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Abstract: Palladium-based complexes with the ligand N-
heterocyclic carbene have long received attention as active
catalysts for many catalytic reactions. Recently, the biolo-
gical activities of these air- and moisture-stable complexes
have also been investigated. In our work, bis(benzimi-
dazol-2-ylidene)palladium complexes 3a-d were synthe-
sized by reacting benzimidazolium salts 2a-d with PdCl,
under reflux in tetrahydrofuran for 24 h and analyzed by
spectroscopy (FT-IR [Fourier transform infrared], 'H NMR
[proton nuclear magnetic resonance]) characterization, 3¢
NMR [carbon-13 (C13) nuclear magnetic resonance]), and
elemental analysis. The in vitro antibacterial and anti-
fungal activities of these complexes were studied against
Gram-positive and Gram-negative microorganisms, and
two different fungi showed their remarkable biological
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potential. In addition, the analysis of the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radicals using spectrophotometry
showed that they are an antioxidant. The potent antibacterial
and antioxidant activities of the synthetic complexes suggest
that they are more effective antibacterial agents. Our study
extends the biological relevance of palladium bis(benzimi-
dazol-2-ylidene) complexes with antibacterial and antioxidant
activities. Furthermore, the main goal of the docking simula-
tion is to provide a detailed analysis of the interaction
between the complex and the protein of interest.

Keywords: antimicrobial activity, antioxidant activity, ben-
zimidazolium salts, 2,2-diphenyl-1-picrylhydrazyl, N-hetero-
cyclic carbene, palladium

1 Introduction

N-Heterocyclic carbenes (NHCs) are important supporting
ligands (Froese et al, 2017) with their novel biological
effects (Janssen-Miiller et al., 2017). The steric and elec-
tronic properties of NHCs have helped them to be at the
forefront of many developments (Azouzi et al., 2018). The
NHC and phosphine ligands have played a crucial role in
developing organometallic chemistry. These ligand classes,
combining two-electron, neutral, and o-donor, have devel-
oped the applications of transition metal complexes (Karthik
et al., 2015). Diverse approaches have been made to add a
phosphine group to the NHC skeleton in synthesizing orga-
nometallic compounds, and metalation has been success-
fully accomplished through both functionalities. The halide
ligand and phosphine molecule used in such complexes are
thought to hydrolyze and facilitate the in vitro stabilization
of complex ions formed by the metal reduction in the
metal’s coordination sphere. Phosphine-based ligands have
widespread pharmacological applications, including anti-
bacterial antioxidant, anticarcinogenic, antiviral, antifungal,
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and antitumor. It has been recorded that especially phosphine-
based nickel(n) and palladium(m) complexes have important
bioactivities. These metal-hased complexes are used as valu-
able anticancer drugs due to their effects such as inhibiting cell
division and controlling gene expression. The problem with
these complexes is that they decompose into highly reactive
species in solution, so they do not reach their pharmacological
targets such as deoxyribonucleic acid. However, this can be
avoided by stabilizing the nickel(n) and palladium(u) com-
plexes with bulky ligands such as triphenylphosphine. In
2006, Organ et al. reported a class of precatalysts based on
Pd(n) containing pyridine-derived ligands (O’Brien et al., 2006).
The complexes comprise one NHC, two anions (usually Cl or
Br), and stabilizing throw-away pyridine derivative ligands
(Bal et al.,, 2021; Erdemir et al., 2020; Lu et al., 2021). Recently,
new works have been reported on the antimicrobial, antic-
ancer, antileishmanial, antitoxoplasmal, and enzyme inhibi-
tion activities of the PEPPSI-type Pd(m)NHC complexes (Dasgin
et al., 2021; Turker et al.,, 2020). Researchers were particularly
synthesized palladium(m) nonplatinum metal complexes due
to their strong biological activity and better lipophilicity or
solubility than cisplatin (Diez-Gonzalez and Nolan, 2007; Kumar
et al,, 2021). Due to its structural similarities to platinum and its
potential in vitro cytotoxicity, palladium metal is an excellent
metallodrug option (Dindar et al.,, 2022; Hahn et al., 2005). It has
been researched and documented elsewhere that the antiviral,
antibacterial, and antifungal activity of Pd(m) complexes with
various types of ligands was extensively studied by Garoufis
et al. (sulfur and nitrogen donor ligands, Schiff base ligands, and
different drugs as ligands) (Scattolin et al.,, 2021; Zhang and Yu,
2020). Other interesting works showing different intensities of
palladium complex activity on various species of bacteria and
fungi were studied (Blettner et al, 1999; Crozet et al., 2006;

)
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Franzén and Xu, 2005; Jia et al., 2020; Leadbeater, 2005; Moore
and Shaughnessy, 2004; Popovic et al., 2021; Rufino-Felipe et al,
2021; Shaughnessy, 2006; Villemin et al., 2001; Wierenga et al,
2019). In our last studies, we have published bis(NHC)Pd(n) com-
plexes that are effective catalysts for direct arylation reactions
(Boubakri et al.,, 2019; Slimani et al, 2022). The purpose of this
article is to synthesize new palladium(u) complexes and eval-
uate their impact on a variety of microbes in vitro. The
primary focus of this investigation is on the effects of the
newly synthesized Pd () complexes on various microorgan-
isms, including Gram-positive and Gram-negative bacteria
and different fungi. The goal is to overcome microbial infec-
tions to some extent. Thus, we synthesized novel Pd(m)
complexes containing halo substitutions and analyzed
their in vitro antimicrobial, antifungal, and antioxidant activ-
ities to achieve the abovementioned objectives. To optimize
metal-NHC complexes, we chose the most famous hybrid den-
sity functional theory model (B3LYP) functional, which has been
shown to be highly effective in our recent research (Hassen
et al, 2022). In addition, we utilized Natural Bond Orbital
(NBO) analysis (Glendening et al,, 2012) to determine the charge
populations at specific sites and quantify the charge transfer (CT)
that occurred.

2 Results and discussion

2.1 Preparation of benzimidazolium (2a-d)
salts

Benzimidazole salts (2a-d) were prepared via the two-step
N-alkylation process, as depicted in Scheme 1. 1H-Benzold]

Ar-CH,-X N
Lo

DMF, 70°C, 24-48 h N
\\Ar

2a-d

2a 2b 2c 2d
(e) () (d)
(f)
(d)
(d) (9) (e)
X cl cl Br Br

Scheme 1: General preparation of benzimidazolium salts (2a-d).
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imidazole-(4-(tert-butyl)benzyl) (1a) was prepared by refluxing
benzimidazole with 1-(bromomethyl)-4-(tert-butyDbenzene in
EtOH for 16 h. The benzimidazolium salts (2a-d) were synthe-
sized by quaternization of 1H-Benzo[d]imidazole-(4-(tert-butyl)
benzyl) (1a), with the corresponding benzylbromide deriva-
tives for 48 h at 70°C in degassed dimethylformamide (DMF)
to produce the respective benzimidazolium salts (2a-d) with
yields in the range of 50-89%. The target salts were obtained
as white solids. These salts are stable in solid state and solution
against air and moisture. The salts are soluble in chlorinated
solvents, alcohols, and water. The reaction has been moni-
tored following thin-layer chromatography, and after this
time, the formation of salts (2a-d) has been observed for
every target compound. The benzimidazolium salts (2a-d)
were air- and moisture-stable both in the solid state and in
solution. The FTIR spectroscopy, ‘H NMR and C{1H} NMR
spectroscopy, and elemental analysis data of the title com-
pounds confirm the proposed structures. The synthesis of
NHC precursors and their respective ligands is described in
Scheme 1.

