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Abstract: Herein, nine square planar trans-arylbis(triphenylphosphine)palladium halides
(PdX(PPh3)2Ar) were synthesized and fully characterized. The molecular structure of
two complexes (1 and 2) have been determined by both X-ray diffraction and described
thanks to Hirshfeld surface analysis. Investigation of the antioxidant activities showed
that most of the complexes exhibit a strong dose-dependent radical scavenging activ-
ity towards DPPH radical as well as in the ABTS radical scavenging test. Complexes 1
[PdI(PPh3)2(4-MeOC6H4)] and 3 [PdCl(PPh3)2(4-MeOC6H4)] showed the highest activity
in the DPPH assay with EC50 values of 1.14 ± 0.90 and 1.9 ± 0.87 µM, respectively. In
contrast, for the ABTS assay, quercetin (5.56 ± 0.97 µM) was slightly more efficient than the
three complexes 1 (5.78 ± 0.98 µM), 2 (7.01 ± 0.98 µM), and 3 (11.12 ± 0.94 µM). The use of
kinetic studies as a powerful parameter shows that complexes 1, 2, and 3 displayed the best
antioxidant efficiency. The antioxidant effect of the nine palladium complexes has been
also evaluated on the enzyme-catalyzed oxidation of the L012 probe (using HRP/H2O2)
by using a chemiluminescence technique. As with the last model, complexes 1, 2, and 3
showed the best activity, with EC50 values of 3.56 ± 1.87, 148 0.71, and 5.8 ± 2.60 µM,
respectively. Interestingly, those complexes (1, 2, and 3) even exhibited a higher dose-
dependent activity than the quercetin (7.06 ± 2.56 µM) used as a standard. Taken together,
the combined results reveal that the antiradical and enzyme (HRP) inhibitory activity of
complexes decrease following the ligand order of p-OMePh > p-OAcPh >> Ph.

Keywords: palladium; Hirshfeld surface; antiradical; efficiency; DPPH; ABTS;
HRP; chemiluminescence

1. Introduction
Inflammation is one of the main causes of several diseases and is considered a

key factor triggering the development of diseases, such as atherosclerosis, diabetes, and
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cancer [1–8]. One of the potential targets for new drugs could be the redox process widely
involved in the development of cancer. Indeed, during inflammation, a redox cycle takes
place and triggers oxidative processes by enhancing the production of reactive oxygen
species (ROS)/free radicals. On the other hand, it is well-known that immune cells, like
polymorphonuclear neutrophils, play a crucial role in oxidative stress. The worldwide can-
cer incidence is still increasing, with particularly high levels of death in Western countries,
causing a real health problem with social costs [9,10]. Among the current treatments for can-
cers, one can find surgery, radiotherapy, chemotherapy, hormonotherapy, immunotherapy,
and new “targeted” treatments [11–14]. Furthermore, special attention has been focused on
the biological activity of the various metal ions or organometallic compounds used in metal-
based drug therapy. The most widely used compound in this therapy is cisplatin [15–18].
Although its beneficial effects on certain types of cancer are well-known, it is nonetheless
true that this compound has a known toxicity on kidneys and that patients often develop
resistance to it, especially in the case of solid cancers [14,19].

The current challenge for chemists is to find new molecules with low toxicity and
a good affinity with carriers or biomolecules, such as albumin, transferrin, and others
that display a high affinity for cancer cells [20]. Data from the literature indicate that
some palladium (Pd) and platinum (Pt) complexes could have this property and, therefore,
display interesting therapeutic effects [21–24]. For that purpose, a variety of Pd-based
complexes were designed and synthesized for new targeted therapeutics [25–27]. In ad-
dition, palladium-based complexes, bearing various ligands, have been proposed and
tested on various cancer cell lines and others for their anti-fungal, anti-microbial, or yeast
antiviral effects [28–30]. Indeed, a direct link between cancer and inflammation and redox
process through ROS has been proven [31] with the inhibition of the NADPH oxidase
enzyme [32,33]. Nevertheless, during inflammatory and stress conditions, like sepsis,
excessive activation of NADPH oxidase induces the production of high concentrations of
ROS, amplifying the oxidation, nitration, and chlorination of some molecules of interest,
such as DNA, proteins, etc. [34–36], which could lead to the occurrence of cancers.

Due to the link between inflammation, oxidation, and various pathologies, it is
important for us to perform a preliminary study on the antioxidant activity of these
bio-organometallic complexes. The anti-ROS activity coupled with the cytotoxic propri-
eties of these molecules should be an extremely effective synergy in the treatment of
several diseases.

To implement a model of screening for candidate molecules, a biochemical ap-
proach was performed using horseradish peroxidase (HRP), which works in similar
manner to human myeloperoxidase (MPO). In the presence of H2O2, HRP forms the
radical cation [P-Fe IV = 0]•+ that will attack the luminol analog, L-012 (8-amino-5-chloro-
7-phenylpyrido [2,4-d]pyridazine-1,4(2H,3H)-dione), to emit detectable and measurable
luminescence [37,38]. Our interest in using L-012 comes from the fact that it produces
a much stronger chemiluminescence than lucigenin, luminol, and MCLA (2-Methyl-6-(4-
methoxyphenyl)-3,7-dihydroimidazo [1,2-a]pyrazin-3-one) and because it is not subject
to redox cycling [39,40]. This latter property makes L-012 an ideal probe for reactions
involving metals [41].

The palladium complexes of the generic formula trans-[PdX(PPh3)2(4-RC6H4)] where
X is halogen and R any substituent, are well-known and widely used for their catalytic
activity [42]. In addition, our group recently reported the redox cycling ability of these
complexes and showed their potency as new materials for a Li-ion battery [43,44]. This
family of complexes is prepared by the oxidative addition of organic halides of sp2

carbons on Pd(PPh3)4, and the rate of the addition decreases in the following order:
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C-I > C-Br >>> C-Cl >>> C-F. Thus, other halide (F, Cl, Br) complexes are generally
synthesized from the iodinated complexes using different halogen sources [45].

The present work aimed to first investigate the structural description of the
trans-[PdX(PPh3)2(4-RC6H4)] complexes and then their radical scavenging activity. There-
fore, ABTS and DPPH methods were used as chemical models, and a kinetic study via
a DPPH assay was performed to better understand the reactivity and efficiency of the
complexes studied. Finally, the inhibitory effect of different complexes was assayed on
the enzyme-catalyzed oxidation of an L012 probe monitored by a chemiluminescence
(CL) assay.

2. Results and Discussion
2.1. Synthesis and Characterization of Palladium Complexes

The preparation of the trans-arylbis(triphenylphosphine)palladium halides
[PdX(PPh3)2(4-R-C6H4)] (with R = H, OMe, OAc and X = Br, Cl) was performed based on
the initial method reported by Flemming et al. [45] and Etse et al. [44]. First, the iodine
derivatives were obtained by oxidative addition of 4-R-C6H4I onto Pd(PPh3)4 (Scheme 1).
The reactions were performed in toluene with total conversion in 4h. The products pre-
cipitated from reaction mixtures. The different complexes [PdI(PPh3)2(4-R-C6H4)] were
isolated with high yields (Scheme 1) after filtration on a Büchner funnel, drying under
vacuum, and storage under a nitrogen atmosphere.

Molecules 2025, 30, x FOR PEER REVIEW 3 of 22 
 

 

on Pd(PPh3)4, and the rate of the addition decreases in the following order: C-I > C-Br >>> 
C-Cl >>> C-F. Thus, other halide (F, Cl, Br) complexes are generally synthesized from the 
iodinated complexes using different halogen sources [45].  

The present work aimed to first investigate the structural description of the trans-
[PdX(PPh3)2(4-RC6H4)] complexes and then their radical scavenging activity. Therefore, 
ABTS and DPPH methods were used as chemical models, and a kinetic study via a DPPH 
assay was performed to better understand the reactivity and efficiency of the complexes 
studied. Finally, the inhibitory effect of different complexes was assayed on the enzyme-
catalyzed oxidation of an L012 probe monitored by a chemiluminescence (CL) assay. 

2. Results and Discussion 
2.1. Synthesis and Characterization of Palladium Complexes 

The preparation of the trans-arylbis(triphenylphosphine)palladium halides 
[PdX(PPh3)2(4-R-C6H4)] (with R = H, OMe, OAc and X = Br, Cl) was performed based on 
the initial method reported by Flemming et al. [45] and Etse et al. [44]. First, the iodine 
derivatives were obtained by oxidative addition of 4-R-C6H4I onto Pd(PPh3)4 (Scheme 1). 
The reactions were performed in toluene with total conversion in 4h. The products 
precipitated from reaction mixtures. The different complexes [PdI(PPh3)2(4-R-C6H4)] were 
isolated with high yields (Scheme 1) after filtration on a Büchner funnel, drying under 
vacuum, and storage under a nitrogen atmosphere.  

The chloride and bromide derivative complexes were prepared from their iodide 
analogs. The [PdI(PPh3)2(4-RC6H4)] complexes were dissolved in dichloromethane and 
washed repeatedly with saturated solutions of potassium halide (KBr or KCl) in order to 
induce halogen exchange. The reactions were monitored by 31P NMR until a complete 
conversion was reached. 

Thanks to this procedure, the six complexes with the generic formula [PdX(PPh3)2(4-
RC6H4)] (with R = H, OMe, OAc, and X = Cl or Br) were obtained and fully characterized. 

 
Halogen R (Aryl ligand) 

X OMe OAc H 
 Yield (%) 
I 90 95 82 

Br 92 88 93 
Cl 96 93 97 

Scheme 1. Preparation procedure and yields of complexes [PdX(PPh3)2(4-R-C6H4)]. 

After the synthesis, the nine complexes were characterized using 1H, 13C, and 31P 
NMR techniques. The 1H, 13C, and 31P NMR spectra of complexes 4 to 9 agree with the data 
previously reported, confirming their structure [44,45]. Special attention is, therefore, 
focused on the characterization of the new complexes 1, 2, and 3. The 31P NMR spectra 
showed only one peak confirming the exclusive formation of the trans complexes. These 
peaks are observed on the 31P NMR spectra at around 22.77, 23.41, and 23.54 ppm for 

Scheme 1. Preparation procedure and yields of complexes [PdX(PPh3)2(4-R-C6H4)].

