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Abstract
Four new Schiff bases, one well-known Schiff base, and five new Pd(II) complexes were synthesized, characterized, and evaluated
in their antimicrobial activities. New ligands were synthesized in the reaction of 9-anthracenecarboxaldehyde and
phenylenediamines (4-methyl-1,2-phenylenediamine, 4-chloro-1,2-phenylenediamine, 4,5-dimethyl-1,2-phenylenediamine, and
methyl 3,4-diaminobenzoate). The chemical structures of all synthesized compounds were confirmed using standard NMR and IR
spectroscopy, and MS spectrometry, as well as molar conductivity measurements, while their purity was evaluated by elemental
analysis. The antimicrobial activities of these novel compounds were assessed in vitro against a representative panel of microbial
strains. The test organisms included three Gram-positive bacteria (Staphylococcus aureus, Bacillus cereus, and Enterococcus
faecalis), four Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Salmonella enteritidis, and Enterobacter
aerogenes), and a single yeast strain, selected to assess antifungal activity. The assay included two commercial antibiotics,
streptomycin and chloramphenicol, as positive controls to ensure assay validity and enable comparative analysis of antimicrobial
activity. The free ligands exhibited limited antimicrobial activity, while the metal complexes demonstrated significantly enhanced,
broader-spectrum activity. Complex C2 (with N,N'-(4-methyl-1,2-phenylene)bis(1-(anthracen-9-yl)methanimine)) showed the best
activity, surpassing the standard antibiotics streptomycin and chloramphenicol in several cases.

1. Introduction
Microorganisms are present in water, soil, in the air, and in the human body. While many play beneficial roles, a significant number
are pathogenic and responsible for various diseases. According to the World Health Organization (WHO), approximately
13.7 million deaths in 2019 were associated with infectious agents. Alarmingly, projections estimate that bacterial infections
could cause up to 10 million deaths annually by 2050 [,]. During the twentieth century, antibiotic development experienced golden
decades (1940–1962), but ultimately ended with a decade marked by the rise of pathogens’ resistance to antimicrobials [,].
Antimicrobial resistance (AMR) is reflected in microorganisms’ expression of enzymes that can degrade, modify, or inactivate
antimicrobials, or by modifying the antibiotic’s targets (e.g., DNA replication or the protein translational process), thereby changing
the cell or cell wall composition []. Therefore, scientists worldwide are working on developing new, efficient antimicrobials, and
metals and metal compounds represent significant sources for this purpose. Only two metal-based compounds, bismuth and
silver, are currently used in the clinical treatment of bacterial infections []. The Community for Open Antimicrobial Drug Discovery
(CO-ADD) database contains over 1000 metal-based structures, comprising 29 metal ions (transition metals, lanthanides, and
main group elements). Screening of 246 metal compounds from this base against the most represented bacteria (E. coli, K.
pneumoniae, A. baumannii, P. aeruginosa, methicillin-resistant S. aureus (MRSA)) and fungi (C. neoformans (yeast) and C. albicans)
showed that the most abundant non-toxic compounds were Ru(II) complexes, followed by Ag(I), Pd(II), and Ir(III) []. An analysis of
the data that Frei et al. previously reported that palladium complexes rank among the top three of the sixteen tested compound
groups in terms of biological activity. Particularly, palladium-based compounds constitute 14% of the active and non-toxic agents,
placing them second only to platinum complexes (18%) []. The antimicrobial activity of metal complexes depends on several
factors, including the chelate effect (complexes with bidentate or polydentate ligands generally exhibit greater activity than those
with monodentate ligands), the nature of the ligands, the overall charge of the complex (cationic > neutral > anionic), the type of
counter ion, and the nuclearity (binuclear > mononuclear) [].

Therefore, Pd(II) complexes have been explored mostly as potential anticancer agents since Pd(II) and Pt(II) ions have similar
physicochemical properties. Since both Pd(II) and Pt(II) are soft Lewis’s acids, they prefer to form stronger bonds with nitrogen or
sulfur donors (soft bases) than oxygen donors (hard bases). The use of Pd(II) and its complexes in medicine is limited, and the
only application of palladium is the usage of 103Pd as a radioactive isotope in the treatment of rapidly growing high-grade prostate
cancer []. Concerning antimicrobial activity, the latest literature data indicate that their antimicrobial properties have good
prospects. Commonly used ligands in such compounds were N^O, N^N or N^S type, and a few of the palladium compounds are
even cyclometalated with N^C ligands. Additionally, Pd(II) complexes with cyclic tetradentate N-ligands expressed significant
antimicrobial activity as potential agents for photodynamic therapy, even better than the well-known ampicillin and nystatin drugs
[8].