NMR spectra of all the compounds were analyzed in d-
CDCl;. In the H NMR spectra, acidic protons (NCHN) for
benzimidazolium salts (2a-d) were seen at 11.17, 11.63,
11.64, and 11.58 ppm, respectively, as a characteristic sharp
singlet. Aliphatic carbons appeared from 20.7 to 35 ppm,
while aromatic carbons were from 113.38 and 152.82 ppm.
Whereas methyl protons showed up as singlets between
1.25 and 2.25 ppm, the aromatic protons showed up as a
multiplet between 6.9 and 7.63 ppm. In the *C{1H} NMR
spectra of benzimidazole salts (2a-d), the NCHN carbon
was detected as typical singlets at 142.95, 163.06, 162.9,
and 152.8 ppm, respectively. These values are consistent
with related literature (Hu et al.,, 2004; Dogan et al., 2001;
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Ozdemir et al., 2010; Igbal et al., 2013). In the IR spectra, the
v(C=N) bands for salts (2a—d) were observed at 1,548, 1,672,
1,670, and 1,565 cm ", respectively.
Bis(benzimidazol-2-ylidene)palladium complexes (3a-d)
were prepared by reaction of salts (2a-d) with PdCl, in high
yields of 75-97% (Scheme 2). The reaction was carried out at
reflux in anhydrous tetrahydrofuran (THF) in the presence
of potassium carbonate (K,CO3) as a base for 24 h. Complex 3
is an air-stable solid, soluble in acetone, chloroform, dichlor-
omethane, DMF, dimethyl sulfoxide (DMSO), ethanol, and
acetonitrile but insoluble in hexane, ether, and benzene.
The structural characterization of the palladium complex
was confirmed by NMR, FT-IR, and elemental analysis
techniques. In the 'H NMR spectra of complexes 3a-3d,
the characteristic down-field signals for the acidic C(2)-H
protons of the benzimidazolium salts 2a-d disappeared in
the 'H NMR spectra of palladium complex confirming the
formation of the NHC-Pd bonds. In the *C NMR spectrum
of complexes 3a-3d, characteristic signal of C(2)-carbon
of imidazolinium salts 3a-3d between & = 142.9-162.9 ppm
were completely disappeared, and the characteristic Pd-C
(carbene) bond signals of the complexes 3a-3d were
observed as singlet. In the *C NMR spectra, the carbene
signals of the Pd-PEPPSI-NHC complexes 3a-3e were observed
at 6 = 180.58, 180.81, 180.87, and 180.83 ppm, respectively.
The Fourier-transform infrared spectroscopy of the palladium
complexes 3a-3d unveiled a characteristic v(CN) band, which
was observed at 1,608, 1,610, 1,606, and 1,612 cm™, respectively.
The stretching frequency of v(CN) was lower compared to the
salt, which can be attributed to the electron flow from the
carbene ligand toward the palladium center, causing a weak
C=N bond. Moreover, the data from the elemental analysis of
the palladium complexes agreed with the suggested structure.

N
o K,CO;, THF N
©:> x° + PdCl, =R < ©: Pd/
N reflux, 16 h
\_ Nz
Ar o«
2 3
3a 3b 3c 3d
(e) ) (d)
(f)
(d)
(d) (9) (e)
X Cl Cl Br Br

Scheme 2: Preparation of palladium bis(benzimidazol-2-ylidene) complexes 3a-d.
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3a Trans-Isomer

Figure 1: Structures of trans and cis isomers of complex 3a.

Numerous attempts were made to obtain a suitable
crystal of palladium bis(benzimidazol-2-ylidene) complexes
for single-crystal X-ray diffraction study in order to provide
a more detailed explanation of the structures of our com-
plexes. The solvent diffusion method was employed using
various solvent systems, including dichloromethane/diethyl ether
CH,Cl,/Et,0, ethanol/ether EtOH/Et,0, and others. However,
despite all attempts, a suitable single crystal for X-ray ana-
lysis could not be obtained for the palladium bis(benzimi-
dazol-2-ylidene) complexes. All spectroscopic and analytical
data acquired were consistent with those of previously
reported similar palladium complexes of the same type
(Slimani et al., 2022).

Both optimized cis and trans isomer structures of the
3a complex are shown in Figure 1, taking into account the
spin multiplicity of palladium(u). The obtained geometrical
parameters are summarized in Table 1. Computed electronic

Table 1: Computed geometric data (bond lengths in A and bond angle
values in °) at the B3LYP/6-311 G(d,p)/LANL2DZ level

Trans isomer Cis isomer

Bond lengths
N1-C2 1.356 1.358
N3-C2 1.356 1.362
Pd4-C2 2.060 2.029
Pd4-C7 2.390 2.036
Pd4-CI5 2.390 2.397
Pd4-Cl6 2.061 2.412

Bond angles
N1-Pd4-N3 106.8 106.7
C2-Pd4-Cl5 90.0 84.1
C7-Pd4-Cl6 90.0 84.5
Cl5-Pd4-Cl6 179.9 173.2
C2-Pd4-C7 179.9 171.8
Cl5-Pd4-C7 90.0 93.1
Cl6-Pd4-C2 90.0 99.1
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3a Cis-Isomer

energies relative to the lowest-energy spin multiplicity state
$2, AE (in kcal'mol ™), & ymo, €xomo, and energy gap Ag;—y in
(eV) of complex 3a isomers as functions of 2S5 + 1 multipli-
cities at B3LYP/6-311 G(d,p)/LANL2DZ theory level are sum-
marized in Table 2.

According to the data listed in Table 1, we can conclude
that complex 3a crystallizes in square planar geometry.
The trans isomer for a singlet spin multiplicity is more stable
than the cis one with relative energy equal to 12.4 kcal-mol ™.
The computed Brs—f(ﬁ—BrG, Z—ITdZ—CZ BrG—@—CZ, and
C7-Pd4-Br5 bond angles in the case of trans isomer are equal
to 90°. Whereas, in the cis isomer, a distorted square planar
geometry was found (Table 1). This deformation may be
explained by the steric hindrance of aromatic rings.