The chloride and bromide derivative complexes were prepared from their iodide
analogs. The [PdI(PPh3)2(4-RC6H4)] complexes were dissolved in dichloromethane and
washed repeatedly with saturated solutions of potassium halide (KBr or KCl) in order to
induce halogen exchange. The reactions were monitored by 31P NMR until a complete
conversion was reached.

Thanks to this procedure, the six complexes with the generic formula
[PdX(PPh3)2(4-RC6H4)] (with R = H, OMe, OAc, and X = Cl or Br) were obtained and
fully characterized.

After the synthesis, the nine complexes were characterized using 1H, 13C, and 31P
NMR techniques. The 1H, 13C, and 31P NMR spectra of complexes 4 to 9 agree with the
data previously reported, confirming their structure [44,45]. Special attention is, therefore,
focused on the characterization of the new complexes 1, 2, and 3. The 31P NMR spectra
showed only one peak confirming the exclusive formation of the trans complexes. These
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peaks are observed on the 31P NMR spectra at around 22.77, 23.41, and 23.54 ppm for
complexes 1, 2, and 3, respectively. The proton NMR spectra show a singlet at 3.48, 3.53,
and 3.49 ppm, revealing the presence of methyl group of the methoxy substituent in the
structure of compounds 1, 2, and 3, respectively. Finally, in addition to the multiplet
corresponding to an integration of 30 protons that can be observed between 7.2 to 7.7 ppm,
characteristic to triphenylphosphine ligands, 2 doublets are also observed around 6.0 and
6.6 ppm, attesting to the presence of the hydrogen atoms in the ortho and meta positions of
the aromatic ring linked to palladium metal center. All the NMR spectra are available in
the Supplementary Materials.

2.2. Mass Spectrometry Analysis

Upon electro-spray ionization, the synthesized neutral palladium complexes 1–9 lost
their halide ligand, resulting in [Pd(PPh3)2(4-RC6H4)]+ pseudo-molecular ions, indicating
that ionization of these compounds took place via the loss of the halogen ligand. These
results agreed with our previous observations during the analysis of complexes 4–6 [43].
Furthermore, these species are decomposed into metal-free [P(Ph)2(4-RC6H4)]+ cations.
These results are in accordance with earlier stability studies on this family of complexes
conducted by different authors [46–49] showing the formation of a new phosphine deriva-
tive because of aryl–aryl exchange during decomposition and rearrangement. Complexes
bearing chloride ligands, namely 3, 6, and 9, were more exposed to this exchange.

2.3. X-Ray Diffraction Analysis

To complete the structural characterization of the prepared complexes, X-ray diffrac-
tion analysis has been realized. Since our group has already reported the molecular
structures of complexes 4, 5, and 6 [44] and Flemming’s group has reported the structures
of complexes 7, 8, and 9 [45], our current attempts are, therefore, focused on only complexes
1, 2, and 3.

Various attempts to obtain a crystal suitable for X-ray diffraction analysis were carried
out for compounds 1, 2, and especially for 3. For compound 3, in most cases, the solution
became brown or black without the formation of a crystal, indicating the decomposition
and degradation of the complex. Fortunately, yellow crystalline needles suitable for X-ray
diffraction analysis were obtained by slowly cooling solutions of complexes 1 and 2 in
dichloromethane. The crystal data, data collection, and structure refinement details of
complexes 1 and 2 are summarized in Table 1.

Table 1. Crystal data for compounds 1 and 2.

Crystal Data 1 2

Chemical formula C43H37OIP2Pd C43H37OBrP2Pd
Mr 864.96 817.97

Crystal system, space group Monoclinic, Ia Orthorhombic, Pbca
Temperature (K) 100 100

a (Å) 11.3164 (7) 11.4818 (11)
B (Å) 13.5866 (8) 23.717 (3)
c (Å) 23.3413 (16) 26.133 (3)
β (◦) 94.306 (3) -

V (Å3) 3578.6 (4) 7116.3 (13)
Z 4 8

Radiation type Mo-Kα radiation Mo-Kα radiation
µ (mm−1) 1.50 1.77



Molecules 2025, 30, 1122 5 of 22

Table 1. Cont.

Crystal Data 1 2

Crystal size (mm) 0.22 × 0.20 × 0.11 0.27 × 0.08 × 0.06
Data collection
Diffractometer BRUKER APPEX-II CCD BRUKER APPEX-II

Absorption correction Multi-scan
BRUKER SADABS2012/1

Multi-scan
SADABS2016/2—Bruker
AXS area detector scaling
and absorption correction

Tmin, Tmax 0.765, 0.825 0.693, 0.801
No. of measured, independent

and observed
[I > 2σ(I)] reflections

64342, 8854, 8583 101525, 6743, 5008

Rint 0.056 0.117
(sin θ/λ)max (Å−1) 0.667 0.610

Refinement
R[F2 > 2σ(F2)], wR(F2), S 0.022, 0.048, 1.04 0.041, 0.107, 1.06

No. of reflections 8854 6743
No. of parameters 435 434
No. of restraints 2 -

H-atom treatment H-atom parameters
constrained

H-atom parameters
constrained

∆ρmax, ∆ρmin (e Å−3) 0.56, −0.30 0.64, −1.38

The molecular structures of both complexes (1 and 2) were, therefore, confirmed by
X-ray diffraction analyses (Figure 1). Complex 1 crystallizes in the monoclinic, Ia space
group, whereas complex 2 crystallizes in orthorhombic, Pbca space group. Selected bond
distances and angles are reported in Table 2 to compare the geometrical parameters of the
two structures. The two triphenylphosphine ligands are positioned in the trans position.
The two palladium complexes present a square planar geometry (Figure 1), a well-known
molecular structure for this class of complexes [44,45]. As expected, the palladium–halide
bond length is short in complex 2 compared to complex 1 with 2.5120 (5) Å and 2.7009 (3) Å,
respectively. Other selected bond lengths are in the same range. Concerning the specific
bond’s angle, the values of C(Ar) –Pd1–P observed for complex 1 (~88.60◦) are lower than
those obtained for complex 2 (~91.63◦). In contrast, the value of the P–Pd–X angle is larger
in complex 1 compared to complex 2. Consequently, the value of the P2–Pd1–P1 angle in 1
(176.86 (3)◦) is greater than the one obtained in 2 (173.39 (4)◦), because the trans influences
the tendency of halogens generally observed due to the iodine atom size.

Table 2. Selected bond(s)’s distances (Å) and angles (◦).

Bond Parameters (Distance (Å) and Angle ( ◦)) Complex 1 Complex 2

Pd–X 2.7009 (3) 2.5120 (5)

P1–Pd1 2.3343 (9) 2.3417 (11)

P2–Pd1 2.3307 (10) 2.3216 (11)

Pd1–C37 2.019 (3) 2.015 (4)

C40–O1 1.380 (5) 1.392 (5)

C43–O1 1.426 (5) 1.438 (5)

C37–Pd1–P2 88.75 (9) 91.33 (11)

C37–Pd1–P1 88.45 (9) 91.93 (11)
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Table 2. Cont.

Bond Parameters (Distance (Å) and Angle ( ◦)) Complex 1 Complex 2

P2–Pd1–P1 176.86 (3) 173.39 (4)

C37–Pd1–X 179.27 (11) 177.18 (10)

P2–Pd1–X 91.18 (3) 86.49 (3)

P1–Pd1–X 91.60 (3) 90.06 (3)

C40–O1–C43 115.7 (3) 117.1 (3)
Molecules 2025, 30, x FOR PEER REVIEW 6 of 22 
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Figure 1. ORTEP representation of complexes 1 and 2 with thermal ellipsoids drawn at the 50%
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2.4. Hirshfeld Surface Study of Complexes 1 and 2

In view of completing the description of the crystal structure of the complexes pre-
sented above, calculation, description and analysis of their Hirshfeld surface (HS) were
realized. The CrystalExplorer 17 program was used to generate these surfaces and to an-
alyze them according to the literature procedure [50]. The HS of the two compounds
mapped over descriptors dnorm and molecular electrostatic potential are presented in
Figure 2. The surfaces are transparent to enable easier visualization and identification
of the atoms involved in the different interactions. In this study, the dnorm value ranges
from −0.1254 to +1.4075.

For complex 1, a red spot is observed on the top around the iodine atom. The red
spots on the surfaces mapped over dnorm reveal short contacts (Figure 2a). This observation
clearly suggests that the main interatomic contact is established with the iodine atom, in
accordance with the interaction analysis between the iodine and one hydrogen (H43B)
of the OCH3 atoms performed and reported in Figure S28. That contact is characterized
by the I–H distance of 2.99 and I–Hi43B–Ci43 angle of 169.2◦. The similar position of a
red spot around the bromine atom is not clearly observed during the analysis of com-
pound 2, since it appears that the Br is positioned at the summit of a tetrahedron formed
for the hydrogen atom of three different neighbors’ structures. In contrast, a red spot
is located around the oxygen atom of the methoxy group, suggesting the presence of a
hydrogen bond (Figure 2f). Deep analysis showed the existence of a hydrogen bond with
another molecule of the crystal packing the following parameters: O1–H9ii = 2.424 and
C9ii–H9ii–O1 = 170.41◦ (Figure S29).
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The electrostatic potential for compounds 1 and 2 are calculated at the
B3LYP/6–31G(d,p) level of theory and mapped on the Hirshfeld surface in the range
from −0.0710 to + 0.0338 a.u (Figure 2b,g). For the electrostatic potential surface on HS, the
electron-rich and electron-deficient sites in the molecule can be observed as blue and red
regions corresponding to positive and negative electrostatic potentials, respectively. The
results show that, for complex 1, the electronegative region is mainly centered on the iodine
where the surface is concave, highlighting the electronegative property and the size effect
of the iodine atom (Figure 2b). For complex 2, the electronegative regions are observed
in two regions. The first region is located around the bromine, and the second region
is located around the oxygen atoms (Figure 2g). These results suggested that the larger
size of the iodine atom strengthens the triphenylphosphine ligands that go downward,
leading to steric hindrance around the aryl ligand in contrast to the bromine atom. Conse-
quently, the 4-OMePh- ligand in complex 2 is more exposed, allowing the establishment of a
hydrogen bond.