Among organic compounds, imines, also known as azomethines or Schiff bases, have applications in industry (food, dye,
fungicidal, agrochemical), as well as in analytical, supramolecular chemistry, catalysis, material science, separation and
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encapsulation processes, biomedical applications, and the formation of compounds. Schiff bases belong to a sub-group of
imines, also known as azomethines. Their remarkable popularity in organic chemistry arises from their facile synthesis using
inexpensive starting materials and their notable air stability. Each novel Schiff base derivative has attracted significant attention
due to the presence of the imine (-C = N) bond, which constitutes the core of these molecules and plays a crucial role in their
antimicrobial activity [,]. The azomethine nitrogen serves as a key coordination site for metal ions, enabling Schiff bases to form
stable complexes with diverse biological macromolecules such as proteins and amino acids. Metal complexes containing Schiff
bases exhibit a wide range of biological activities: antibacterial, antifungal, antiviral, antiulcer, and anticancer []. The enhanced
biological activity of their metal complexes is believed to arise not only from structural factors but also from properties such as
solubility, dipole moment, cell permeability [], and potential enzymatic interactions. The Schiff base with lipophilic groups and its
metal complexes express higher toxicity on bacterial strains. The lipophilicity of complexes is enhanced due to delocalization of
π-electrons in the chelate ring, which subsequently favors their permeation through the lipid layer of the cell membrane. Also,
Schiff bases are excellent chelate ligands, and their corresponding metal complexes are very thermodynamically stable [,,]. Schiff-
base palladium(II) complexes exhibit a broad spectrum of biological activities, functioning as antiprotozoal [], antibacterial [,],
antifungal [20], antitumor [,], and antiviral [22] agents. Furthermore, palladium(II) complexes containing only nitrogen-donor
ligands have also exhibited antimicrobial activity [].

Several studies conducted over the last decade have shown that palladium(II) complexes with various types of Schiff bases
exhibit antibacterial activity. In the study of Pui et al., several Schiff base-containing salicylaldehyde and different amino acids
were used for coordination to palladium(II). A series of palladium(II) complexes were tested on different strains of both Gram-
positive and Gram-negative bacteria. Results revealed that palladium(II) complexes with alanine and glycine exhibit higher
lipophilicity due to the presence of free OH groups in their structure, and possess significantly higher antibacterial activity
compared to the starting palladium chloride [].

Furthermore, a 2016 publication compared complexes of palladium(II) and nickel(II) with N^O Schiff bases in antibacterial and
antifungal assays. The antibacterial assay was done against four bacterial strains, such as K. aerogenes, E. coli, P. desmolyticum,
and S. aureus. Additionally, it is indicated that palladium(II) complexes are more active than nickel (II) analogs, especially on P.
desmolyticum and S. aureus [].

Palladium plays a major role in antibacterial activity when it is coordinated to N^O Schiff bases, which are obtained in the
condensation of o-vanillin and benzylamine derivatives. Comparing results of antibacterial assay, palladium(II) complex was more
potent than the free ligand, particularly for the Gram-negative bacteria P. aeruginosa and S. sonnei. []

In the past five years, three publications have investigated the antibacterial potential of various Schiff bases capable of forming
bi-, tri-, or tetradentate coordination with palladium(II) ion [,,]. In the paper from 2023, bidentate coordination was made through
pairs of the following types of ligands: N^C, N^N, N^O, and as the best candidate complex of palladium(II) with N^C Schiff bases
stood out with MIC values in the range of 32 to 62.5 µg/mL [28]. Additionally, in the study where tridentate ligands are coordinated
to the metal center via the pyrrole nitrogen, imine nitrogen, and the amino acid anionic oxygen, it can be concluded that all tested
complexes expressed antibacterial potential compared to the free ligands, which didn’t show any activity against the tested
bacterial strains [27]. Furthermore, Soares et al. reported that tetracoordinated palladium(II) with 5-Bromo-2‑hydroxy-
benzaldehyde-β-alanine can completely kill C. albicans within 4 hours, and S. mutants within 8 hours [29].