2.2 Optical property analysis

Complex 3a showed three absorbance bands at 248 and 288
attributed to m-n" a minor one at 374 nm assigned to the

Table 2: Computed electronic energies relative to the lowest-energy
spin multiplicity state $2, AE (in kcal mol™), .umo, Enomo, and energy
gap Agry in eV of complex 3a isomers as a function of spin 25 + 1 at the
B3LYP/6-311 G(d,p)/LANL2DZ theory level

Isomer3a 2S8+1 S§2 AE ELUMO ggomo  Aern
Trans 1 0 0.00 -173  -673  4.40
3 2.006° 51.02 -1.08° -4.41° 274

2.000° -3.83°  -6.41°  2.00°

Cis 1 0 1235 -136  -587 452
3 2.005%  44.06 -1.09° -2.95° 1.86°

2.000° -418°  -6.09° 1.91

Before annihilation. PAfter annihilation. “When there are two lines, the
first corresponds to a molecular orbital and the second to f molecular
orbital.
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metal-ligand CT (MLCT). The assignment provided is sup-
ported by our previous study (Slimani et al., 2022) on a similar
PdCl,-NHC complex, where we examined the performance of
three functionals (M06-2X, WB97X-d, and B3LYP). In that
study, we observed that the TD-DFT spectra obtained using
these functionals closely matched the experimental spectra.
Additionally, the confirmation of the CT band assignment was
achieved through excited-state CT calculations (Abumelha
et al,, 2020; Al-Dawood and Al-Hazmi, 2019; Al-Fahemi et al.,
2018, 2020; Arslanoglu and Hamuryudan, 2007; Bayazeed
et al, 2020; Boman and Kaletta, 1957; Edwards and Hahn,
2011; El-Daly et al.,, 1996; El-Metwaly et al., 2019, 2021; Gaber
et al, 2017; Garzon et al, 1987; Gwang-Hyeon et al., 2002;
Katouah et al, 2019, 2020; Kelly et al, 2018; Keppler and
Rupp, 1986; Li-Hua et al,, 2013; Richert et al, 2019; Shinde
et al, 1999 and Sigel et al., 2018) (Table 3).

2.2.1 CT analysis

A detailed analysis of the CTs that occur between the pal-
ladium and NHC fragment was reported since the UV
absorption spectrum showed a MLCT transition. We have
considered two main fragments, as shown in Figure 2, and
the results are displayed in Table 4. An energy diagram
showing the molecular orbital interactions and localiza-
tions of frontier molecular orbitals is presented in Figure 3.
To evaluate the CT taking place, an analysis of selected sites
was performed using NBO analysis (Esrafili and Hadipour, 2011;
Karthikeyan et al., 2011; Kepler et al., 2019). This analysis allowed
for the determination of the electronic transitions and the
extent of charge redistribution between these specific sites.
By utilizing NBO analysis, insights into the nature and magni-
tude of the CT occurring in the system were obtained, enabling
a better understanding of the electronic interactions.
According to the data summarized in Table 2, for car-
bine. This unit is the most efficient donor fragment because
it has the highest charge transfer q.; value. Accordingly,
the organic moiety (C;6H2gN,) is the donor, while the PdCl,
moiety is the acceptor. An important CT amount occurred
from carbene to Pd(nm) was obtained. This transferred
charge amount was mostly attracted by both chlorides
since the latters exhibit strong electron affinity. The CT
was confirmed by second-order perturbation theory ana-
lysis of the Fock matrix on an NBO basis, as shown in Table
5. The larger the E(2) value, the more intensive the inter-
action between electron donors and electron acceptors, i.e.,
the more the donating tendency from electron donors to
electron acceptors, the greater the extent of conjugation of
the whole system (Sebastian and Sundaraganesan, 2010).
The significantly higher stabilization energy value E(2) is
observed in the case of intramolecular interaction for the

Table 3: Experimental fluorescence wavelength A, maximum absorption Amaxcans) (in nm), maximum molar extinction coefficient values (in dm>mol™-cm™), and fluorescence quantum yield ¢ of 3a in CHCl;
p g p (abs) q y!

3

3 -1 -1
€max at 374 nm (dm“:mol™"-cm™)

3 -1 -1 3 -1 -1
€max at 248 nm (dmM”mol™"-cm™) €max at 288 nm (dM”*mol™-cm™)

3ol Lem-1
Emax at 370nm (dM”*mol "-cm ™)

Amax(Abs) (nm)

A¢ (nm)

Solvents

0.085

300

10,000

12,540

304

415 248

CHCl;

— 5
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Table 4: Computed charge population (before the complexation q,, after
the complexation g,) and the amount of the transferred charge (qc) in
(e) of selected sites within complex 3a at BsLYP/6-311 + G(d,p)/LANL,DZ
level of theory

1 5
N\ Cl1 N Site N1 c2 N3 Pd4 cis Cle
/
2/C——P|d4—C\7 a4 -0.466 0.149 -0.465  -0.037  0.018 0.018
N'S Cl1 N q, -0.420 0.366 -0.422 0.070 -0.479 -0.479
6 et -0.046 -0.217  -0.043  -0.107 0.497 0.497

3a complex, resulting from the orbital overlap between the
carbene derivative (organic base) acting as an electron

Figure 2: Selected fragments in complex (3a) (blue: fragment 1 [carbene donor and PdCl, as an electron acceptor (BD (C7-N8) and

derivative], red: fragment 2: PCl,). LP* (Pd4)).

A
1 | AEH A

2 L+2
L E—

-3

-4
L+1

5| o
L

-6
$2

-8

H-1

o’

H-2

PdCl, 3a complex C,6HsN,

Figure 3: An interaction diagram for complex 3a of symmetry C;.
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Table 5: Second-order perturbation theory analysis of fock matrix in
NBO basis of 3a complex

Donor Acceptor E(2) EG)-E()  F(ij)
NBO (i) NBO (j) (kcal-mol™) (a.u.) (a.u.)
BD(C7-N8)  LP " (Pd4) 451 0.85 0.056
BD (C7-N8) BD " (Pd4-Cl5) 0.81 0.77 0.023
BD (C7-N8) BD " (Pd4-Cl6) 1.07 0.36 0.018
BD (C2-N1) BD " (Pd4-Cl6) 0.71 0.88 0.023
BD (C2-N1) BD " (Pd4-Cl6) 0.84 0.46 0.018

3 Biological activities

All synthesized benzimidazolium salts (2a—d) and their corre-
sponding palladium bis(benzimidazol-2-ylidene) complexes
(3a-d) were tested against two Gram(+) (Micrococcus luteus
LB 141107, Listeria monocytogenes ATCC 1911, Staphylococcus
aureus ATCC 6538, Bacillus cereus ATCC 14579/Gram (=), and
Salmonella typhimurium ATCC 14028). As previously reported,
DMSO did not exhibit any antibacterial activity (Shahini et al.,
2017; Patil et al., 2010; Gleeson et al., 2008). The antibacterial
activities of the NHC precursors (2a-d) and their corre-
sponding palladium bis(benzimidazol-2-ylidene) complexes
(3a-d) are listed in Table 1. Compound 3a is more active
than compounds 3b and 3c against L. monocytogenes ATCC
1911, S. aureus ATCC 6538, and S. typhimurium ATCC 14028b.
Depending on the type of ligand, the complexes exhibited
different levels of antibacterial activity. Palladium bis
(benzimidazol-2-ylidene) complexes show increased activity
compared to benzimidazolium salts. The complexes showed
increased antibacterial activity, which could be explained
by the synergistic effect of the complexes to increase
lipophilicity. The observed antibacterial activity of these
complexes was comparable to our previous palladium bis
(benzimidazol-2-ylidene) complexes (Achar et al, 2018).
The results obtained are shown in Table 6 and Figure 4.
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Table 7 shows that palladium complexes 3a and 3b are
the most active against M. luteus and have a zone of inhibi-
tion of 37 mm and a zone of inhibition of 29 mm. Further-
more, Table 6 shows that complex 3a show the high activity
against L. monocytogenes with a zone of inhibition of
26 mm. Compound 2a was also shown to be effective
against M. luteus LB 141107 with a zone of inhibition of
35 mm. Tetracycline was used as a benchmark when com-
paring the results obtained (Kirby and Schmidt, 1997;
Sellem et al., 2016). Table 7 shows that the minimum inhi-
bitory concentration (MIC) values of L. monocytogenes
ATCC 1911 range from 0.1552 to 0.1963 pg'mL~’, and that
of Staphylococcus aureus ATCC 6538 range from 0.1526 to
1.942 pgmL™. From 0.1561 to 0. 4136 ug'mL~", the values
correspond to S. typhimurium ATCC 14028.