The geometry adopted by the two compounds leads to specific contacts in the crystal
packing that could be effectively described by analyzing their molecular fingerprint. Indeed,
the distances from the HS to the nearest nucleus inside the surface (di) and outside the
surface (de) are used to create a 2D histogram, called a fingerprint plot [51]. The fingerprint
of a considered molecule is unique since it is highly sensitive to the immediate environment
and contact of the molecule [52]. The molecular FP of the two complexes is presented
in Figure 2c,h, showing notable discrepancy between the two molecules. Since the only
difference between the two molecules is the halogen atom, the discrepancy observed can
be explained by the halide effect and crystal packing. As the fingerprint plot can be used
to evaluate the contributions of interatomic contacts to the HS, the decomposition of the
fingerprint pair wise component is used to identify and quantify the weight of specific
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contacts. The results reveal that for compounds 1 and 2, the H···H contacts contribute
66.7% and 66.1%, respectively, and appear as the dominant intermolecular interactions.
Interestingly, the only contact observed with the halogen in the packing is with the hydrogen
atoms. For complexes 1 and 2, the results for H···I/I···H and H···Br/Br···H were 5.47% and
4.3%, respectively. This result is in alignment with the iodine atom size’s effect, enhancing
the contact percentage. The difference between these two types of contacts is clearly visible
when mapping the decomposed FP, as shown in Figure 2e,j. Finally, the presence of a
red spot around the oxygen atom in complex 2 is confirmed by the H···O/O···H contact
contribution value of 3.4%, which is higher than that observed for complex 1 (2.4%).

2.5. Effect of Palladium (II) Complexes on the Free Radical Scavenging Activity

The preparation and antioxidant activity of various metal complexes have been re-
ported [53–59]. In the frame of this report, the palladium (II)-based complexes that were
prepared and characterized were first studied for their potential free radical scavenging
activity using two well-known chemical assays (ABTS and DPPH). Using these two tech-
niques, we found that complex 1, bearing a para methoxyphenyl moiety, showed the best
antiradical activity with an EC50 = 5.78 µM, compared to the reference molecule quercetin
(Qrcn) with an EC50 = 5.56 µM. It appears that the result obtained with Qrcn is lower
than the values reported in the literature, which are around 15 µM [60]. All the results are
presented as values of EC50 (Table 3). The least effective antioxidant compound against
ABTS•+ is complex 5, with an EC50 = 0.135 mM. Three different groups can be considered
depending on the nature of substituent R: the first group is composed of molecules where
R can be methoxy, while R can acetoxy for the second group, and R can be a hydrogen
atom for the last group. Complexes of the first group are more active against the ABTS
radical cations. This difference is probably due to the presence of the methoxy group which
enhances their antiradical activity, as described by different authors [60,61]. Regarding the
role of the halide atom attached to the palladium in these compounds, it appears that the
scavenging activity follows the following order: I > Br > Cl. This result can be explained by
the chemical property of halide, which is a leaving group, thus causing an increase in the
scavenging activity. Cisplatin (CisPt), which has two chlorine atoms in its structure, does
not show any radical scavenging activity against the ABTS•+ (Figure 3a).

Table 3. EC50 values of tested compounds in comparison to quercetin (Qrcn), taken as the antio-
xidant reference.

Compounds
EC50 (µM)

ABTS DPPH

Qrcn 5.56 ± 0.97 5.79 ± 1.00
1 5.78 ± 0.98 1.14 ± 0.90
2 7.01 ± 0.98 7.09 ± 0.94
3 11.12 ± 0.94 1.90 ± 0.87
4 10.89 ± 0.95 1840.77 ± 0.44
5 135.83 ± 0.25 15.45 ± 0.96
6 45.81 ± 0.95 14.32 ± 0.92
7 6.14 ± 0.94 45.08 ± 0.95
8 14.32 ± 0.92 6.64 ± 0.91
9 10.35 ± 0.64 7.33 ± 0.97
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Knowing that individual antioxidant molecules are more efficient at quenching certain
radicals than others, it was interesting to confirm the results obtained with the ABTS
test and the DPPH method. The DPPH radical test is based on an electron transfer (ET)
mechanism and should give new information about reaction pathways. The two ABTS
and DPPH results are further compared to establishing their consistency across different
complexes. In contrast to the ABTS assay, the EC50 values found in the DPPH test for
all the compounds, except for complex 4, were much lower than that seen for resveratrol
(74 µM [62]). As expected in the DPPH• radical scavenging test, complex 1 exhibited the
best scavenging activity (EC50 = 1.14 µM). Surprisingly, and contrary to the ABTS test,
complex 3 showed very good activity with an EC50 = 1.9 µM, slightly higher than that of
compound 1 (EC50 = 1.14 µM). Compared with flavonoids, such as epicatechin with an
IC50 = 15.7 µM, our complexes appear to be more efficient [63]. It was demonstrated that
ABTS•+ is also soluble in aqueous and organic solvents and is not affected by ionic strength;
therefore, it is used for both its hydrophilic and lipophilic antioxidant capacities [64]. These
considerations allow us to state that the mechanisms of action of the complexes against both
ABTS•+ and DPPH• radicals are not identical. Compounds bearing the para-methoxyphenyl
group are more hydrophobic than those bearing the para-acethoxyphenyl one, regardless of
their poor solubility in methanol, DMSO, and water.

In the DPPH test, compound 4 (IC50 = 1.84 mM) showed a very low radical scav-
enging reactivity compared to the ABTS assay, where it showed relatively good activity
(EC50 = 10.89 µM, Table 3). This discrepancy can be explained by the pathway by which
the compound reacts with both radicals (ABTS and DPPH). The interactions between the
antioxidants and DPPH• are also determined by the antioxidant’s structural conformation.
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It was shown that the conformation of compound 3 rapidly changes in the presence of a
solvent, resulting in para-methoxyphenyl group migration to the phosphorus atom. This
observation was never reported in the case of compound 4 at room temperature and in such
a short period but has been reported in the case of complex 9 at relatively high temperature.
Nevertheless, the antioxidant activity of complexes 8 and 9 is better than that seen for
compounds 4, 5, and 6. In the ABTS assay, like in the DPPH tests, the CisPt inhibition
curve did not converge; therefore, the EC50 values could not be calculated. CisPt shows no
antioxidant activity.

2.6. Antioxidant Efficiencies

To evaluate antioxidant efficiency, it is important to use a parameter that allows us to
make the comparison. Therefore, expressing the EC50 value as the weight of molecules in
grams necessary to inhibit a kilogram of DPPH radicals seems to be a good estimation of
a molecule’s efficiency. The EC50 values of compounds 1 and 3 were 50.27 and 75.06 g of
antioxidant per Kg of DPPH•, respectively. The two values are inferior to those obtained
for quercetin (87.49g/Kg) compared to the literature (84 ± 6 g/Kg) [54]. In contrast, the
use of other ligands, such as acethoxyphenyl (4, 5, and 6) and phenyl (7, 8, and 9), instead
of a methoxyphenyl one, resulted in a decrease in the activity (Table 3). The interaction
mechanism of metal complexes with free radical sources can proceed toward various pro-
cesses. It was apparent that antioxidants could attack free radicals by using one of three
mechanisms or their combination, namely hydrogen atom transfer [HAT], single-electron
transfer followed by proton transfer [SET-PT], and sequential proton loss electron transfer
[SPLET]. Making a clear distinction between these processes is difficult, because various
mechanisms may occur during these processes, leading to a cascade of mechanisms. In
addition, it was reported that there was an additional process where spin entrapment
could happen. Finally, the mechanism depends on the antioxidant’s structure, solubility,
stability, and experimental conditions, including pH, solvent, and temperature [65]. For the
complexes studied, the results of the mass spectrometry analysis show that the complexes
decompose by losing the halogen to form a palladium pseudo-molecular ion, which then
decomposes into metal-free cations. In addition, aryl–aryl exchange followed by rearrange-
ment by-products was observed in solution for these complexes (see Figure S30: unpublished
work). These results suggest a dynamic decomposition/rearrangement possibility of the
complexes in solution. According to Grushin, the mechanism of the aryl–aryl exchange
reactions in noncoordinating solvents of low polarity of these compounds may not require
Pd-X ionization but might instead involve phosphine dissociation involving a tight ion
pair intermediate [66]. In this study, most of the complexes interact very quickly with
DPPH. Considering the rate of the reaction, we can reasonably propose that the first step of
the reaction is the reduction of DPPH due to the electron transfer (ET) mechanism from
the palladium pseudo-molecular ions [67]. This hypothesis agrees with the fact that the
DPPH assay is mainly based on an ET mechanism, as the hydrogen-atom transfer (HAT) or
abstraction can be considered as a marginal reaction pathway in this case [68]. It is admitted
that the accessibility of the DPPH radical center and side reactions induced by molecules
play an important role and then lead to the HAT mechanism [68]. On the other hand, it is
possible to establish the correlation between the reactivity of the tested compounds and
their molecular volume values. Via X-ray diffraction analysis, it was possible to obtain those
values for complexes 1 and 2, which were 3578.6 Å3 and 7116.3 Å3, respectively, showing
that the volume of complex 1 was two times lower versus complex 2. This parameter can
enhance the accessibility and the interaction of complex 1 towards the DPPH radical center.
Although the EC50 values of compounds 1 and 3 are closer, that of compound 2 is six
times higher.
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To better understand this result, we decided to use the efficiency factor of an antioxi-
dant as defined by Sanchez-Moreno [69]. This parameter basically gives a more precise idea
of the antiradical efficiency (AE), which involves the potency (1/EC50) and the reaction
time (TEC50). The lower the EC50, the lower the TEC50 and the higher the AE. The results
are presented in Table 4.

Table 4. Classification, EC50, TEC50, and AE values for complexes 1, 2, 3, 8, and 9, compared
to quercetin.

