method in the case of Pd(II) and Pt(II)
complexes. The calculated spectrum of 3 (Fig. S24†) character-
ized three main transitions at 312, 330 and 370 nm with oscil-
lator strengths of 0.3204, 0.0175 and 0.1455 in that order, which
could be attributed to HOMO / LUMO, HOMO / LUMO+1
and HOMO�6 / LUMO, respectively. The TDDFT spectrum of
4 showed three main transitions at 405, 356 and 280 nm related
to HOMO / LUMO, HOMO / LUMO+1 and HOMO�6 /

LUMO+1, respectively. The descriptions of the frontier MOs and
the relocation of the electron density of 3 and 4 are depicted in
Fig. 4. Similar to 1 and 2, the transitions at 370 and 405 nm in
the spectra of 3 and 4 could be assigned to LLCT, LMCT or p–p*
within the terpyridine ligand framework.

Stability

The stability of 1–3 in DMSO and 2% (v/v) DMSO–PBS mixture
was assessed over two days by UV/vis spectroscopy. The elec-
tronic absorption spectra (Fig. S25–S30†) collected in both
media as a function of time were nearly superimposable,
revealing the good stability of 1–3 under these experimental
conditions. In the case of 2, the slight spectral uctuation may
be credited to the exchange of Cl� with the solvent molecules.
Since complex 4 displayed poor solubility and weak stability in
most organic solvents, it was not further examined for potential
antimicrobial properties.

Reactivity towards lysozyme and imidazole

Studying the interactions of platinum-based drugs with
proteins is vital since it offers valuable information about
metallodrug recognition and alteration of the pharmacological
prole, as well as biodistribution.23,24 The acquired toxicity or
resistance of some Pt(II) based drugs towards certain diseases
may be understood by investigating their interactions with
some model and/or target proteins. For example, while the
mechanism of action of cisplatin and carboplatin is mainly
based on direct binding with the double helix,25,26 Lippard
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected calculated bond lengths and angles of 1–4 obtained at the B3LYP/LANL2DZ level of theory

1 2 3 4

PdN2 ¼ 2.047 PtN2 ¼ 2.033 PdN36 ¼ 1.970 PtN36 ¼ 1.960
PdN8 ¼ 2.005 PtN8 ¼ 1.986 PdN37 ¼ 2.055 PtN37 ¼ 2.041
PdN12 ¼ 2.047 PtN12 ¼ 2.033 PdN38 ¼ 2.056 PtN38 ¼ 2.041
PdCl ¼ 2.365 PtCl ¼ 2.395 PdCl ¼ 2.363 PtCl ¼ 2.396
N2PdN8 ¼ 80.0 N2PtN8 ¼ 80.2 N36PdN37 ¼ 80.8 N36PtN37 ¼ 81.1
ClPdN2 ¼ 100.0 ClPtN2 ¼ 99.8 ClPdN37 ¼ 99.3 ClPtN37 ¼ 98.9
N8PdN12 ¼ 80.0 N8PtN12 ¼ 80.2 N36PdN38 ¼ 80.6 N36PtN38 ¼ 80.9
ClPdN12 ¼ 100.0 ClPtN12 ¼ 99.8 ClPdN38 ¼ 99.3 ClPtN38 ¼ 99.0
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group showed that oxaliplatin kills cells by inducing ribosome
biogenesis stress.27 On the other hand, some proteins are used
as biocompatible carriers.28,29 Thus, it is essential to determine
the stability of the biologically active species in the presence of
some target and model proteins to select the appropriate
biocompatible carrier. In this regard, Merlino and co-workers
briey described and comparatively examined the molecular
structures of some adducts obtained upon the reaction of
selected Pt-based drugs with proteins.30 Data disclosed that the
attached ligands play a substantial role in driving the recogni-
tion process, as well as the non-covalent interactions that
happen in the early stages of the Pt complex/protein recognition
process, plays a critical role in determining the nature of the
nal Pt–protein adduct.27 For this purpose, the stability of 3, as
an illustrative example, in the presence of hen egg white lyso-
zyme, a model protein, was assessed by electrospray ionization
mass spectrometry (ESI MS). Compound 3 was dissolved in
DMSO and then mixed with the HEWL aqueous solution in
a 5 : 1 ratio. The reaction mixture was directly injected into the
instrument. The ESI MS spectrum (Fig. S13†) displayed a peak
corresponding to the free protein at m/z 1590.4299 Da, indi-
cating the incompleteness of the recognition process. Five Pd-
Fig. 3 Selected frontier molecular orbitals of 1 (left) and 2 (right) obtai
obtained at the same level of theory.