4 Molecular docking

The docking study was performed using ezCADD (Tao et al.,
2019) Smina (Koes et al.,, 2013) software (https://www.dxulab.
org/software). In order to visualize the results, BIOVIA dis-
covery studio 2021 was used (BIOVIA Product Portfolio —
BIOVIA — Dassault Systémes®, n.d.). The salt 2a is an antibac-
terial activity and can act against Yersinia pestis. The simula-
tion system was built on the crystal structure of PDB ID: 5]Q9
and 2X4M (Zhao et al., 2016), which was downloaded using the
Protein Data Bank as a source (https://www.rcsb.org). The
protein molecules were purified using pymol (PyMOL | Pymo-
1.0rg, n.d.). The downloaded construct is Y. pestis, a determi-
nant of viability or virulence in every bacterial cell tested.
Automatic pocket detection was performed using fpocket3
(Schmidtke et al., 2010). Minimum binding affinity (E};)) values
(kcal'mol ™) were calculated to evaluate the resulting binding
complexes. Molecular docking simulations were performed to
predict the best binding configuration of a ligand for its

Table 6: Zones of bacterial inhibition measured in mm for salts 2a-d and their palladium bis(benzimidazol-2-ylidene) complexes 3a-d

Compounds® Microorganisms
M. luteus LB L. monocytogenes ATCC 1911 S. aureus S. typhimurium ATCC 14028 B. cereus ATCC 14579
141107 ATCC 6538
2a 35+013 23+ 0.14 23+12 24 £13 22+0.2
2b 24 +26 22 +0.32 22+0.2 23+1.2 21+ 0.1
2c 22+1.2 22+0.2 21+ 0.21 22 +11 20 + 0.14
2d 21+0.23 21+ 0.1 20+ 0.3 21+ 0.17 20 £ 0.13
3a 37£0.15 26 + 0.13 25+1.2 26 +1.2 25+0.2
3b 29+ 21 24 + 0.31 24+ 0.1 24 £13 24 +0M
3c 27 £1.3 23403 22£0.22 23+ 1.1 22+0.14
3d 24 +0.24 22 +0.12 21+0.2 22 +0.17 21+ 0.13
Tetracycline 20

@Zone of bacterial inhibition measured in mm.


https://www.dxulab.org/software
https://www.dxulab.org/software
https://www.rcsb.org
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Figure 4: Inhibition zone of ligands and complexes against Gram(+) (M. luteus LB 141107, L. monocytogenes ATCC 1911, S. aureus ATCC 6538, and B.
cereus ATCC 14579 and Gram(-) (S. typhimurium ATCC 14028). Antibacterial activities of salts 2a-d and their complexes 3a-d against M. luteus LB
141107. Antibacterial activities of salts 2a-d and their complexes 3a-d against L. monocytogenes ATCC 1911. Antibacterial activities of salts 2a-d and
their complexes 3a-d against S. aureus ATCC 6538. Antibacterial activities of salts 2a-d and their complexes 3a-d against Salmonella typhimurium. 6c
6a Antibacterial activities of salts 2a-d and their complexes 3a-d against B. cereus ATCC 14579. 6a Method for determining the MIC.
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Table 7: MIC of synthesized compounds against L. monocytogenes ATCC
1911, S. aureus ATCC 6538, and S. typhimurium ATCC 14028

Tested L. monocytogenes S. aureus S. typhimurium
compounds ATCC 1911 ATCC 6538 ATCC 14028
(300 pg-mL™")

2a 0.1763 0.1853 0.1861

2b 0.1863 0.1866 0.1971

2c 0.1963 0.1942 0.3415

2d 0.1846 0.1962 0.4136

3a 0.1552 0.1463 0.1561

3b 0.1562 0.1542 0.1572

3c 0.1643 0.1526 0.3115

3d 0.1654 0.1612 0.3136
Ampicillin 0.002 11 1.1

Table 8: An analysis of the crystal structures of Y. pestis proteins 5/Q9
and 2X4M, as well as the predicted binding free energy of the interaction
between the salt 2a and the studied proteins () in (kcal) has been
performed

Anti-Y. pestis

Protein Resolution n Volume E,
5)Q9 2.10 9 662 -8.0
2X4M 2.55 9 324 -8.1

polymer partner. It creates as many ligand sites as possible at
the protein binding site. The best position of the ligand (2a)
was chosen based on the best conformation that gave the
lowest binding free energy. Table 8 summarizes the crystal
structure resolution of the investigated Y. pestis protein, the
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calculated number of cavities identified, the best protein
cavity volume, and the predicted binding free energy of the
interaction between salt 2a and the protein. The best posi-
tions of the ligand (2a) within the 5]Q9 and 2X4M proteins
are indicated in Figures 5 and 6 since it exhibits the lowest
free binding energy values —8.0 and -8.1kcal'mol ™, respec-
tively. The intermolecular interactions between the amino
acids and the ligand are also depicted in Figures 4 and 5. In
the case of 5]Q9 protein, six types of interactions are revealed:
(i) C-H bond with SER; (ii) n-cation with ARG and LYS; (iii)
1—0 with PHE; (iv) m—m-shaped with PRO and ARG; (v) alkyl
with MET, ILE, and PRO; and (vi) m-alkyl with PRO and ARG.
Also, six interactions were observed in the case of 24M: (i)
C-H bond with TYR and ASP, (ii) m-anion with GLU, (iii) 1- o
with PHE, (iv) n—mn-stacked with TYR, (v) alkyl with ILE, and
(vi) m-alkyl with ALA. The obtained results allowed us to
conclude that the methyl-substituted aromatic ring organic
molecule electronic could play a significant role in the biolo-
gical activity indicated. To investigate the impact of the metal
fragment on the biological activity of complex 3a, we utilized
the H-Dock server (Yan et al., 2017). The quality of the biolo-
gical activity was evaluated using the LGscore, which cate-
gorizes it as follows: Correct (LGscore > 1.5), Good (3 < LGscore
< 5), and Very Good (LGscore > 5). Upon analyzing Table 8, it
was observed that complex 3a displayed a very good biolo-
gical activity with a high LGscore.