Compounds EC50
(g Antioxidant/kg DPPH◦)

TEC50
(min) AE (×10−3) Classification

1 49.31 ± 39 11 1.8437 Medium
2 2898.99 ± 39 16 0.2155 Low
3 73.49 ± 38 63 0.2160 Low
4 82,194.89 ± 33 78 0.0002 Low
5 653.57 ± 20 58 0.0264 Low
6 573.94 ± 40 53 0.0328 Low
7 1882.11 ± 37 66 0.0081 Low
8 260.96 ± 40 40 0.0955 Low
9 271.97 ± 36 36 0.1019 Low

Qrcn 87.98 ± 15 61 0.1873 Low

Although these six compounds showed a good radical scavenging activity
(EC50 < 10 µM), their antiradical efficiencies are not exceptional. Apart from complex 1,
for which the activity can be classified as medium, all the other compounds are found
to have low efficiency. Even though the EC50 value of compound 3 is very low (1.9 µM),
at least 63 min is necessary for it to reach a steady state; as such, it has the lowest an-
tiradical efficiency. Furthermore, although complex 8 expresses a good activity against
DPPH radicals, with an EC50 = 6.64 µM, its efficiency is much lower than that of complex 2
(EC50 = 7.06 µM). After considering the molecule structures, the fundamental difference in
the group of para-methoxyphenyl ligand complex holders remains the halogen bonded to
the palladium. This last factor could justify the results obtained and might be responsible
for their antiradical efficiency. Thus, the weak Pd–I-bound energy should increase its facile
ionization and, thus, its antiradical power, since the reactivity of an antioxidant lies in the
competition of these various reactions [70]. In the second family of compounds, with a
para-acetoxyphenyl ligand, the radical scavenging activity is less important, and the TEC50

is too high, resulting in a very low efficiency.

2.7. Enzyme-Catalyzed Oxidation Monitored by Chemiluminescence (CL) Assay

The chemiluminescence test is based on the oxidation of the probes, which leads
to radicals derived from the molecules producing excited-state species that emit light
(chemiluminescence). Any compound able to react with radical initiators might inhibit
or enhance the production of light. We have used this technique to study the antioxidant
activity of the studied complexes to better understand their mechanism of action towards
the enzymatic system, which is involved in the redox phenomenon and inflammation. The
enzyme-catalyzed oxidation model using horseradish peroxidase (HRP) was employed
based on the literature data [71]. Herein, the system HRP-H2O2 has been used as source
of radical cations and L-012 has been used as a chemiluminescent probe. HRP reacts with
hydrogen peroxide to give peroxidase species, such as the radical cation intermediate
[P-Fe IV = 0]•+, also named compound I. This latter compound reacts with L-012 to give
rise to an excited intermediate and resulting light emission. Thus, in the presence of
an antioxidant molecule, the latter one is oxidized by compound I, thereby inhibiting
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luminescence. Compared to chemical assays (ABTS and DPPH), our results obtained with
the enzyme model (HRP-H2O2), using the CL technique, show that most of the complexes
exhibited a variable dose-dependent effect on light emission (Figure 4).
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Figure 4. Inhibitory effect of increasing concentrations (1–100 µM) of Pd-based complexes (1–9)
compared to Qrcn on the chemiluminescence produced by the HRP-H2O2/L-012 system.

Among them, complexes 1 and 2 displayed a pronounced antioxidant activity with
EC50 values of 3.56 and 1.48 µM, respectively. These results confirm those already observed
(ABTS and DPPH tests).

At the lowest concentrations of 1, 5, and 10 µM, complexes 4, 7, 8, and 9 had a weak
effect, likewise for quercetin. It is important to note that, at higher concentration of 100 µM,
compound 7 displayed good activity against the ABTS radical and compound 8 displayed
good activity against DPPH one. The two complexes showed less interesting antiradical
scavenging properties in the enzymatic model with EC50 = 66.99 and 33.34 µM, respectively.

Complexes 1–6 with para-methoxyphenyl and para-acetoxyphenyl ligands showed
a more interesting activity in the enzymatic system but those with phenyl ligand were
less effective (Table 5). The activity of complexes can be classified according to the nature
of their ligands, as follows: para-OMePh > para-OAcPh >> Ph. For the Ph and para-
OAcPh ligands, the iodine complex is less of an inhibitor, followed by the chlorinated
one and finally by brominated complexes. This result agrees with the order of the electro-
attracting effects and electronegativity among the halogens. By contrast, for the other
complexes, a general tendency of the halogen effect is not observed. It is, therefore, clear
that the substituent in the para position on the aryl ring also plays an important role in
the activity of the compounds. The main effect of the methoxy group would enhance the
electron density of the aromatic cycle and, therefore, influence the metal, improving the
complex’s activity.
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Table 5. EC50 value of tested compounds in chemiluminescence assay.

Compounds EC50 (µM)

Qrcn 7.06 ± 2.56
1 3.56 ± 1.87
2 1.48 ± 0.71
3 5.80 ± 2.60
4 11.29 ± 3.30
5 5.28 ± 2.30
6 6.46 ± 2.28
7 66.99 ± 20.11
8 33.34 ± 11.71
9 39.17 ± 17.04

3. Materials and Methods
3.1. Materials and Physical Techniques

Analytical-grade methanol and ethyl acetate (Chem-Lab, Zedelgem, Belgium) were
used in the extraction procedure. Sodium chloride (NaCl), potassium chloride (KCl),
potassium bromide (KBr), ammonium acetate, potassium hydroxide, sodium hydroxide,
acetic acid, ethanol, hydrogen peroxide (H2O2), and dimethyl sulfoxide (DMSO), were all
purchased from Merck (VWRI, Leuven, Belgium). Pd(PPh3)4, para-iodomethoxyphenyl,
para-acetoxyphenyl, iodobenzene, and toluene were obtained from Aldrich (Leuven,
Belgium). ABTS (2,2- azinobis (3-ethyl- enzothiazoline-6-sulfonic acid) and DPPH
(1,1-diphenyl-2-picrylhydrazyl) were purchased from Sigma-Aldrich (Steinheim, Germany).
Quercetin (3,3′,4′,5,7-pentahydroxy-2-phenylchromen-4-one) was from ChromaDex (LGC
Standard, Molsheim, France). Horseradish peroxidase (HRP) was from Roche
(Mannheim, Germany). Sodium hydrogen phosphate (NaHPO4.2H2O), potassium di-
hydrogen phosphate (KH2PO4), and sodium persulfate (Na2S2O8) were obtained from
Aldrich (Leuven, Belgium). All the solutions were prepared with MilliQ water or ultrapure
water (Easy Pure UV purification system, Barnested/Thermolyne, Dubuque, IA, USA).

The 1H, 13C, and 31P NMR spectra were recorded at 298 K using a Bruker DRX
NMR spectrometer (Rheinstetten, Germany) operating at 400.13, 100.61, and 161.98 MHz,
respectively. Chemical shifts were quoted in parts per million (δ) downfield from TMS and
were referenced from the residual solvent peaks (CH2Cl2: 5.32 ppm; CH2Cl2:
53.24 ppm; CD2Cl2: 54.84 ppm) [72] or TMS. Spin multiplicities are indicated by the
following symbols: s (singlet), d (doublet), t (triplet), and m (multiplet). The coupling
constants, J, are reported in Hertz (Hz). High-resolution mass spectrometry analyses were
performed in the Laboratory of Mass Spectrometry of the University of Liège on a Bruker
DaltonicsSolariX FT-ICR (Bremen, Germany) spectrometer operating at 9.4 T, using the
electrospray ionization mode (ESI). Melting points were determined in open glass capil-
laries using an OSI 9100 Electrothermal digital melting point apparatus Bibby Scientific
Limited (Staffordshire, UK) and were uncorrected.

3.2. Synthesis of Palladium Complexes

The palladium complexes bearing an iodo ligand (1, 4, and 7) described in this work
were prepared according to a direct oxidative addition method previously reported by
our group [43]. The synthesis procedure of these compounds is briefly described in the
sections below.

3.2.1. Preparation of Complexes 1, 4, and 7

A 50 mL round-bottom flask equipped with a magnetic stirring bar and capped
with a three-way stopcock was charged with Pd(PPh3)4 (1 eq, 0.288 g, 0.25 mmol) and
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para-substituted iodobenzene (1.05 eq, 0.26 mmol). Dry toluene (10 mL) was added with
a syringe. The resulting yellow suspension was stirred for 4 h at room temperature. The
suspension was then filtered rapidly by Buchner. The remaining solid was washed with
toluene (3 × 10 mL) and n-pentane (3 × 10 mL) and dried under high vacuum.

Trans-Iodo(4-methoxyphenyl)bis(triphenylphosphine)Palladium C43H37OIP2Pd (1)

Yellow powder (0.195 g, 90% yield). 1H NMR (400 MHz, CD2Cl2, ppm): δ 7.55–7.51
(m, 12H, PPh3 CHarm); 7.39–7.36 (m, 6H, PPh3 CHarm); 7.31–7.27 (m, 12H, PPh3 CHarm);
6.46–6.44 (d, J = 8 Hz, 2H, CHarm); 5.94–5.92 (d, J = 8 Hz, 2H, CHarm); 3.48 (s, 3H). 13C {H}
(100 MHz, CD2Cl2, ppm): δ 155.94 (s); 145.94–145.89 (t, J = 3 Hz); 135.43–135.33 (t, J = 5 Hz);
134.75–134.62 (t, J = 6 Hz); 132.34–131.88 (t, J = 23 Hz); 129.62(s); 127.53–127.43 (t, J = 5 Hz);
114.25(s); 54.97 (s). 31P {H} (162 MHz, CD2Cl2, ppm): δ 22.77. HRMS (ESI+): m/z
[(M − I)+], calcd. for C43H37OP2Pd+ 737.1208; obsd. 737.1344. m.p.: 172–175 ◦C.

Trans-Iodo(4-acethoxyphenyl)bis(triphenylphosphine)Palladium C44H37O2IP2Pd (4)

Light yellow powder (0.212 g, 95% yield). 1H NMR (400 MHz, CD2Cl2, ppm): δ

7.54–7.50 (m, 12H, PPh3 CHarm); 7.40–7.30 (m, 18H, PPh3 CHarm); 6.62–6.60 (d, J = 8 Hz, 2H,
CHarm); 6.07–6.06 (d, J = 4 Hz, 2H, CHarm); 2.14 (s, 3H). 13C {H} (100 MHz, CD2Cl2, ppm): δ
168.77 (s); 154.08–154.03 (t, J = 3 Hz); 146.95 (s); 135.54–135.43 (t, J = 5.5 Hz); 134.69–134.57
(t, J = 6 Hz); 132.06–131.59 (t, J = 23 Hz); 129.65(s); 127.66–127.56 (t, J = 5 Hz); 120.58(s);
20.73 (s). 31P {H} (162 MHz, CD2Cl2, ppm): δ 22.47. HRMS (ESI+): m/z [(M − I)+], calcd.
for C44H37O2P2Pd+ 765.1303; obsd. 765.1268. m.p.: 170–172 ◦C.