© 2021 The Author(s). Published by the Royal Society of Chemistry
containing protein fragments obviously showed up at m/z
1601.9728, 1606.3034, 1613.4102, 1636.9846 and 1647.9731 Da,
which were assigned to HEWL/Pd2+, HEWL/Pd(OH2)2

2+, HEWL/
2 � Pd2+, HEWL/[Pd(LPY)]2+ and HEWL/([Pd(LPY)]2+ + Pd2+),
respectively. The examination of the latter HEWL adducts
revealed a coordinative covalent mode of binding. Besides, the
observation of these fragments indicates that the reaction of 3
with lysozyme started with the loss of the chloride ion and
ended with the departure of the terpyridine-based ligand. The
mass spectrometry data indicated the existence of at least two
Pd binding sites on the HEWL surface.

The His15 side chain is a recognized metal-binding site of
lysozyme.31,32 Similar to the observation during the binding of
the pyridylbenzimidazole Pd(II) and Pt(II) complexes with some
target and model proteins,33 it is likely that compound 3may be
able to bind covalently via the imidazole ring of the His15 side
chain or maybe decomposed because of the action of the His15
side chain. To authenticate the interaction between 3 and the
His15 site, the reaction between 3 and two equivalents of
imidazole was investigated by 1H NMR in DMSO-d6 (Fig. 5). The
assessment of the reaction product was achieved by comparison
with the parent complex and free terpyridine LPY.
ned by the B3LYP/LANL2DZ method. The electronic transitions were

RSC Adv., 2021, 11, 39748–39757 | 39751
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Fig. 4 Selected frontier molecular orbitals of 3 (left) and 4 (right) obtained by the B3LYP/LANL2DZ method. The electronic transitions were
obtained at the same level of theory.
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As shown in Fig. 5, the reaction between 3 and imidazole was
instantaneous and ended within a few minutes with no addi-
tional changes until the end of the experiment (24 h). The 1H
NMR signals of the imidazole product coincided with those of
the free ligand, indicating the decomposition of the complex
and the departure of the terpyridine ligand, in agreement with
the results obtained in the case of the model protein. To
conclude, compound 3 may be degraded in the presence of
proteins containing free histidyl side chains.
DNA binding study

Platinum-based drugs are broadly used in clinics for cancer
therapy. The mechanism of action of some of these drugs relies
Fig. 5 1H NMR changes upon addition of imidazole to 3 in DMSO-d6.

39752 | RSC Adv., 2021, 11, 39748–39757
on their binding to DNA.34,35 The coordination of Pt complexes
to DNA causes a deformation that interferes with replication
and transcription and ultimately leads to cell death via
apoptosis.36 In general, Pt compounds interact with a double
helix through covalent and/or noncovalent modes. Intercala-
tion, groove (minor and major) and electrostatic binding
represent the noncovalent modes of DNA binding. Groove
modes depend on the size of the biologically active molecule
and the strength of hydrogen bonds, which enable the mole-
cules to occupy a specic groove. Intercalation modes (inter-
calator and insertors) are inuenced by the planarity of the
molecules. The stacking of Pt(II) compounds of heterocyclic
ligands between the strands of DNA stiffens and lengthens the
double helix. Experimentally, it is simply to assess the binding
of heterocyclic intercalators to DNA by following the electronic
Fig. 6 Absorption spectra of complex 3 in Tris buffer (2% DMSO) in the
absence (R ¼ 0.0) and presence (R > 0.0) of increasing amounts of
calf-thymus DNA (R ¼ [DNA]/[complex], [complex] ¼ 4.1 � 10�5 M).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Minimum inhibitory concentration (mg mL�1) determined for
the free ligands and their square-planar Pd(II) and Pt(II) complexesa,b

E.
coli K. pneumoniae A. baumanni

P.
aeruginosa

LBZ >32 >32 >32 >32
LPy >32 >32 >32 >32
1 >32 >32 >32 >32
2 >32 >32 >32 >32
3 >32 >32 >32 >32
4 n.dc n.d n.d n.d
Flud — — — —