Moreover, the data presented in Figure 8 led to the
conclusion that the PdCl, fragment did not interact with
the amino acids of Y. pestis. Similar to 2a, complex 3a exhib-
ited conventional interactions with Y. pestis amino acids,
including m—donor, m—alkyl, and m—anion interactions.

To investigate the impact of the metal fragment on the
biological activity of complex 3a, we utilized the H-Dock

ASP HIS
A:96 ARG A:257
A:255
AN A
A:115 37 - @
o9 2=
/] N @ » 437
@ Q\, ° ®9Q o O 524
s o ¢ PRO
K @ ? a7 550 A:232
478 |
PHES.163.95 o 0
Q:180 - O ~474 SER
@56 A219 TS
VIET -~ A220
A:139 A221
ILE
A117 o o
A:63 A:222
GLY
A:189
Interactions
[ van der wiaals [ PPiTshaed
D Carbon Hydrogen Bond E Ayl
B Picaton [ Pt
B s

Figure 5: Best position of the salt 2a within the 5)Q9 (Yersinia pestis) (Left) 2D diagram of the interactions between salt 2a and 5JQ9 (Yersinia pestis)

(Right).
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353 561 347 3.72 ®
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364 OO® O
P 5.45 Sl
2 O NG A166
ALA 9
A275 @)
Interactions
I:] van der Waals I:l Pi-Pi Stacked
l:l Carbon Hydrogen Bond |:| Alkyl
[ Pi-Anion [ pioakyl
D Pi-Sigma

Figure 6: Best position of the salt 2a within the 2X4M (Yersinia pestis) (Left) 2D diagram of the interactions between salt 2a and 2X4M (Yersinia pestis)

(Right).

server (Yan et al, 2017). The quality of the biological
activity was evaluated using the LGscore, which cate-
gorizes it as follows: Correct (LGscore > 1.5), Good (3 <
LGscore < 5), and Very Good (LGscore > 5). Upon analyzing
Table 7, it was observed that complex 3a displayed a very
good biological activity with a high LGscore.

Moreover, the data presented in Figure 8 led to the
conclusion that the PdCl, fragment did not interact with
the amino acids of Y. pestis. Similar to 2a, complex 3a exhib-
ited conventional interactions with Y. pestis amino acids,
including m—donor, m—alkyl, and m—anion interactions.

Figure 7: Best position and the interactions of the 3a complex within the
5JQ9 (Yersinia pestis).

4.1 Antioxidant activity

The scavenging activities have been investigated to support
the biological potential of the palladium bis(benzimidazol-
2-ylidene) complexes 3a-d (Jomova et al., 2012; Meyerstein,
2013). The palladium bis(benzimidazol-2-ylidene) complexes
3a-d were used to examine the decrease in absorbance or
scavenging action of a stable-free DPPH (Taha et al., 2011;
Trivedi et al., 2012). Comparing the DPPH absorption
at 517 nm to the Pd(m) complexes’ percentage scavenging
activity was done in a concentration-dependent manner
(Li et al., 2006; Suh and Chaires, 1995). For Pd(i) complexes,
the absorbance of the DPPH free radical at 517 nm with
DMSO was 0.906. Complexes have expressed a decrease in
absorption (Figure 8).

The ICs, (concentration in grams’ mL ™ with 50% effect)
was used. Compounds 2d, 2a, 3b, and 3a from Table 6
show notable DPPH radical scavenging activity. These sub-
stances’ respective ICso values were 50.55, 46.88, 47.17, and
48.07 g-mL'l. In terms of ABTS free radical activity, the
ICso of the produced compounds 2a-d and 3a-d ranged
from 20.45 to 33.17g'mL™" (Figure 8). Complexes 3a
(30.22g'mL™), 3¢ (29.55g'mL™), 2d (33.17 gmL™), and
2b (20.45 gmL ™" g-mL™") had the highest activity in the
ABTS assay (Figure 7). In the ABTS free radical experi-
ment, the control butylated hydroxytoluene (BHT) (a potent
antioxidant molecule) had an ICs, value of g¢mL™ (Figure 8).
Due to their antioxidant qualities, Pd compounds have med-
ical and material relevance.
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5 Conclusions

This study reports the synthesis of benzimidazolium salts
2a-d and their palladium bis(benzimidazol-2-ylidene) com-
plexes 3a-d. The structures of these compounds were
unambiguously characterized by standard NMR and IR
spectroscopy techniques as well as elemental analysis.
Palladium bis(NHC) combinations 3(a-d) and benzimida-
zolium salts 2a-d showed selectivity and moderate activity
against a variety of microorganisms. Of particular interest
are the results for Gram-positive species that are wide-
spread in the environment. Additionally, these compounds
have been shown to scavenge free radicals, suggesting they
may have medicinal uses. This has enhanced the penetra-
tion of the complexes into the lipid membrane and inhibited
the growth of the tested Gram-positive and Gram-negative
bacteria. The latter phenomenon demonstrates the wide-
range activities of the complexes.

Experimental

General methods

All manipulations were carried out under argon using
standard Schlenk line techniques in accordance with our
earlier work (Slimani et al., 2021). Chemicals and solvents
were purchased from Sigma-Aldrich Co. (Poole, Dorset, UK).
The solvents used were purified by distillation over the
drying agents indicated and were transferred under argon.
Melting points were measured in open capillary tubes using
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an Electrothermal-9200 melting points apparatus. IR spectra
were recorded on an ATR unit in the range of 400-4,000
cm ™ with a Perkin Elmer Spectrum 100 spectrophotometer.
'H NMR and **C NMR spectra were recorded using Bruker
Avance AMX and Bruker Avance III spectrometer operating
at 400 MHz (*H NMR) and 100 MHz (**C NMR) in CDCl; with
TMS added. NMR multiplicities are abbreviated as follows:
s = singlet, d = doublet, t = triplet, hept = heptet, and m =
multiplet signal. The NMR studies were carried out in high-
quality 5 mm NMR tubes. The chemical shifts (d) are reported
in ppm relative to CDCl;. Coupling constants (J values) are
given in hertz. Elemental analyses were performed by the
LECO CHNS-932 elementary chemical analyzer. The chemical
shifts (d) are reported in ppm relative to CDCl;. Coupling
constants (J values) are given in hertz.

Synthesis of 1-(4-(tert-butyl)benzyl)-1H-benzo
[dlimidazole (1a)

This compound was synthesized according to our previous
work (Slimani et al., 2022).