Trans-Iodo(phenyl)bis(triphenylphosphine)Palladium C43H35IP2Pd (7)

Yellow powder (0.171 g, 82% yield). 1H NMR (400 MHz, CDCl3, ppm): δ 7.56–7.52
(m, 12H, PPh3 CHarm ); 7.36–7.33 (m, 6H, PPh3 CHarm); 7.28–7.24 (m, 12H, PPh3 CHarm);
6.64–6.62 (d, J = 8 Hz, 2H, CHarm); 6.38–6.34 (t, J = 8 Hz, 1H, CHarm); 6.26–6.23 (t, J = 6 Hz,
2H, CHarm). 13C {H} (100 MHz, CDCl3, ppm): δ 159.25–159.21 (t, J = 2 Hz); 136.17–136.07
(t, J = 5 Hz); 135.06–134.94 (t, J = 6 Hz); 132.53–132.07 (t, J = 23 Hz); 129.82 (s); 127.94–127.84
(t, J = 5 Hz); 121.97(s). 31P {H} (162 MHz, CDCl3, ppm): δ 22.30. HRMS (ESI+): m/z
[(M − I)+], calcd. for C42H35P2Pd+ 834.0294; obsd. 834.0298. m.p.: 195–197 ◦C.

3.2.2. Preparation of Complexes 2, 3, 5, 6, 8 and 9

A total of 100 mg of complexes 1, 4, or 7 were dissolved in CH2Cl2 (30 mL) and
charged in a bulb. Then, 50 mL of saturated solution of KBr or KCl were added, and the
resulting biphasic system was stirred vigorously at room temperature. After the extraction
of the organic phase, this step was repeated until the halogen exchange was completed,
as monitored by 31P NMR spectroscopy. After completion of the reaction, the organic
layer was dried using anhydrous MgSO4. The drying agent was eliminated by filtration
and the solvent was removed in vacuo. The light-yellow powder was further dried under
high vacuum.

Trans-Bromo(4-methoxyphenyl)bis(triphenylphosphine)Palladium C43H37OBrP2Pd (2)

Light yellow powder (0.188 g, 92% yield). 1H NMR (250 MHz, CDCl3, ppm): δ

7.58–7.50 (m, 12H, PPh3 CHarm); 7.38–7.25 (m, 18H, PPh3 CHarm); 6.47–6.44 (d, J = 7.5 Hz,
2H, CHarm); 5.98–5.95 (d, J = 7.5 Hz, 2H, CHarm); 3.53 (s, 3H). 13C {H} (62.8 MHz, CDCl3,
ppm): δ 156.33 (s); 144.02–143.90 (t, J = 3.8 Hz); 136.29–133.12 (t, J = 5.4 Hz); 135.17–134.97
(t, J = 6.3 Hz); 132.25–131.53 (t, J = 22.6 Hz); 130.02(s); 128.21–128.06 (t, J = 4.7 Hz); 114.72(s);
55.78 (s). 31P {H} (162 MHz, CD2Cl2, ppm): δ 23.41. HRMS (ESI+): m/z [(M − Br)+], calcd.
for C43H37OP2Pd+ 737.1354; obsd. 737.1340. m.p.: 178–181 ◦C (Litt: 180–183 ◦C [73])
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Trans-Chloro(4-methoxyphenyl) bis(triphenylphosphine)Palladium C43H37OClP2Pd (3)

Light brown powder (0.185 g, 96% yield). 1H NMR (400 MHz, CD2Cl2, ppm): δ

7.54–7.49 (m, 12H, PPh3 CHarm); 7.40–7.37 (m, 6H, PPh3 CHarm); 7.31–7.28 (m, 12H, PPh3

CHarm); 6.47–6.45 (d, J = 8 Hz, 2H, CHarm); 5.94–5.92 (d, J = 8 Hz, 2H, CHarm); 3.49 (s, 3H).
13C {H} (100 MHz, CD2Cl2, ppm): δ 156.93 (s); 142.13–142.06 (t, J = 3.5 Hz); 136.89–136.78
(t, J = 6 Hz); 135.53–137.41 (t, J = 6 Hz); 132.42–131.92 (t, J = 25 Hz); 130.61(s); 128.72–128.62
(t, J = 5 Hz); 115.05(s); 56.01 (s). 31P {H} (162 MHz, CD2Cl2, ppm): δ 23.54. HRMS (ESI+):
m/z [(M − Cl)+], calcd. for C43H37OP2Pd+ 737.1354; obsd. 737.1332. m.p.: 163–167 ◦C.

Trans-Bromo(4-acethoxyphenyl)bis(triphenylphosphine)Palladium C44H37O2BrP2Pd (5)

Light yellow powder (0.186 g, 88% yield). 1H NMR (400 MHz, CD2Cl2, ppm): δ

7.53–7.49 (m, 12H, PPh3 CHarm); 7.42–7.36 (m, 6H, PPh3 CHarm); 7.35–7.31 (m, 12H, PPh3

CHarm); 6.66–6.64 (d, J = 8 Hz, 2H, CHarm); 6.09–6.07 (d, J = 8 Hz, 2H, CHarm); 2.15
(s, 3H). 13C {H} (100 MHz, CD2Cl2, ppm): δ 168.83 (s); 151.25–151.18 (t, J = 4 Hz); 146.94
(s); 135.79–135.68 (t, J = 5.5 Hz); 134.54–134.42 (t, J = 6 Hz); 131.37–130.92 (t, J = 22.5 Hz);
129.70(s); 127.77–127.67 (t, J = 5 Hz); 120.55(s); 20.72 (s). 31P {H} (162 MHz, CD2Cl2, ppm): δ
22.47. HRMS (ESI+): m/z [(M − Br)+], calcd. for C44H37O2P2Pd+ 765.1303; obsd. 765.1290.
m.p.: 168–171 ◦C.

Trans-Chloro(4-acethoxyphenyl)bis(triphenylphosphine)Palladium C44H37O2ClP2Pd (6)

Yellow powder (0.186 g, 93% yield). 1H NMR (400 MHz, CD2Cl2, ppm): δ 7.53–7.49
(m, 12H, PPh3 CHarm); 7.42–7.39 (m, 6H, PPh3 CHarm); 7.35–7.31 (m, 12H, PPh3 CHarm);
6.66–6.64 (d, J = 8 Hz, 2H, CHarm); 6.09–6.07 (d, J = 8 Hz, 2H, CHarm); 2.15 (s, 3H). 13C {H}
(100 MHz, CD2Cl2, ppm): δ 169.86 (s); 150.37–150.28 (t, J = 4.5 Hz); 147.90 (s); 137.00–136.90
(t, J = 5 Hz); 135.45–135.33 (t, J = 6 Hz); 132.06–131.61 (t, J = 22.5 Hz); 130.73(s); 128.84–128.74
(t, J = 5 Hz); 121.43(s); 21.72 (s). 31P {H} (162 MHz, CD2Cl2, ppm): δ 22.54. HRMS (ESI+):
m/z [(M − Cl)+], calcd. for C44H37O2P2Pd+ 765.1303; obsd. 765.1332. m.p.: 174–176 ◦C
(Litt: 172–178 ◦C [73])

Trans-Bromo(phenyl)bis(triphenylphosphine)Palladium C42H35BrP2Pd (8)

Orange powder (0.177 g, 90% yield). 1H NMR (400 MHz, CDCl3, ppm): δ 7.55–7.51
(m, 12H, PPh3 CHarm ); 7.37–7.33 (m, 6H, PPh3 CHarm); 7.29–7.25 (m, 12H, PPh3 CHarm);
6.66–6.64 (d, J = 8 Hz, 2H, CHarm); 6.40–6.36 (t, J = 4 Hz, 1H, CHarm); 6.27–6.23 (t, J = 4 Hz,
2H, CHarm). 13C {H} (100 MHz, CDCl3, ppm): δ 156.26–156.19 (t, J = 3.5 Hz); 136.40–136.30
(t, J = 5 Hz); 134.92–137.79 (t, J = 6.5 Hz); 131.86–131.41 (t, J = 22.5 Hz); 126.83 (s);
128.02–127.92 (t, J = 5 Hz); 127.83 (s); 121.89(s). 31P {H} (162 MHz, CDCl3, ppm): δ 23.88.
HRMS (ESI+): m/z [(M − Br)+], calcd. for C42H35P2Pd+ 834.0294; obsd. 834.0308. m.p.:
217–219 ◦C (Litt: 216–220 ◦C [73]).

Trans-Chloro(phenyl)bis(triphenylphosphine)Palladium C42H35ClP2Pd (9)

Yellow powder (0.173 g, 93% yield). 1H NMR (250 MHz, CDCl3) δ 7.49–7.44 (m, 12H,
PPh3 CHarm); 7.35–7.19 (m, 18H, PPh3 CHarm); 6.62–6.59 (d, J = 7.5 Hz, 2H, CHarm); 6.38–6.32
(t, J = 7.5 Hz, 1H, CHarm); 6.23–6.17 (t, J = 7.5 Hz, 2H, CHarm). 31P {H} (101 MHz, CDCl3,
ppm): δ 23.00. HRMS (ESI+): m/z [(M − Cl)+], calcd. for C42H35P2Pd+ 834.0294; obsd.
834.0311. m.p.: 238–238 ◦C.

3.3. X-Ray Crystal Structure Determination

Crystal data were collected by applying the omega and phi scans’ method on a
Bruker APPEX II or Smart CCD-1000 Diffractometer (Karlsruhe, Germany) using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) from a fine-focus sealed tube source at
100 K. Computing data and reduction was performed using the APPEX II software [74]. The
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structure was solved using DIRDIF [75] and finally refined by a full-matrix, least-squares
method based on F2 by SHELXL [76]. An empirical absorption correction was applied using
SADABS [77]. All non-hydrogen atoms were anisotropically refined, and the hydrogen
atom positions were included in the model by electronic density or were geometrically
calculated and refined using a riding model.

The crystal data, data collection, and structure refinement details of complexes 1 and 2
are summarized in Table 1. Crystallographic data have been deposited at the Cambridge
Crystallographic Data Centre with the numbers CCDC-2105940 (complex 1), and CCDC-
2105941 (complex 2). These data can be obtained, free of charge, from CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: +44 1233 336033; e-mail: deposit@ccdc.cam.ac.uk;
internet: http://www.ccdc.cam.ac.uk).