S. aureus
C.
albicans C. neoformans

LBZ >32 >32 >32
LPy >32 32 32
1 >32 0.5 1
2 >32 1 2
3 >32 32 16
4 n.d n.d n.d
Flud — 0.125 8

a Full names: Staphylococcus aureus ATCC 43300, Escherichia coli ATCC
25922, Klebsiella pneumoniae ATCC 700603, Acinetobacter baumannii
ATCC 19606, Pseudomonas aeruginosa ATCC, Candida albicans ATCC
90028 and Cryptococcus neoformans var. grubii H99; ATCC 208821.
b Data of ligands published previously.12,13 c Not determined.
d Fluconazole.
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spectral changes upon successive addition of DNA to a xed
amount of the tested compound. The intensity of the charge
transfer band of the complex may be altered upon interaction
with DNA. Groove induces hyperchromism, while intercalation
brings a hypochromic shi to the CT band. The DNA titration
plot of 3, which was tested as the representative compound, is
shown in Fig. 6. The absorption spectrum of 3 (in 2% (v/v)
DMSO–H2O) displays three main transitions at 292, 351 and
370 nm. The addition of calf thymus DNA (CT-DNA) to complex
3 caused hypochromism in the band at 292 nm, suggesting the
intercalation mode of binding.36,37 To verify the magnitude of
interaction of 3 with CT-DNA, the intrinsic binding constant
(Kb)38 was calculated and compared to those of closely related
structures. The Kb value of 3 was (3.5 � 0.1) � 104 M�1. The
obtained Kb value of 3 is similar to that of other reported Pd(II)
complexes based on terpyridine-like ligands, such as 40-(4-(2-
(piperidin-1-yl)ethoxy)phenyl)-2,20:60,200-terpyridine (Kb¼ 1.06�
� 104 M�1),39 and is lower than that of 40-(4-hydroxyphenyl)-
2,20,60,200-terpyridine (Kb ¼ 1.4 � � 105 M�1).40
Antimicrobial activity

Primary screening of the free ligands and their Pd(II) and Pt(II)
complexes (1–3) for potential antimicrobial properties was
executed at 32 mg mL�1 concentration against key bacterial
(Staphylococcus aureus ATCC 43300, Pseudomonas aeruginosa
ATCC 27853, Escherichia coli ATCC 25922, Klebsiella pneumoniae
ATCC 700603 and Acinetobacter baumannii ATCC 19606) and
fungal (Cryptococcus neoformans and Candida albicans)
© 2021 The Author(s). Published by the Royal Society of Chemistry
pathogens. A follow-up dose-responsive toxicity assay against
the same strains was performed for the compounds displaying
marked inhibition at 32 mg mL�1. The minimum inhibitory
concentration (MIC) was determined as the lowest concentra-
tion that inhibited 80% and 70% growth of C. albicans and C.
neoformans, respectively. The benzimidazole ligand (LBZ) was
inactive against all the seven tested microbes. The terpyridine
ligand (LPY) and complexes 1–3 were effective at inhibiting the
drug-susceptible yeast reference strains C. albicans and C. neo-
formans, while they exhibited no antibacterial activity. The
antimicrobial activity of compound 4 could not be determined
because it is decomposed in DMSO.

Compared to uconazole (Flu), the antifungal activity of the
tested ligands against C. albicans was in the following order: Flu
(0.40 mM) > 1 (0.78 mM) > 2 (1.31 mM) > 3 (66.0 mM) > LPY (103.2
mM). In the case of C. neoformans, the order of antifungal activity
was as follows: 1 (1.58 mM) > 2 (2.62 mM) > Flu (26.1 mM) > 3 (33.0
mM) > LPY (103.2 mM) (Table 2).

Several biologically active compounds display general
toxicity toward both microbes and mammalian cells. To verify
this, the cell viability of normal HEK293 cells treated with LPY

and 1–3was determined to inspect if their toxicity was limited to
the fungal strains or had a similar effect on mammalian cells.
Media and cells without inhibitors were used, respectively as
the negative and positive controls. While LPY and compounds (1
and 2) were safe for HEK293 with CC50 > 32 mg mL�1, complex 3
displayed slight toxicity toward these cells with a CC50 value of
25.91 mg mL�1. On the other hand, the haemolytic properties of
the synthesized compounds towards human red blood cells
(RBCs) were evaluated by determining the concentrations at
which 10% and 50% haemolysis occurred (HC10 and HC50).
None of the compounds induced haemolysis up to 32 mg mL�1.