1-(4-tert-Butylbenzyl) benzimidazole (1a)

Yield: 100%, m.p. = 120°C, C;sHy0N,, M = 292 g'mol ™. FT-IR
(KBr): vy = 1,716 (C=N); 1,272 (C-N) cm™. "H NMR (CDCls,
400 MHz) § (ppm) = 8.22 (s, 1H, H,, NCHN); 7.40-7.42(d, 2H,
Hy g, arom. CH); 5.42 (m, 2H, Hsg, arom. CH); 7.30-7.31 (d,
2H, Hy 7, arom. CH); 7.18 (s, 2H, H, 7, arom. CH); 5.39 (d, 2H,

DPPH

m ABTS

2b 2C 2d  BHT

Compound

Figure 8: The antioxidative activity of compounds 2a-d and 3a-d synthesized was assessed by DPPH and ABTS techniques and expressed as ICsg in

g'mL™". The BHT was used as a control.
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Hy, CHyp); 2.37; 1.23 (s, 9H, H, ., 3 % CHa). *C NMR (CDCl,
100 MHz) § (ppm) = 151.03 (C,, NCN); 143.28 (Cs, arom. Cq);
142.18 (Co, arom. Cq); 134.29 (Cy, arom. Cq); 132.25 (C¢, arom.
Cq); 130.96 (Cg, arom. Cq); 129.87 (Cs, arom. Cq); 126.93 (Cy ¢,
arom. CH); 125.39 (Cz 7, arom. CH); 119.49 (C4, arom. CH);
110.57 (C;, arom. CH); 47.09 (Cy, CHy); 34.20(C(CHs)s, Cq);
31.05 (Cyp,e, 3 % CHy).

Synthesis of benzimidazolium salts (2a-2d)

The synthesis is carried out by reacting 1.0 g (3.42 mmol) of
1-(4-tert-butylbenzyl) benzimidazole (1a) with an equiva-
lent molar amount of the appropriate aryl bromide or
chloride and then dissolving in 2mL of dried N,N-DMF.
The solution was stirred at 70°C for 24-48 h. As a result,
a product as a white powder was obtained.

1-(4-(tert-Butyl)benzyl)-3-(4-methylbenzyl)-2,3-dihydro-
1H-benzo[d]imidazolium bromide (2a)

Yield: 95%, m.p. = 245°C, FT-IR (KBr): v(CN) (cm™?) = 1,548
(C=N); 1,194 (C-N). *H NMR (CDCls, 300 MHz) & (ppm): 11.17
(s, 1H, Hy, NCHN); 7.32 (s, 8H, Hs 6 4 ¢ 3" 4~ 6" 7, arom. CH); 7.24
(s, 2H, Hz 7, arom. CH); 7.07 (s, 1H, Hs, arom. CH); 6.98 (s, 1H,
Hs, arom. CH); 6.91 (s, 2H, H,, 7, arom. CH); 5.83 (s, 2H, Hy,
CHy); 5.77 (s, 2H, Hy-, CHy); 2.26 (s, 3H, He, CHy); 2.31 (s, 3H,
Ha, CHs); 2.26 (s, 3H, Hb, CHs); 2.25 (s, 3H, He, CHs). *C NMR
(CDCl;, 75 MHz) (8 (ppm)): 142.95 (C,, NCN); 139.42 (C,, arom.
Cq); 13748 (Cy g, arom. Cq); 135.58 (Cy, arom. Cq); 134.61 (Cy- 6,
arom. Cq); 134.02 (Csg, arom. Cq); 133.71 (Cs.7, arom. Cqp);
131.08(Cg, 9, arom. Cq); 130.68 (Cs, arom. CH); 128.47 (Cz 7,
arom. CH); 125.97 (Cs,, arom. CH); 113.79 (C4, 7, arom. CH);
51.75 (Cy, CH,); 48.08 (Cy-, CH,); 18.1 (CH3€); 20.1 C(CH3)3; 21.11
(Ca,b, 2 x CH3); 16.68 (Cc, CHs). Anal. Calcd for CysH,yoBrN,: C,
69.48%; H, 6.50%; N, 6.23%. Found: C, 69.5; H, 76.6; N, 6.23%.

1-(4-(tert-Butyl)benzyl)-3-(2,3,5,6-tetramethylbenzyl)-2,3-
dihydro-1H-benzo[d]imidazolium bromide (2b)

Yield: 96%, m.p. = 275°C, FT-IR (KBr): vy (cm™) = 1,672
(C=N); 1,385 (C-N). 'H NMR (CDCls, 300 MHz) & (ppm): 11.63
(s, 1H, H,, NCHN); 7.35 (m, 4H, Hsgs- arom.); 7.41 (m, 4H,
Hy g 4767, arom. CH, Jyy = 6 Hz); 7.38 (m, 4H, Hyz 7 3- 7+, arom.
CH, Juu = 9 Hz); 7.31 (s, 2H, Hy 7, arom. CH); 5.74 (s, 4H, Hy 1,
2 x CHy); 2.94 (s, 3H, Hg, CHs); 2.87 (s, 3H, H, CH3); 2.26 (s, 9H,
Hap, 3 % CHa); 233 (s, 6H, H,p, 2 x CHs). *C NMR (CDCl,,
75 MHz) (6 (ppm)): 163.06 (C,, NCN); 152.82 (Cs 5+, arom. Cq);
142.31 (Cy -, arom. Cq); 137.82 (Cs¢, arom. Cq); 130.35 (Csg o,
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arom. Cq); 128.52 (Cy g 476 arom. CH); 126.81 (Csz 737
arom. CH); 113.80 (C,, arom. CH); 5149 (C1,1", 2CH,); 35.18
(Cq, 2CHy); 31.71 (Cy, 2 x CHy); 21.23 (C, CH3); 27.2 (2CHy); 29.3
(C(CH3)3). Anal. Calcd for Cy9H3sBrN,: C, 70.87%; H, 7.18%); N,
5.70%. Found: C, 70.8; H, 7.2; N, 5.7%.

1,3-Bis(4-(tert-butyl)benzyl)-2,3-dihydro-1H-benzol[d]
imidazolium bromide (2c)

Yield: 94%; m.p. = 275°C; FT-IR (KBr): vcny (cm™) = 1,670
(C=N); 1,388 (C-N). 'H NMR (CDCl5, 300 MHz) § (ppm): 11.64
(s, 1H, Hy, NCHN); 7.41 (m, 4H, Hy ¢ 4-¢, arom. CH, [y =
6 Hz); 7.38 (m, 4H, Hg 7 37+, arom. CH, Jgg = 9 MHz); 7.31 (s,
2H, H, 7, arom. CH); 5.74 (s, 4H, Hy 1+, 2 x CHy); 5.27 (s, 2H, Hsg,
arom. CH); 1.25 (s, 12H, H,,¢, 6 x CHs). *C NMR (CDCls, 75 MHz)
(6 (ppm)): 162.9 (C,, NCN); 152.82 (Cs 5+, arom. Cqp); 142.31(Cy o,
arom. Cqp); 137.82 (Csg, arom. Cq); 130.35 (Cg o, arom. Cqp); 128.52
(Cy6 476~ arom. CH); 126.81 (C3 737, arom. CH); 113.80 (C4, 7,
arom. CH); 51.49 (C1’,1”, 2CH,); 20.25 (2 x C((CH3)3); 21.23 (Copc 4
x CH,). Anal. Calcd for CyHssBrN,: C, 70.87%; H, 7.18%; N,
5.70%. Found: C, 70.8; H, 7.2; N, 5.7%.