3.4. Free Radicals Scavenging Methods

Radical scavenging capacity, as an indicator of the antioxidant capacity of com-
pounds against 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals and 2,2-azinobis
(3-ethyl- enzothiazoline-6-sulfonic acid), ABTS•+ radical cations, was determined using
a spectrophotometric assay [78]. Antiradical capacity analysis was performed either on
pure MeOH for ABTS or the mixture of MeOH/distilled water (90:10 v/v) for DPPH. For
both ABTS and DPPH assays, the stock solutions of complexes were prepared in DMSO.
Quercetin was used as an antioxidant standard in the DPPH and ABTS•+ scavenging
tests. EC50 is defined as the concentration of compound (µM) required to scavenge 50%
of ABTS•+ or DPPH radicals. EC50 values were estimated using nonlinear regression. A
lower EC50 value indicates higher antiradical activity.

3.4.1. ABTS Test

The ABTS assay was based on the method described by Re et al. [79]. For the gen-
eration of ABTS•+ radicals, sodium persulfate (2.45 mM) aqueous solution was mixed
with ABTS (7 mM) and incubated overnight in the dark to obtain a dark colored solution.
The stock solution of ABTS•+ was then diluted by adding pure methanol (100%) to obtain
an absorbance of 0.70 (±0.02) at 734 nm at 30 ◦C. An aliquot of 0.02 mL of tested com-
pound was added to 1.98 mL of ABTS•+, and the decrease in absorbance was monitored at
734 nm after 30 min [80]. During this reaction, the blue green ABTS radical cation is
converted back into its colorless neutral form in the presence of the potential antioxidant
molecule. A control consisted of 0.02 mL of DMSO in 1.98 mL of ABTS•+ solution. The
reducing capacity was determined according to the following formula:

% inhibition = (A control − A Sample) × 100/A Control (1)

3.4.2. DPPH Test

The DPPH assay was performed according to the method developed by Brand-
Williams et al. slightly modified [81]. A solution of 1 mM DPPH in 90% (v/v) methanol
was stirred for 40 min. The absorbance of the solution was adjusted to 0.650 ± 0.020 at
517 nm using fresh 90% (v/v) methanol. Then, 0.02 mL of quercetin taken as a standard or
sample was mixed with 1.98 mL of DPPH solution and incubated for 30 min in the dark
covered with aluminum foil. When reacting with an antioxidant, the DPPH• radical is
converted into DPPH, and its color changes from purple to yellow. The antioxidant effect
may be easily evaluated by observing the decrease in visible absorption. The absorbance
decrease was monitored at 517 nm after 30 min of incubation with a Hewlett Packard
8453 spectrophotometer. The control consisted of 0.02 mL of DMSO in 1.98 mL of DPPH
solution. A similar formula (Equation (1)) was applied to determine the DPPH radical
scavenging activity.

http://www.ccdc.cam.ac.uk
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3.5. Antiradical Efficiency

The reaction between potential antioxidants and the oxidized substrate requires a
steady state which will depend on several parameters, such as the reaction time. The
time needed to reach the steady state, at the concentration corresponding to EC50, is more
and more frequently used and can be defined as TEC50. In brief, TEC50 was determined
by plotting the recorded absorbance during the period for the EC50 concentration for the
considered antioxidant compound. The parameter to express antioxidant capacity, called
“antiradical efficiency” (AE), was defined as follows:

AE = 1/EC50.TEC50

The antiradical efficiency of compounds and their classification are considered accord-
ing to the work of Sanchez-Moreno [69]. The value of the AE determines if the activity of
the potential antioxidant is low or high (AE ≤ 1.10−3 low; 1.10−3 < AE ≤ 5.10−3 medium;
5.10−3 < AE ≤ 10.10−3 high; and 10.10−3 < AE very high).

3.6. Chemiluminescence Study of Complexes on Enzyme-Catalyzed Oxidation of L012

To investigate the effect of selected palladium (II)-based complexes on the peroxidase
(HRP)-catalyzed oxidation of the chemiluminescent probe (L-012), in the presence of
hydrogen peroxide (H2O2), the chemiluminescence technique was used. Briefly, plate-
reader-based luminescence measurements were performed in white 96-well plates using a
Fluoroskan Ascent FL microplate reader (Thermo Labsystems, Vantaa, Finland), with the
temperature set at 37 ◦C. To 5 µL of a stock solution of HRP (1 mg/mL) in phosphate buffer
(pH = 7.5) per well, we successively added 10 µL of L-012 (aqueous solution, 0.84 mmoL)
and 2 µL of tested compound in 163 µL of buffer solution. The reaction was triggered
by adding 20 µL hydrogen peroxide (0.19 µM) to reach the final volume of 200 µL. The
light emission, produced from oxidation of L-012 by HRP/H2O2 system, in the presence
or absence of the tested palladium complex, was recorded in kinetic mode for 30 min.
Inhibition of the emitted light due to tested complexes was associated with higher activity.
The following formula was applied to calculate the inhibiting activity of complexes towards
the oxidation of L-012 catalyzed by the HRP/H2O2 system:

% inhibition = (L control − L Sample) x 100/L Control

3.7. Statistical Analysis

Results were expressed as mean values ± standard deviation (SD). All measure-
ments were replicated three times. EC50 values were calculated with GraphPad Prism 6.0
(GraphPad Software, San Diego, CA, USA) under the application of the function “log
(inhibitor) versus normalized response-variable slope” after converting the concentrations
into their decimal logarithm. The results were analyzed using Student’s test and a two-way
analysis of variance (ANOVA), and a multiple comparison of all data was performed using
Tukey’s multiple comparisons test. p < 0.0001 was considered significant.

4. Conclusions
Overall, herein we have developed a convenient one-pot water-compatible procedure

for the synthesis of the trans [PdX(PPh3)2(4-RC6H4)] complex. This method is simple
and requires a lower quantity of halogen salt to prepare other attached halogen com-
plex homologs. Two novel complexes were synthesized by this new method. Molecular
structures obtained by X-ray diffraction for the more stable complexes did not show an
isostructural relationship to the para-methoxyphenyl ligand moiety of complexes, with
the para-acetoxyphenyl ligand crystallized with one molecule of dichloromethane used
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as a solvent. The radical scavenging activity of the complexes was evaluated with ABTS
and DPPH models, and also with an enzymatic model using HRP-H2O2/L-012. Taken
together, the complexes (1, 2, and 3) have shown very good activity in the three models
studied. All the tests confirm that the complex bearing the para-methoxyphenyl ligand is
the best radical scavenger candidate. The kinetic studies also reveal that all the complexes
react more quickly and easily with DPPH radicals in an exponential way. The study of
antiradical efficiency confirms the need for kinetic parameters before the classification of the
efficiency of any molecule being investigated. Although no final evidence is offered in this
work to formally identify the mechanism behind the interaction between these palladium
complexes and DPPH or ABTS radicals, this study paves the way toward deepening our
knowledge of this mechanism. A study is currently underway in our laboratory to identify
the effective process of the radical scavenging reaction.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules30051122/s1, Figure S1. 1H NMR spectrum
of 1. Figure S2. 13C NMR spectrum of 1. Figure S3. 31P NMR spectrum of 1. Figure S4. 1H NMR
spectrum of 2. Figure S5. 13C NMR spectrum of 2. Figure S6. 31P NMR spectrum of 2. Figure S7.
1H NMR spectrum of 3. Figure S8. 13C NMR spectrum of 3. Figure S9. 31P NMR spectrum of 3.
Figure S10. 1H NMR spectrum of 4. Figure S11. 13C NMR spectrum of 4. Figure S12. 31P NMR
spectrum of 4. Figure S13. 1H NMR spectrum of 5 Figure S14. 13C NMR spectrum of 5. Figure S15.
31P NMR spectrum of 5. Figure S16. 1H NMR spectrum of 6. Figure S17. 13C NMR spectrum of 6.
Figure S18. 31P NMR spectrum of 6. Figure S19. 1H NMR spectrum of 7. Figure S20. 13C NMR
spectrum of 7. Figure S21. 31P NMR spectrum of 7. Figure S22. 1H NMR spectrum of 8. Figure S23.
13C NMR spectrum of 8. Figure S24. 31P NMR spectrum of 8.n. Figure S25. 1H NMR spectrum of
9. Figure S26. 13C NMR spectrum of 9. Figure S27. 31P NMR spectrum of 9. Figure S28. ORTEP
representation of 1 with thermal ellipsoids drawn at the 50% probability level showing I—H interac-
tions. Figure S29. ORTEP representation of 2 with thermal ellipsoids drawn at the 50% probability
level showing O—H interactions. Figure S30. ORTEP representation of byproduct isolated from
complex 3 solution resulting from self-decomposition/rearrangement reaction. Table S1. Crystal data
for compounds 1 and 2.
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complexes: Studies of the nucleophilic substitution reactions, interactions with CT-DNA, bovine serum albumin and cytotoxic
activity. Dalton Trans. 2016, 45, 12444–12457. [CrossRef]

25. Emamia, S.; Ghourchiana, H.; Divsalarb, A. Release of Cyt C from the model membrane due to conformational change induced
by anticancer palladium complex. Int. J. Biol. Macromolec. 2011, 48, 243–248. [CrossRef]

26. Alia, M.A.; Mirzaa, A.H.; Butcherb, R.J.; Tarafderc, M.T.H.; Keat, T.B.; Ali, A.M. Biological activity of palladium (II) and
platinum (II) complexes of the acetone Schiff bases of S-methyl- and S-benzyldithiocarbazate and the X-ray crystal structure
of the [Pd(asme)2] (asme=anionic form of the acetone Schiff base of S-methyldithiocarbazate) complex. J. Inorg. Biochem. 2002,
92, 141–148.