On comparing with some of the previously published
complexes of LPY and LBZ, complexes 1 and 2 displayed higher
antifungal activities than triazolate–Mn(CO)3 of LPY, which was
potent against C. albicans and C. neoformans (MIC ¼ 6.0 mM).41

Besides, compounds 1 and 2 exhibited higher potency against the
same two pathogens than the Pd(II) sulfonate and Pt(II) phos-
phonium complexes of benzimidazole ligands (MIC ¼ 2–30 mM)
we reported earlier7 and a morpholine-based Pd(II) complex (MIC
¼ 32–64 mM),42while displaying comparable antifungal activity to
other benzimidazole Pd(II) complexes (MIC¼ 500–2 mgmL�1),43,44

an oxime Schiff-base (MIC ¼ 500 mg mL�1),45 and thiosalicylic
acid (MIC ¼ 1000–62 mg mL�1).46 Based on the interesting anti-
fungal properties of 1 and 2 against C. neoformans, further eval-
uation of these two compounds and other closely related
structures as antifungal agents is highly recommended (Table 2).

Conclusion

As reported in the literature, only a few reports have examined
the antimicrobial properties of Pd(II) and Pt(II) complexes owing
to the cost of these two elements, which restricts their use as
clinical antibiotics when substantial doses are necessary. In this
context, novel Pd(II) and Pt(II) complexes of two tridentate
ligands (2,6-bis(1-ethyl-benzimidazol-20-yl)pyridine, and 40-(2-
pyridyl)-2,20:60,200-terpyridine) were synthesized and fully
RSC Adv., 2021, 11, 39748–39757 | 39753
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characterized using a variety of analytical and spectroscopic
tools. The metal complexes displayed good stability in DMSO
and 2% (v/v) DMSO–H2O except for the Pt(II) complex of ter-
pyridine, which had poor solubility in most organic solvents
and decomposed in DMSO. Aer administration, there is a high
probability that the biologically active species bind to the
surface-accessible histidyls of proteins, and consequently, we
investigated the stability of the Pd(II) terpyridine complex, as an
illustrated example, in the presence of a model protein (hen
white egg lysozyme) by electrospray ionization mass spectrom-
etry. The results showed that the decomposition of the complex
occurred in a stepwise manner, starting with the loss of the
highly reactive coordinated chloride ion and ending with the
departure of the terpyridine ligand. The mass spectrometry data
indicated the existence of at least two Pd binding sites on the
HEWL surface. As it is likely that the Pd(II) and Pt(II) complexes
bind to proteins covalently via the imidazole ring of the His15
side chain or maybe decomposed because of the action of the
His15 side chain, the reaction between the Pd(II) terpyridine
complex and imidazole was investigated by 1H NMR. The
reaction was instant, and the NMR signals of the reaction
product coincided with those of the free ligand, suggesting the
decomposition of the complex. Primary screening of the free
ligands and their Pd(II) and Pt(II) complexes for potential anti-
microbial properties indicated that the free terpyridine ligand
and the benzimidazole-based complexes were effective at
inhibiting the drug-susceptible reference yeast strains C. albi-
cans and C. neoformans, while they displayed no antibacterial
activity. The Pd(II) and Pt(II) complexes (MIC ¼ 1.58–2.62 mM) of
2,6-bis(1-ethyl-benzimidazol-20-yl)- pyridine exhibited higher
toxicity against C. neoformans than uconazole (MIC¼ 26.1 mM)
and displayed no cytotoxicity towards normal mammalian cells,
as well as exhibited good compatibility with RBCs. Therefore,
further evaluation of these two complexes and other closely
related benzimidazole-based complexes as antifungal agents is
highly recommended.

Experimental section
Materials and instruments

Na2PdCl4 and K2PtCl4 were purchased from Strem and used as
received. 2,6-Bis(1-ethyl-benzimidazol-20-yl)pyridine (LBZ),12 and
40-(2-pyridyl)-2,20:60,200-terpyridine (LPY)13 were synthesized
according to the published procedures. Elemental micro-
analysis was achieved with a Vario Micro Cube analyzer from
Elementar Analysensysteme or an EA 3000 elemental analyser
from HEKtech. The electrospray mass spectra were registered
with a ThermoFisher Exactive Plus instrument with an Orbitrap
mass analyzer at a resolution of R ¼ 70.000 and a solvent ow
rate of 50 mL min�1. The electronic absorption spectra were
recorded on a Specord 210 Plus spectrophotometer. The ATR IR
spectra of the solid-state complexes were recorded on a Brucker
Alpha-E instrument. The 1H, 13C, 19F and 31P NMR spectra were
recorded with Bruker-Avance 500 (1H, 500.13 MHz; 13C{1H},
125.77 MHz; 19F, 470.59 MHz; 31P, 202.46 MHz) and Bruker-
Avance 400 (1H, 400.40 MHz; 13C{1H}, 100.68 MHz; 31P,
162.08 MHz) spectrometers. The assignment of NMR signals
39754 | RSC Adv., 2021, 11, 39748–39757
was performed with the aid of two-dimensional NMR methods,
{1H, 1H} COS90 and {1H, 13C} HSQC.
Synthesis