1-(4-(tert-Butyl)benzyl)-3-(3,5-dimethylbenzyl)-2,3-
dihydro-1H-benzo[d]imidazolium bromide (2d)

Yield: 92%; m.p. = 235°C; FT-IR (KBr) vien(em™): = 1,565
(C=N); 1,359 (C-N) cm™; 'H NMR (CDCl;,300 MHz) § (ppm):
=11.58 (s, 1H, Hy, NCHN); 7.44 (d, 2H, Hy ¢, arom. CH, 3/yy =
743 Hz); 7.37 (s, 1H, Hs,, arom. CH); 7.35 (d, 2H, Hs- 7-, arom.
CH, 3Juy = 7.34 Hz); 7.27 (s, 1H, Hy, arom. CH); 5.36 (s, 2H, Hs,
arom. CH); 7.01 (s, 2H, H, 7, arom. CH); 6.94 (s, 1H, H, arom.
CH); 5.76 (s, 2H, Hy, CH,); 5.67 (s, 2H, Hy,, CHy); 2.26 (s, 6H, Hg e,
2 x CH3); 1.25 (5, 9H, Ha . 3 x CH3). *C NMR (CDCl3, 75 MHz)
(6 (ppm)): 152.81 (Cy, NCN); 142.37 (C4 6, arom. Cq); 139.59 (Cy,
arom. Cq); 137.84 (Cs, arom. CH); 133.11 (C;-, arom. Cq); 131.35
(Cs6, arom. Cq); 130.45 (Cgo, arom. Cqp); 128.53 (C4- g, arom.
CH); 126.77 (C3 5,7, arom. CH); 126.23 (Cs- 7-, arom. CH); 113.82
(C47, arom. CH); 51.80 (Cy, CH,); 51.43 (Cy, CHy); 3517 (Cgpe, 2 X
CH3); 31.70 (C¢, CHs); 21.75 (Cap, 2 X CHy); 28.7 (C(CHz)s). Anal.
Calcd for Cy,7;H3BrN,: C, 69.97%; H, 6.74%; N, 6.04%. Found: C,
70.1; H, 6.8; N, 6.1%.

Synthesis of palladium-bis(NHC)
complexes 3(a-d)

The complexes considered in this work are prepared by
mixing a solution of 5,6-dimethylbenzimidazolium salts
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(1 mmol), PdCl, (0.5 mmol; 0.09 g), and K,CO3 (0.6 g, 4.3 mmol).
Next, the anhydrous THF (25 mL) was added, and the mixture
was heated at reflux for 24 h at a temperature of about 100°C.
The obtained solid was solved in DCM (5 mL) and then pur-
ified by flash column chromatography.

Dichlorodi-[1,3-bis-(4-tert-butylbenzyl)-5,6-
dimethylbenzimidazole-2-ylidene] palladium(u) (3a)

Yield: 94 (%); m.p. 268°C; FT-IR (KBr): vieny(cm ™) = 1,608; 'H
NMR (CDCls, 300 MHz) & (ppm): 7.46 (d, 8H, Hyz 161923121619 23>
arom. CH); 7.26 (d, 8H, Hy31520221315.20:22> arom. CH); 6.35 (s,
4H, Hs 5,6, arom. CH); 6.83 (s, 4H, Hy74 7, arom. CH); 5.89 (s,
8H, Hyg17,10/17, 4 % CHy); 1.25 (3, 24H, He g e g e a e pems 8 X CHy).
*C NMR (CDCl;, 75 MHz) (S (ppm)): 180.58 (C,2, NCN); 150.53
(Cg9,8,9» arom. Cq); 133.55 (Cyq2114 21, arom. Cq); 133.01
(C11181118> arom. Cq); 131.81 (Ciz16,19,2312,16,19',23> Arom.
CH); 127.88 (C1315,20,22,13,15,20',22> arom. CH); 125.57 (Cs g5 ¢
arom. Cq); 111.76 (C4,7,4,7, arom. CH); 52.49 (Cy01710.17, 4 ¥
CHy); 34.63 (Cq,g,ag» 4 % CHy); 20.34 (Cce g c,e o> 4 X CHa);
21.24 (2 x C(CHs)s. Anal. Calc. for Cs,HssBr,N,Pd: C, 62.13%;
H, 5.82%; N, 5.57%, Found: C, 62.13; H, 5.8; N, 5.6%.

Dichlorodi-[1,3-bis-(4-methylbenzyl)-5,6-
dimethylbenzimidazole-2-ylidene] palladium(m) (3b)

Yield: 95 (%); m.p. 266°C; FT-IR (KBr): viey(cm™) = 1,610. 'H
NMR (CDCls, 300 MHz) 6 (ppm): 7.36 (d, 8H, Hiz1619231216'19,23>
Hsgs,6, arom. CH); 6.25 (s, 30H, 10 x CHy); 6.85 (s, 4H, Hy747,
arom. CH); 5.91 (s, 8H, Hig 171017, 4 * CHy); 2.28 (5, 12H, He g ¢, 4
x CHs). ®C NMR (CDCls, 75 MHz) (8 (ppm)): 180.81 (C, NCN);
13722 (Cgogg, arom. Cq); 133.52 (Cig211421, arom. Cq); 132.99
(Ci1811,18> arom. Cq); 131.90 (Cip1619,2312,16,19,23, arom. CH);
129.35 (Cy31520.2213.15.20:22> arom. CH); 127.87 (Csg5,¢, arom.
Cq); 111.65 (C474,7, arom. CH); 5243 (Cip1710175 4 x CHp);
21.30 (Cegqear 4 * CH3); 19.25 (10 (CHj3); 20.24 (2 x C(CHy)s.
Anal. Calc. for C58H68Br2N4Pd: C, 63.94%; H, 6.48%; N,
5.14%, Found: C, 63.95; H, 6.5; N, 5.2%.

Dichlorodi-bis-[7-(3,5-dimethylbenzyl)-3-(4-
methylbenzyl)- 5, 6-dimethylbenzimidazolin-2-ylidene]
palladium(u) (3c)

Yield: 97 (%); m.p. 270°C; FT-IR (KBr): vcyy(cm™) = 1,606; 'H
NMR (CDCls, 300 MHz) 6 (ppm): 7.39 (t, 4H, Hyg 2319 23, arom.
CH, Jug = 9 MHz); 7.12 (d, 4H, Hyy 161216, arom. CH); 7.06 (t,
4H, Hyg02022, arom. CH, Juy = 7.5MHz); 6.89 (m, 4H,
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Hy74,7, arom. CH); 6.82(d, 2H, Hy414, arom. CH); 5.92 (s,
2H, Hyo, CHy); 2.2 (s, 30H, 10 x CHy); 5.87 (s, 4H, Hy747, 2 %
CHy); 5.83 (s, 2H, Hyy, CHy); 2.29 (s, 6H, H o, 2 x CHy);
2.21-2.20 (s, 12H, H g g, 4 X CHy); *C NMR (CDCls, 75 MHz)
(8 (ppm)): 180.87 (C,2, NCN); 138.11 (Cg o 5.9, arom. Cqp); 137.22
(Ci31513,15> arom. Cq); 135.79 (Cyy o1, arom. Cq); 133.64 (Cyy11,
arom. Cq); 133.45 (Cyg1g, arom. Cq); 133.06 (Cy414, arom. CH);
131.82 (Cy9231923, arom. CH); 129.26 (Cyo222022, arom. CH);
127.95 (Ciz1612,16, arom. CH); 125.56 (Csgs,6, arom. Cq); 111.64
(C47.4:7> arom. CH); 52.31 (Cy0.171017 4 X CHy); 21.30 (Ceqe.qr 4 X
CH,); 20.37 (Cee, 2 x CH3); 18.28 (10 (CHa); 19.26 (4 x C(CH3)s).
Anal. Calc. for C62H76Br2N4Pd: C, 65.01%; H, 6.86%; N, 4.89%,
Found: C, 65.01; H, 6.87; N, 4.9%.