27. Das, M.; Livingstone, S.E. Metal chelates as anti-cancer agents. II cytotoxic action of palladium and platinum complexes of
6-mercaptopurine and thioguanine. Br. J. Cancer. 1978, 38, 325–328. [CrossRef] [PubMed]

28. Ray, S.; Mohan, R.; Singh, J.K.; Samantaray, M.K.; Shaikh, M.M.; Panda, D.; Ghosh, P. Anticancer and Antimicrobial Metal-
lopharmaceutical Agents Based on Palladium, Gold, and Silver N-Heterocyclic Carbene Complexes. J. Am. Chem. Soc. 2007, 129,
15042–15053. [CrossRef]

29. Garoufis, A.; Hadjikakou, S.K.; Hadjiliadis, N. Palladium coordination compounds as anti-viral, anti-fungal, anti-microbial and
anti-tumor agents. Coord. Chem. Rev. 2009, 253, 1384–1397. [CrossRef]

https://doi.org/10.1093/carcin/bgp127
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1158/1541-7786.MCR-05-0261
https://doi.org/10.4239/wjd.v5.i5.697
https://www.ncbi.nlm.nih.gov/pubmed/25317247
https://doi.org/10.1200/JCO.2005.05.2308
https://doi.org/10.1053/j.gastro.2004.09.011
https://doi.org/10.1016/S0959-8049(97)00300-6
https://www.ncbi.nlm.nih.gov/pubmed/9470827
https://doi.org/10.1155/2012/589160
https://www.ncbi.nlm.nih.gov/pubmed/22666240
https://doi.org/10.1155/2013/287353
https://doi.org/10.1595/003214079X2339098
https://doi.org/10.1016/S0010-8545(97)00023-4
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1155/2013/524701
https://doi.org/10.1016/j.nephro.2004.12.001
https://doi.org/10.1016/S0092-8674(04)00343-5
https://doi.org/10.1080/15257770.2014.955192
https://www.ncbi.nlm.nih.gov/pubmed/25513861
https://doi.org/10.1021/ic300739x
https://www.ncbi.nlm.nih.gov/pubmed/22742945
https://doi.org/10.1021/ic202141g
https://doi.org/10.1039/C6DT02226J
https://doi.org/10.1016/j.ijbiomac.2010.11.001
https://doi.org/10.1038/bjc.1978.205
https://www.ncbi.nlm.nih.gov/pubmed/698049
https://doi.org/10.1021/ja075889z
https://doi.org/10.1016/j.ccr.2008.09.011


Molecules 2025, 30, 1122 20 of 22

30. El-Morsy, F.A.; Jean-Claude, B.J.; Butler, I.S.; El-Sayed, S.A.; Mostafa, S.I. Synthesis, characterization and anticancer activity of
new zinc(II), molybdate(II), palladium(II), silver(I), rhodium(III), ruthenium(II) and platinum(II) complexes of 5,6-diamino-4-
hydroxy-2-mercaptopyrimidine. Inorganica Chim. Acta 2017, 423, 144–155. [CrossRef]

31. Zhang, C.; Cao, S.; Toole, B.P.; Xu, Y. Cancer may be a pathway to cell survival under persistent hypoxia and elevated ROS: A
model for solid-cancer initiation and early development. Int. J. Cancer 2015, 136, 2001–2011. [CrossRef] [PubMed]

32. Klebanoff, S.J. Myeloperoxidase: Friend and foe. J. Leukoc. Biol. 2005, 77, 598–625. [CrossRef]
33. Kinkade, J.M.; Pember, S.O.; Barnes, K.C.; Shapira, R.; Spitznagel, J.K.; Martin, L.E. Differential distribution of distinct forms of

myeloperoxidase in different azurophilic granule subpopulations from human neutrophils. Biochem. Biophys. Res. Commun. 1983,
114, 296–303. [CrossRef]

34. Gaut, J.P.; Yeh, G.C.; Tran, H.D.; Byun, J.; Henderson, J.P.; Richter, G.M.; Brennan, M.-L.; Lusis, A.J.; Belaaouaj, A.;
Hotchkiss, R.S.; et al. Neutrophils employ the myeloperoxidase system to generate antimicrobial brominating and chlori-
nating oxidants during sepsis. Biochemistry 2001, 98, 11961–11966. [CrossRef]

35. Hampton, M.B.; Kettle, A.J.; Winterbourn, C.C. Inside the neutrophil phagosome: Oxidants, myeloperoxidase, and bacterial
killing. Blood 1998, 92, 3007–3017. [CrossRef] [PubMed]

36. Lau, D.; Baldus, S. Myeloperoxidase and its contributory role in inflammatory vascular disease. Pharmacol. Ther. 2006, 111, 16–26.
[CrossRef] [PubMed]

37. Sampson, J.B.; Ye, Y.; Rosen, H.; Beckman, J.S. Myeloperoxidase and Horseradish Peroxidase Catalyze Tyrosine Nitration in
Proteins from Nitrite and Hydrogen Peroxide. Arch. Biochem. Biophys. 1998, 356, 207–213. [CrossRef]

38. Rosen, H.; Klebanoff, S.J. Chemiluminescence and superoxide production by myeloperoxidase-deficient leukocytes. J. Clin. Invest.
1976, 58, 50–60. [CrossRef]

39. Nishinaka, Y.; Aramaki, Y.; Yoshida, H.; Masuya, H.; Sugawara, T.; Ichimori, Y. A New Sensitive Chemiluminescence Probe, L-012,
for Measuring the Production of Superoxide Anion by Cells. Biochem. Biophys. Res. Commun. 1993, 193, 554–559. [CrossRef]

40. Sohn, H.Y.; Gloe, T.; Keller, M.; Schoenafinger, K.; Pohl, U. Sensitive Superoxide Detection in Vascular Cells by the New
Chemiluminescence Dye L-012. J. Vasc. Res. 1999, 36, 456–464. [CrossRef]

41. Daiber, A.; August, M.; Baldus, S.; Wendt, M.; Oelze, M.; Sydow, K.; Kleschyov, A.L.; Munzel, T. Measurement of NAD(P) H
oxidase-derived superoxide with the luminal analogue L-012. Free Radic. Biol. Med. 2004, 36, 101–111.

42. Tsuji, J. Palladium Reagents and Catalysts: Innovations in Organic Synthesis; Wiley: Chichester, UK, 1995.
43. Etsè, K.S.; Boschini, F.; Karegeya, C.; Roex, E.; Zaragoza, G.; Demonceau, A.; Cloots, R.; Mahmoud, A. Exploring organo-

palladium(II) complexes as novel organometallic materials for Li-ion batteries. Electrochim. Acta 2020, 337, 135659. [CrossRef]
44. Roex, E.; Etsè, K.S.; Cloots, R.; Boschini, F.; Mahmoud, A. Improving the electrochemical performances of organo-palladium

(II) complex as promising anode material for Li-ion batteries: Effect of double emulsion preparation. J. Power Sources 2021,
496, 229827. [CrossRef]

45. Flemming, J.P.; Pilon, M.C.; Borbulevitch, O.Y.; Antipin, M.Y.; Grushin, V.V. The trans influence of F, Cl, Br and I ligands in a
series of square-planar Pd(II) complexes. Relative affinities of halide anions for the metal centre in trans-[(Ph3P)2Pd(Ph)X]. Inorg.
Chim. Acta 1998, 280, 87–98. [CrossRef]

46. Herrmann, W.A.; Brossmer, C.; Priermeier, T.; Ofele, K. Complexes and mechanisms of metal-catalyzed cc coupling reactions. 2.
Oxidative addition of chloroaromatics to pd-0 complexes-synthesis, structure and stability of arylpalladium (ii) chlorides of the
phosphorane series. J. Organomet. Chem. 1994, 481, 97–108. [CrossRef]

47. Herrmann, W.A.; Brossmer, C.; Öfele, K.; Beller, M.; Fischer, H. Zum Mechanismus der Heck-Reaktion: Katalysator-Deaktivierung
durch PC-Bindungsbruch. J. Organomet. Chem. 1995, 491, C1–C4. [CrossRef]

48. Kong, K.-C.; Cheng, C.-H. Facile aryl-aryl exchange between the palladium center and phosphine ligands in palladium (II)
complexes. J. Am. Chem. Soc. 1991, 113, 6313–6315. [CrossRef]

49. Goodson, F.E.; Wallow, T.I.; Novak, B.M. Mechanistic studies on the aryl− aryl interchange reaction of ArPdL2I (L= triarylphos-
phine) complexes. J. Am. Chem. Soc. 1997, 119, 12441–12453. [CrossRef]

50. Turner, M.J.; McKinnon, J.J.; Wolff, S.K.; Grimwood, D.J.; Spackman, P.R.; Jayati-Laka, D.; Spackman, M.A. Crystal Explorer17;
University of Western Australia: Perth, Australia, 2017.

51. Spackman, P.R.; Turner, M.J.; McKinnon, J.J.; Wolff, S.K.; Grimwood, D.J.; Jayati-Laka, D.; Spackman, M.A. CrystalExplorer: A
program for Hirshfeld surface analysis, visualization and quantitative analysis of molecular crystals. J. Appl. Cryst. 2021, 54,
1006–1011. [CrossRef]

52. Etsè, K.S.; Dorosz, J.; Christensen, K.M.; Thomas, J.-Y.; Pop, I.B.; Goffin, E.; Col-Son, T.; Lestage, P.; Danober, L.;
Pirotte, B.; et al. Development of thiochroman dioxide analogues of benzothiadiazine dioxides as new positive allosteric
modulators of α–amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, ACS Chem. Neuroscince 2021, 12,
2679–2692. [CrossRef]

https://doi.org/10.1016/j.ica.2014.07.031
https://doi.org/10.1002/ijc.28975
https://www.ncbi.nlm.nih.gov/pubmed/24828886
https://doi.org/10.1189/jlb.1204697
https://doi.org/10.1016/0006-291X(83)91627-3
https://doi.org/10.1073/pnas.211190298
https://doi.org/10.1182/blood.V92.9.3007
https://www.ncbi.nlm.nih.gov/pubmed/9787133
https://doi.org/10.1016/j.pharmthera.2005.06.023
https://www.ncbi.nlm.nih.gov/pubmed/16476484
https://doi.org/10.1006/abbi.1998.0772
https://doi.org/10.1172/JCI108458
https://doi.org/10.1006/bbrc.1993.1659
https://doi.org/10.1159/000025688
https://doi.org/10.1016/j.electacta.2020.135659
https://doi.org/10.1016/j.jpowsour.2021.229827
https://doi.org/10.1016/S0020-1693(98)00055-3
https://doi.org/10.1016/0022-328X(94)85014-3
https://doi.org/10.1016/0022-328X(94)05318-6
https://doi.org/10.1021/ja00016a082
https://doi.org/10.1021/ja972554g
https://doi.org/10.1107/S1600576721002910
https://doi.org/10.1021/acschemneuro.1c00255


Molecules 2025, 30, 1122 21 of 22

53. Fadhel, A.M.; Al-Hamdani, A.A.S. Preparation, characterization, and antioxidant activity of novel metal (Mn (II), Ni (II), Pd
(II), Pt (IV)) complexes:Application of Pd complex in Su-zuki-Miyauracross-coupling reaction. Iran. J. Catal. 2024, 14, 142433.
[CrossRef]