1: To a round-bottom ask charged with LBZ (0.5 mmol; 183 mg)
and sodium tetrachloropalladate (1.0 mmol; 294 mg), methanol
(40 mL) was added, and then the reaction mixture was heated to
reux for 15 h. A yellow precipitate was collected by ltration,
washed with methanol and diethyl ether, and dried in vacuo.
Yield: 67% (210 mg, 0.33 mmol): IR (ATR): n ¼ 3099 (w, CH),
3026 (w, CH), 2973 (w, CH), 1604 (m, CC/CN), 1525, 1483, 1441,
1340, 1131, 973, 751 cm�1. 1H NMR (DMSO-d6, 400.40 MHz):
d ¼ 8.60 (t, 3JH,H ¼ 8.3 Hz, 1H, py-H4), 8.40 (d, 3JH,H ¼ 8.2 Hz,
2H, py-H3/H5), 7.64 (d, 3JH,H ¼ 7.9 Hz, 2H, bim-H4/H40), 7.46 (d,
3JH,H¼ 8.1 Hz, 2H, bim-H7/H70), 7.24 (t, 3JH,H¼ 7.1 Hz, 2H, bim-
H5/H50), 7.19 (t, 3JH,H¼ 7.2 Hz, 2H, bim-H6/H60), 4.48 (q, 3JH,H¼
7.2 Hz, 4H, NCH2), 1.39 (t, 3JH,H ¼ 7.11 Hz, 6H, NCH2CH3) ppm.
13C-NMR (DMSO-d6, 100.68 MHz): d ¼ 149.7 (py-C2/C6), 146.8
(bim-C2/C20), 144.1 (py-C4), 138.1 (bim-C3a/C3a0), 133.1 (bim-
C7a/C7a0), 126.1 (bim-C6/C60), 126.0 (bim-C5/C50), 124.8 (py-C3/
C5), 116.6 (bim-C7/C70), 111.9 (bim-C4/C40), 40.6 (CH2/CH2

0),
15.0 (CH3/CH3

0) ppm. ESI-MS (positive mode, methanol): m/z ¼
510.0516 {M–X}+. C23H21ClN5Pd$0.5(PdCl4)$2H2O: C 41.26, H
3.76, N 10.46, found C 41.09, H 3.43, N 10.14.

2: To the methanolic solution (25 mL) of LBZ (0.5 mmol; 183
mg), 5 mL aqueous solution of potassium tetrachloroplatinate(II)
(1.0 mmol; 415 mg) was added. The reaction mixture was heated
to reux for 15 h, whereupon a grey precipitate of complex 2
formed. It was ltered off, washed with water, methanol, and
diethyl ether and then dried in vacuo. Yield: 54% (207 mg, 0.27
mmol): IR (ATR): n ¼ 3098 (w, CH), 3063 (w, CH), 1605 (m, CC/
CN), 1525, 1482, 1442, 1341, 1156, 1079, 749 cm�1. 1H NMR
(DMSO-d6, 400.40 MHz): d ¼ 8.58 (t, 3JH,H ¼ 8.2 Hz, 1H, py-H4),
8.41 (d, 3JH,H ¼ 8.1 Hz, 2H, py-H3/H5), 7.84 (d, 3JH,H ¼ 8.00 Hz,
2H, bim-H4/H40), 7.60 (d, 3JH,H¼ 8.1 Hz, 2H, bim-H7/H70), 7.39 (t,
3JH,H ¼ 6.9 Hz, 2H, bim-H5/H50), 7.33 (t, 3JH,H ¼ 7.7 Hz, 2H, bim-
H6/H60), 4.56 (q, 3JH,H¼ 7.0 Hz, 4H, NCH2), 1.42 (t,