Dichlorodi-bis-[7-(3, 5-dimethylbenzyl)-3-(4-tert-
buthylbenzyl)-5,6-dimethylbenzimidazolin-2-ylidene]
palladium(u) (3d)

Yield: 75 (%); m.p. 262°C; FT-IR (KBr)): vieny(cm™) = 1,612.
'H NMR (CDCl5, 300 MHz) 8 (ppm): 7.43 (s, 4H, Hi414, arom.
CH); 7.38 (s, 4H, Hyg 2319 23, arom. CH); 7.11 (s, 2H, Hyg 23 20" 225
arom. CH); 6.92 (s, 4H, Hjy1612.1¢, arom. CH); 6.85(s, 4H,
Hy74,7, arom. CH); 6.03 (m, 8H, Hip171017, 4 X CHyp); 2.28
(s, 6H, Hgp, 2 x CHy); 2.17 (s, 12H, He g0, 4 x CH3); 1.30 (s,
12H, He g, 4 * CHy); 2.12 (s, 12H, 4 x CH3); *C NMR (CDCl3,
75 MHz) (8 (ppm)): 180.83 (Cy2, NCN); 138.54 (Cg 9 g9, arom.
Cq); 138.12 (Cy345.13.15, arom. Cq); 135.80 (Cyy 21, arom. Cq);
134.59 (Cy111, arom. Cq); 133.68 (Cig1g, arom. Cq); 132.88
(Ciq14», arom. CH); 131.78 (Cyg231923, arom. CH); 129.96
(C20,22,20' 22> arom. CH); 127.80 (Cy21612 16, arom. CH); 125.58
(Cs6, 576> arom. Cq); 112.02 (Cy 7 4 7, arom. CH); 53.32 (Cyg, 10+, 2
x CHyp); 5242 (Cy717, 2 x CHy); 34.73 (Ceqear 4 * CHs); 31.47
(Cep, 2 % CHy); 20.36 (Cogerg, 4 x CHy); 19.26 (4 (CHy); 20.25 (2
x C(CH3)3. Anal. Calc. for C58H68Br2N4Pd: C, 63.94%; H,
6.48%; N, 5.14%, Found: C, 63.95; H, 6.5; N, 5.14%.

Computational details

The ground state Sy of the complex was optimized using
DFT with hybrid B3LYP (Becke, 1993; Stephens et al., 1994)
functional, combined with the 6-311G(d) basis set for the
non-metal atoms and a double-{ quality basis set LANL2DZ
(Chiodo et al., 2006) for palladium. Singlet and triplet spin
multiplicities were taken into account. Vibrational fre-
quency analyses were performed to confirm that the opti-
mized structures were a true minimum. The electronic
populations were analyzed by the NBO population in order
to investigate the CT.
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The Gaussianl16A program package (Gaussian 16, Revision
B.01 et al., 2016) was used to perform all calculations. We
opted for the B3LYP functional due to its demonstrated
effectiveness in optimizing metal-NHC complexes, as estab-
lished in our recent research (Hassen et al., 2022). NBO ana-
lysis (Glendening et al., 2012) was utilized to determine the
charge populations at specific sites and subsequently quan-
tify the CT that took place between the relevant fragments in
the complex.

The second-order Fock matrix was carried out to eval-
uate the donor—-acceptor interactions in the NBO analysis.
The interaction result is a loss of occupancy from the loca-
lized NBO of the idealized Lewis structure into an empty
non-Lewis orbital. For each donor (i) and acceptor (j), the
stabilization energy E(2) associated with the delocalization
i — j is estimated as follows (Dindar et al., 2022):

E(2) = 4y = qF(,j)* /g

UV-Vis electronic absorption spectrum and fluores-
cence were recorded on a UV-Vis Shimadzu 1650 spectro-
photometer, as shown in Figure 9. Quartz cells of 10 mm in
length were used. Absorption was measured in the spec-
trum range of 200-800 nm. The fluorescence spectrum was
taken on a Jazco, FP-8200 spectrofluorometer, excitation
bandwidth 5nm, emission bandwidth 5nm, with an Xe
lamp Light source.

Fluorescence quantum yield in liquid was determined
using the optically dilute solution relative method with
either 9,10-diphenyleanthracene or quinine sulfate solu-
tions, depending on the emission wavelength range. Light
intensity was determined using ferrioxalate actinometry
(Guven et al., 2017). Eq. 1 was applied to calculate the fluor-
escence quantum yields:
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Figure 9: Experimental ultraviolet (UV) absorption and emission (Aexe =
370 nm) spectra of 2.5 x 10™* M 3a in CHCl5.
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Qf(s)=®f(r)x—xj x —.
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The integrals denote the corrected fluorescence peak
areas, A denotes the absorbance at the excitation wavelength,
and n denotes the solvent’s refractive index. The subscripts s
and r indicate sample and reference, respectively.

Biological activities

Antibacterial activity
Microorganism Test

The biological potential of the synthesized palladium(u)
complex was tested against six microorganisms. They stu-
died their antibacterial activity against human pathogenic
bacteria, both Gram-negative (E. coli; NCIM 2109 and P. aer-
uginosa; NCIM 2036) and Gram-positive (S. aureus; NCIM
2079 and B. subtilis; NCIM 2250) and two strains of the
fungus (Candida albicans; NCIM 3471 and Aspergillus niger;
NCIM 545) by the Kirby-Beurs disc diffusion method using
DMSO as solvent on Mueller Hinton agar medium, the con-
centration is 200 pg'mL . Inhibition zones were measured
in millimeters (mm) after incubation for 24 h at 37°C, pH 7.4.
The area of inhibition was compared with the standard
drugs chloramphenicol (10 pg) and ciprofloxacin (10 pg).
Discs containing only DMSO were used as positive controls.
Antioxidant Activities

The antioxidant activity of the stabilized 1-2,5-diphenyl-
2-trinitrophenylhydrazine (DPPH) was investigated for its
free radical scavenging ability. For this, the complex was
mixed with a stock solution of the Pd(m) complex of DPPH’
(0.002%) in DMSO + water (1:1). To prepare samples, mix
DPPH solution with complex solution in a 1:1 ratio, shake
vigorously, and incubate for 30 min in the dark. Measure the
UV absorbance at 517 nm using a UV/Vis spectrophotometer
and observe a decrease in DPPH' absorbance, indicating radical
scavenging activity, calculated using the following formula:

Purification activity% = (A0 — ASA0) x 100 @

AS is the absorbance of DPPH’ with the test compound,
and A0 is the absorbance of DPPH" without the test com-
pound. Absorbance data are expressed as the mean + stan-
dard error of triplicate determinations
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