54. Ezzatzadeh, E.; Soleimani-Amiri, S.; Hossaini, Z.; Khandan Barani, K. Synthesis and evaluation of the antioxidant activity of new
spiro-1,2,4-triazine derivatives applying Ag/Fe3O4/CdO@MWCNT MNCs as efficient organometallic nanocatalysts. Front Chem.
2022, 29, 1001707. [CrossRef]

55. Bougossa, S.; Mhadhbi, N.; Ahmed, A.B.; Hamdi, M.; Elghniji, K.; Erwann, J.; Hamden, K.; Oueslati, A.; Naïli, H. Design of a new
palladium(II) halide complex as a bio-active materi-al: Synthesis, physico-chemical studies, DFT-computations and evaluation of
an-ti-inflammatory, antioxidant and anti-gastric damage activities. RSC Adv. 2024, 14, 17413–17433. [CrossRef]

56. Khan, S.Z.; Rehman, Z.; Butler, I.S.; Bélanger-Gariepy, F. New ternary palladium(II) complexes: Synthesis, characterization,
in vitro anticancer and antioxidant activities. Inorg. Chem. Comm. 2019, 105, 140–146. [CrossRef]

57. Khalil, M.H.; Abdullah, F.O. Synthesis, characterisation, and anticancer and antioxi-dant activities of novel complexes of
palladium and an organic Schiff-base ligand. Bull. Chem. Soc. Ethiop. 2024, 38, 605–613. [CrossRef]

58. Elsayed, S.A.; Badr, H.E.; di Biase, A.; El-Hendawy, A.M. Synthesis, characterization of ruthenium(II), nickel(II), palladium(II),
and platinum(II) triphenylphosphine-based com-plexes bearing an ONS-donor chelating agent: Interaction with biomolecules,
antioxidant, in vitro cytotoxic, apoptotic activity and cell cycle analysis. J. Inorg. Biochem. 2021, 223, 111549. [CrossRef]

59. Turan, N.; Buldurun, K.; Bursal, E.; Mahmoudi, G. Pd(II)-Schiff base complexes: Synthesis, characterization, Suzuki–Miyaura and
Mizoroki–Heck cross-coupling reactions, en-zyme inhibition and antioxidant activities. J. Organomet. Chem. 2022, 970–971, 122370.
[CrossRef]

60. Nimmi, O.S.; George, P. Evaluation of the antioxidant potential of a newly developed polyherbal formulation for antiobesity. Int.
J. Pharm. Pharm. Sci. 2012, 4, 505–510.

61. Wettasinghe, M.; Shahidi, F. Antioxidant and free radical-scavenging properties of ethanolic extracts of defatted borage (Borago
officinalis L.) seeds. Food Chem. 1999, 67, 399–414. [CrossRef]

62. Fauconneau, B.; Waffo-Teguo, P.; Huguet, F.; Barrier, L.; Decendit, A.; Merillon, J.-M. Comparative study of radical scavenger and
antioxidant properties of phenolic compounds from Vitis vinifera cell cultures using in vitro tests. Life Sci. 1997, 61, 2103–2110.
[CrossRef]

63. Lee, H.J.; Seo, J.W.; Lee, B.H.; Chung, K.H.; Chi, D.Y. Syntheses and radical scavenging activities of resveratrol derivatives. Bioorg.
Med. Chem. Lett. 2004, 14, 463–466. [CrossRef] [PubMed]

64. Awika, J.M.; Rooney, L.W.; Wu, X.; Prior, R.L.; Cisneros-Zevallos, L. Screening methods to measure antioxidant activity of
sorghum (Sorghum bicolor) and sorghum products. J. Agric. Food Chem. 2003, 51, 6657–6662. [CrossRef]

65. El-Lateef, H.M.A.; El-Dabea, T.; Khalaf, M.M.; Abu-Dief, A.M. Recent Overview of Po-tent Antioxidant Activity of Coordination
Compounds. Antioxidants 2023, 12, 213. [CrossRef] [PubMed]

66. Grushin, V.V. Thermal Stability, Decomposition Paths, and Ph/Ph Exchange Reactions of [(Ph3P)2Pd(Ph)X] (X ) I, Br, Cl, F, and
HF2). Organometallics 2000, 19, 1888–1900. [CrossRef]

67. Tyurin, V.Y.; Moiseeva, A.A.; Shpakovsky, D.B.; Milaeva, E.R. The electrochemical approach to antioxidant activity assay of
metal complexes with dipicolylamine ligand, containing 2,6-di-tert-butylphenol groups, based on electrochemical DPPH-test.
J. Electroanal. Chem. 2015, 756, 212–221. [CrossRef]

68. Huang, D.; Ou, B.; Prior, R.L. The Chemistry behind Antioxidant Capacity Assays. J. Agric. Food Chem. 2005, 53, 1841–1856.
[CrossRef]

69. Sanchez-Moreno, C.; Larrauri, J.A.; Saura-Calixto, F. A procedure to measure the antiradical efficiency of polyphenols. J. Sci. Food
Agric. 1998, 76, 270–276. [CrossRef]

70. Wright, J.S.; Johnson, E.R.; DiLabio, G.A. Predicting the activity of phenolic antioxidants: Theoretical method, analysis of
substituent effects, and application to major families of antioxidants. J. Am. Chem. Soc. 2001, 123, 1173–1183. [CrossRef]

71. Etsè, K.S.; Etsè, K.D.; Nyssen, P.; Mouithys-Mickalad, A. Assessment of anti-inflammatory-like, antioxidant activities and
molecular docking of three alkynyl-substituted 3-ylidene-dihydrobenzo[d]isothiazole 1,1-dioxide derivatives. Chem. Biol. Interact.
2021, 344, 109513. [CrossRef]

72. Fulmer, G.R.; Miller, A.J.M.; Sherden, N.H.; Gottlieb, H.E.; Nudelman, A.; Stoltz, B.M.; Bercaw, J.E.; Goldberg, K.I. NMR chemical
shifts of trace impurities: Common laboratory solvents, organics, and gases in deuterated solvents relevant to the organometallic
chemist. Organometallics 2010, 29, 2176–2179. [CrossRef]

73. Fitton, P.; Rick, E.A. The addition of aryl halides to tetrakis(triphenylphosphine)palladium(0). J. Organometal. Chem. 1971,
28, 287–291. [CrossRef]

74. Bruker. APPEX-II; Bruker AXS Inc.: Madison, WI, USA, 2004.
75. Beurskens, P.T.; Admiraal, G.; Beurskens, G.; Bosman, W.P.; Garcia-Granda, S.; Gould, R.O.; Smits, J.M.M.; Smykalla, C.

DIRDIF92: The DIRDIF Program System, Technical Report of the Crystallography Laboratory; University of Nijimegen: Nijmegen,
The Netherlands, 1992.

https://doi.org/10.57647/j.ijc.2024.1403.33
https://doi.org/10.3389/fchem.2022.1001707
https://doi.org/10.1039/D4RA02984D
https://doi.org/10.1016/j.inoche.2019.04.019
https://doi.org/10.4314/bcse.v38i3.5
https://doi.org/10.1016/j.jinorgbio.2021.111549
https://doi.org/10.1016/j.jorganchem.2022.122370
https://doi.org/10.1016/S0308-8146(99)00137-5
https://doi.org/10.1016/S0024-3205(97)00883-7
https://doi.org/10.1016/j.bmcl.2003.10.038
https://www.ncbi.nlm.nih.gov/pubmed/14698182
https://doi.org/10.1021/jf034790i
https://doi.org/10.3390/antiox12020213
https://www.ncbi.nlm.nih.gov/pubmed/36829772
https://doi.org/10.1021/om0001265
https://doi.org/10.1016/j.jelechem.2015.07.024
https://doi.org/10.1021/jf030723c
https://doi.org/10.1002/(SICI)1097-0010(199802)76:2%3C270::AID-JSFA945%3E3.0.CO;2-9
https://doi.org/10.1021/ja002455u
https://doi.org/10.1016/j.cbi.2021.109513
https://doi.org/10.1021/om100106e
https://doi.org/10.1016/S0022-328X(00)84578-7


Molecules 2025, 30, 1122 22 of 22

76. Sheldrick, G.M. SHELX97 (SHELXS97 and SHELXL97), Programs for Crystal Structure Analysis; University of Göttingen: Göttingen,
Germany, 1997.

77. Sheldrick, G.M. SADABS, Programs for Scaling and Correction of Area Detection Data; University of Göttingen: Göttingen,
Germany, 1996.

78. Floegel, A.; Kim, D.; Chung, S.; Koo, S.I.; Chun, O.K. Comparison of ABTS/DPPH assays to measure antioxidant capacity in
popular antioxidant-rich US foods. J. Food Compos. Anal. 2011, 24, 1043–1048. [CrossRef]

79. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic. Biol. 1999, 26, 1231–1237. [CrossRef]

80. Magalhães, L.M.; Segundo, M.A.; Reis, S.; Lima, J.L.F.C. Methodological aspects about in vitro evaluation of antioxidant properties.
Anal. Chim. Acta. 2008, 613, 1–19. [CrossRef]

81. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.
1995, 28, 25–30. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jfca.2011.01.008
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1016/j.aca.2008.02.047
https://doi.org/10.1016/S0023-6438(95)80008-5

	Introduction 
	Results and Discussion 
	Synthesis and Characterization of Palladium Complexes 
	Mass Spectrometry Analysis 
	X-Ray Diffraction Analysis 
	Hirshfeld Surface Study of Complexes 1 and 2 
	Effect of Palladium (II) Complexes on the Free Radical Scavenging Activity 
	Antioxidant Efficiencies 
	Enzyme-Catalyzed Oxidation Monitored by Chemiluminescence (CL) Assay 

	Materials and Methods 
	Materials and Physical Techniques 
	Synthesis of Palladium Complexes 
	Preparation of Complexes 1, 4, and 7 
	Preparation of Complexes 2, 3, 5, 6, 8 and 9 

	X-Ray Crystal Structure Determination 
	Free Radicals Scavenging Methods 
	ABTS Test 
	DPPH Test 

	Antiradical Efficiency 
	Chemiluminescence Study of Complexes on Enzyme-Catalyzed Oxidation of L012 
	Statistical Analysis 

	Conclusions 
	References