3JH,H¼ 6.9Hz,
6H, NCH2CH3) ppm. 13C-NMR (DMSO-d6, 100.68MHz): d¼ 152.4
(py-C2/C6), 147.3 (bim-C2/C20), 143.1 (py-C4), 138.6 (bim-C3a/
C3a0), 133.5 (bim-C7a/C7a0), 126.7 (bim-C6/C60), 126.0 (bim-C5/
C50), 124.4 (py-C3/C5), 116.2 (bim-C7/C70), 112.4 (bim-C4/C40),
40.6 (CH2/CH2

0), 15.0 (CH3/CH3
0) ppm. ESI-MS (positive mode,

methanol): m/z ¼ 597.1133 {M–X}+. C23H21ClN5Pt$0.5(PtCl4)$
1.5H2O: C 34.82, H 3.05, N 8.83, found C 34.67, H 2.69, N 8.54.

3: To a round ask charged with the terpyridine ligand
(1 mmol; 310 mg) and Na2PdCl4 (0.85 mmol; 249 mg), methanol
(50 mL) was added. The reaction mixture was heated to reux
for 15 h. A yellow precipitate was collected by ltration, washed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with methanol, chloroform, and diethyl ether and then dried
under vacuum. Yield: 42% (176 mg, 0.32 mmol). IR (ATR): n ¼
3474 (br, OH2), 3028 (w, CH), 3001 (w, CH), 1604 (s, CC/CN),
1558, 1475, 1407, 1245, 1162, 1028, 891, 780 cm�1. 1H NMR
(DMSO-d6, 400.40 MHz): d ¼ 9.21 (s, 2H, H3/H5), 8.88 (m, 3H,
H60/H600/H6000), 8.69 (d, 2H, 3JH,H ¼ 5.2 Hz, H30/H300), 8.56 (d, 1H,
3JH,H ¼ 8.2 Hz, H3000), 8.45 (td, 2H, JH,H ¼ 7.9 Hz, JH,H ¼ 1.6 Hz,
H50/H500), 8.17 (td, 1H, JH,H ¼ 7.8 Hz, 3JH,H ¼ 1.7 Hz, H4000), 7.86
(m, 2H, H40/H400), 7.68 (t, 1H, 3JH,H ¼ Hz, H5000) ppm. 13C-NMR
(DMSO-d6, 100.70 MHz): d ¼ 157.8, 154.9, 152.0, 151.7, 150.8,
150.3, 142.5, 138.2, 128.9, 126.2, 125.7, 123.0, 121.2 ppm. ESI-
MS (positive mode, 20% (v/v) DMSO/methanol): m/z ¼
452.9917 {M–Cl}+. C20H14Cl2N4Pd$3H2O: C 44.34, H 3.72, N
10.34, found C 44.53, H 3.34, N 10.68.

4: To a round-bottom ask charged with LPY (1.0 mmol; 300
mg) and 25 mL methanol, 5 mL aqueous solution of K2PtCl4
(1.0 mmol; 415 mg) was added. The reaction mixture was heated
to reux for 15 h, whereupon a brown precipitate formed.
Filtration was done. The product was treated with NH4PF6
(1.0 mmol; 163 mg) in a 75–25% acetone/water mixture and
stirred overnight. The formed brown precipitate was collected by
ltration, washed with water and diethyl ether, and dried in
vacuo. Both forms of the complexes, with and without PF6, were
subjected to analysis. Before the addition of NH4PF6, the results
are as follows: IR (ATR): n ¼ 3496 (m, OH2), 3051 (s, CH), 1605 (s,
CC/CN), 1554, 1470, 1409, 1302, 1254, 1163, 1032, 990, 891, 778,
715 cm�1. ESI-MS (positive mode, 20% (v/v) DMSO/methanol):m/
z ¼ 540.0546 {M–X}+. C20H14Cl2N4Pt$0.5PtCl4$2H2O. C 33.03, H
2.22, N 7.70, found C 33.06, H 2.10, N 7.57. Aer the addition of
NH4PF6, the results are as follows: colour: brown powder. IR
(ATR): n ¼ 3476 (br, OH2), 3050 (w, CH), 1605 (s, CC/CN), 1474,
1411, 1249, 1163, 1034, 839, 776 cm�1. The complex decomposed
in DMSO-d6 (ESI†) and had poor solubility in DMF-d7.