Recently, literature data indicate that Schiff bases formed with 9-anthraldehyde and the corresponding primary amine, as well as
with ruthenium or rare earth metal elements, have potential applications as antibacterial agents [,]. In the research, rare earth
metals such as Er(III), Pr(III), and Yb(III) were coordinated to an N^N-type Schiff base formed using a 1:2 molar ratio of pyridine-
3,4-diamine and 9-anthraldehyde. All complexes were tested against B. subtilis, S. aureus, E. coli, and P. aeruginosa using
gentamycin as a positive probe. The results indicate that all three metal complexes showed low MIC values against all pathogens,
but the complex with Pr(III) was found to be the most effective candidate [Error! Bookmark not defined.]. Moreover, the
antibacterial effect of the ruthenium(II) complex with 2-(2-(anthracen-9-ylmethylene)-1-phenylhydrazineyl)pyridine was
investigated against two pairs of Gram-positive and Gram-negative bacterial strains. Ruthenium(II) complex expressed significant
activity toward Gram-positive B. subtilis with an MIC value of 3.11 ± 0.23 µM, which is much lower than the standard antibiotic
ampicillin [31].
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Based on these literature data we have presented in this study synthesis and chemical characterization anthracenyl-based Schiff
bases and their corresponding Pd(II) complexes followed by evaluation of their in vitro antimicrobial potential against a
representative panel of microbial strains: three Gram-positive bacteria (Staphylococcus aureus, Bacillus cereus, and Enterococcus
faecalis), four Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Salmonella enteritidis, and Enterobacter
aerogenes), and a single yeast strain, selected to assess antifungal activity.

2. Experimental

2.1 Materials and methods
[K2PdCl4] (CP) was prepared according to the literature procedure []. Ligands L1 have been previously reported in the literature [],
while L2-L5 are new and were synthesized according to a slightly modified procedure for L1. Aromatic diamines (1,2-
phenylenediamine, 4-methyl-1,2-phenylenediamine, 4-chloro-1,2-phenylenediamine, 4,5-dimethyl-1,2-phenylenediamine, methyl 3,4-
diaminobenzoate) and 9-anthracenecarboxaldehyde used for ligand synthesis were purchased from Sigma Aldrich. Solvents were
obtained and used without further purification. Infrared spectra were recorded on a Nicolet 6700 FTIR spectrometer using the ATR
technique. 1H and 13C spectra were acquired on a Varian instrument (Agilent, USA) with a 5 mm ATB probe, using standard pulse

sequences, at 400 MHz for 1H and 100.52 MHz for 13C nuclei. Chemical shifts for 1H and 13C were referenced to residual 1H and
13C present in deuterated dimethyl sulfoxide (DMSO-d6), chloroform (CDCl3), and acetone ((CD3)2CO). Elemental analyses were

performed at the ElementarVarioMicroTube CHN analyser. Molar conductivities of 1 mM complex solutions were recorded using
the Crison Multimeter MM 41 instrument. Mass spectra were recorded on the Mass spectrometer Orbitrap Exploris 240 with
UlitiMate 3000 RSLC nano system (MS240 / 250A) using CH3CN as solvent in positive mode.

2.2. Antimicrobial assay

2.2.1. Microbial strains
The in vitro antimicrobial activity of the synthesized compounds was assessed against a well-defined panel of reference microbial
strains encompassing both Gram-positive (Staphylococcus aureus, ATCC 25923, Bacillus cereus, ATCC 11778, and Enterococcus
faecalis ATCC 29212) and Gram-negative bacteria (Escherichia coli, ATCC 29212, Pseudomonas aeruginosa, ATCC 9027,
Salmonella enteritidis, ATCC 13076, and Enterobacter aerogenes, ATCC 13048), as well as a pathogenic yeast species (Candida
albicans ATCC 10231).

2.2.2 Microwell dilution method
The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the test compounds were
determined using the broth microdilution method as outlined by the Clinical and Laboratory Standards Institute (CLSI, 2012 []).

Bacterial suspensions were prepared from overnight cultures in sterile 0.9% NaCl and adjusted to a turbidity equivalent to 0.5
McFarland standard (approximately 10⁸ CFU/mL). Stock solutions of the compounds L1-L5, C1-C5, and CP were prepared in 6%
(v/v) aqueous dimethyl sulfoxide (DMSO) at a concentration of 310 µg/mL. The bacterial inoculum was added to all 96-well
microtiter plates containing the compounds at the appropriate concentrations, and the plates were incubated at 37°C for 24
hours. Each well had a final volume of 100 µL, containing bacterial suspensions at a concentration of 10⁶ CFU/mL. Streptomycin
and chloramphenicol served as positive controls, while DMSO was used as a negative control. Bacterial growth was visualized by
adding 20 µl of 0.5% (w/w) triphenyltetrazolium chloride (TTC) aqueous solution []. Minimal inhibitory concentration (MIC) was
defined as the lowest concentration of the compounds L1-L5, C1-C5, and CP that inhibited visible growth (red colored pellet on
the bottom of the wells after the addition of TTC), while minimal bactericidal concentration (MBC) was defined as the lowest
concentration of the compound that killed 99.9% of bacterial cells. To determine the minimum bactericidal concentration (MBC),
aliquots from wells showing no visible bacterial growth were subcultured onto Mueller-Hinton agar (MHA) and incubated at 37°C
for 24 hours.