1H NMR
(DMF-d7, 400.40 MHz): d ¼ 9.16 (s, 2H, H3/H5), 9.31 (d, 3JH,H ¼
6.0 Hz, 1H), 9.25 (d, 3JH,H ¼ 8.1 Hz, 2H), 9.12 (d, 3JH,H ¼ 4.1 Hz,
1H), 8.88 (m, 3H), 8.38 (t, 3JH,H ¼ 6.8 Hz, 1H), 8.30 (m, 2H), 7.91
(m, 1H) (one proton signal overlapped with the solvent residual).
Because of its poor solubility, it was difficult to record the 13C{1H}
NMR data. 31P-NMR (DMF-d7, 161.94MHz): d¼�141.8 (sept, 1JPF
¼ 709 Hz, PF6

�). 19F-NMR (DMF-d7, 396.5 MHz): d ¼ �71.8
(doublet, 1JPF ¼ 709 Hz, PF6

�) ppm. Solid-state NMR analyses
were done. 13C-NMR (solid-state, 100.68 MHz): d ¼ 155.9, 152.9,
151.2, 149.8, 149.0, 143.5, 138.7, 131.1, 126.8, 125.3, 123.5, 120.2,
117.4 ppm. 31P-NMR (solid-state, 161.94 MHz): d ¼ �141.4 ppm
(sept, 1JPF ¼ 710 Hz, PF6

�). 19F-NMR (solid-state, 396.5 MHz): d¼
�70.1 (br, PF6

�) ppm. ESI-MS (positive mode, 20% (v/v) DMSO/
methanol): m/z ¼ 540.0546 {M–PF6}

+. C20H14Cl2F6N4PPt$2H2O:
C 33.28, H 2.51, N 7.76, found C 33.41, H 2.42, N 7.61.
DNA binding studies

Initially, the CT-DNA solution was prepared at a proper
concentration so that the intensity ratio of the transitions at 260
and 280 nm is nearly 1.9 to ensure that the double helix is free of
protein. The standardization of CT-DNA was performed by
using the molar absorptivity value at 260 nm (3260 ¼ 6600 L
mol�1 cm�1). The reactivity of complex 3 towards calf-thymus
© 2021 The Author(s). Published by the Royal Society of Chemistry
DNA was assessed by following the electronic absorption
changes upon the successive addition of CT-DNA to a xed
amount of the complex at room temperature.47 Following the
addition of CT-DNA, the solution was agitated, and aer 10min,
the spectrum was registered. The procedure was repeated until
no further signicant change was observed.

Lysozyme affinity

An aqueous solution of hen white egg lysozyme was mixed with
ve equivalents of complex 3, and then the reactionmixture was
immediately injected into the mass spectrometer. The positive
mode ESI MS spectrum was registered by the direct introduc-
tion of the sample at a ow rate of 10 mL min�1. The working
conditions were as follows: spray voltage 3.80 kV, capillary
voltage 45 V, and capillary temperature 320 �C. For spectral
acquisition, Thermo Xcalibur qual was used.

Biological activity testing

The evaluation of the antimicrobial properties of the free
ligands and metal complexes was achieved by CO-ADD (The
Community for Antimicrobial Drug Discovery), and this was
nanced by Wellcome Trust (UK) and University of Queensland
(Australia). The susceptibility of the seven treated bacterial and
fungal strains to the active compounds was tested at 32 mg mL�1

using standard broth microdilution assays.11 For compounds
that showed toxicity, a follow-up conrmation of toxicity was
effected by means of a dose-response assay against the same
microbial strain. No animals were used in this study. The cell
lines (microbial and mammalian) were obtained from the
American Type Culture Collection (ATCC). Human blood was
obtained from the Australian Red Cross Blood Service with
informed consent, and its use in haemolysis assays was
approved by the University of Queensland Institutional Human
Research Ethics Committee, approval number 2014000031.

Density functional theory calculations

The local minimum structures and vibrational spectra of 1–4
were obtained at the B3LYP (ref. 18)/LANL2DZ (ref. 19 and 20)
level of theory using GaussView03.48 Starting from the coordi-
nates of the optimized structures, the time dependent density
functional theory calculations were executed using the same
level of theory. The SMD solvation model was used in the
TDDFT calculations.21 The visualization of the local minimum
structures, and the vibrational and electronic spectra, as well as
Frontier molecular orbitals, was obtained by GaussView03.49
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46 G. P. Radić, V. V. Glodović, I. D. Radojević, O. D. Stefanović,
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