2.3. Synthesis

2.3.1. Synthesis of ligands
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L1 ( N,N'-(1,2-phenylene)bis(1-(anthracen-9-yl)methanimine), L2 (N,N'-(4-methyl-1,2-phenylene)bis(1-(anthracen-9-yl)methanimine),
L3 (methyl-3,4-bis(anthracene-9-methylene)aminobenzoate, L4 (N,N'-(4-chloro-1,2-phenylene)-bis(1-(anthracen-9yl)methanimine),
and L5 (N,N'-(4,5-dimethyl-1,2-phenylene)-bis(1-(anthracen-9yl)methanimine), were synthesized according to slightly modified
literature procedure [33]. 9-anthracenecarboxaldehyde and corresponding diamine were mixed in a 2:1 molar ratio using ethanol
as solvent (Scheme 1). Ligand L1 have been reported previously [33], while L2-L5 are new.

L1: 1.5260 g (7.20 mmol) of 9-anthracenecarboxaldehyde dissolved in 10 mL of ethanol, and 0.4000 g (3.70 mmol) of 1,2-
phenylenediamine in 10 mL of ethanol was added dropwise. The resulting solution was left overnight at room temperature under
constant stirring. After that time, the orange precipitate was filtered and dried in vacuo. Yield: 63.39% (1.13 g). Chemical
characterization data are in accordance with literature data [33].

IR (ATR) νmax/cm− 1: 1577.9 and 1609.9 (ar C-C), 1623.3 (C = N st), 3050.2 (C-H st).

1H NMR (400 MHz, CDCl3) δ (ppm): 7.09–7.13 (t, 4H, C3, C4, C5, C6), 7.36–7.39 and 7.43–7.50 (m, 8H, C15, C16, C10, C11, C15',
C16', C10', C11'), 7.96–7.98 (d, 4H, C17, C9, C17', C9'), 8.50 (s, 2H, C13, C13'), 8.84–8.86 (d, 4H, C12, C14, C12', C14'), 9.81 (s, 2H,
C7, C7').

13C NMR (100.52 MHz, CDCl3) δ (ppm): 120.97 (C1, C2, C4, C5), 125.11 (C3, C6), 125.25 (C13, C13'), 126.66-131.19 (C atoms

from anthracene rings), 145.45 (C19, C21, C19', C21'), 161.57 (C7).

HESI-MS (m/z), CH3CN: positive mode 485.20 [M + H]+ (calculated for C36H24N2 484)

L2: In a round-bottom flask, 0.9920 g (4.70 mmol) of 9-anthracenecarboxaldehyde was dissolved in 15 mL of acetonitrile. A
solution of 0.2604 g (2.13 mmol) of 4-methyl-1,2-phenylenediamine in 20 mL of ethanol was then added dropwise to the reaction
mixture under continuous stirring. The mixture was stirred overnight at room temperature. The following day, the reaction mixture
was filtered, and the resulting orange precipitate was left to dry in a desiccator. Yield: 51.23% (0.541 g).

IR (ATR) νmax/cm− 1: 1589.0 and 1622.2 (ar C-C), 1661.3 (C = N st), 3046.5 (ar C-H st).

1H NMR (400 MHz, acetone-d6) δ (ppm): 2.53 (s, 3H, CH3), 7.12 (t, 2H, C3, C5, C6,), 7.41-7 .74 (m, 8H, C15, C16, C10, C11, C15',
C16', C10', C11'), 8.05–8.21 (m, 4H, C17, C9, C17', C9'), 8.65–9.08 (m, 6H, C13, C13', C12, C14, C12', C14'), 9.84 (s, 2H, C7, C7').

13C NMR (100.52 MHz, DMSO-d6) δ (ppm): 21.35 (CH3), 123.52-130.65 (anthracene rings, C1-C6).

HESI-MS (m/z), CH3CN: positive mode 499.21 [M + H]+ (calculated for C37H26N2 498)

L3: 0.9960 g (4.70 mmol) of 9-anthracenecarboxaldehyde was dissolved in 20 mL of ethanol, and 0.4006 g (2.40 mmol) of 4-
methyl-3,4-diaminobenzoate in 20 mL of ethanol was added dropwise with continuous stirring. The reaction mixture was heated
under reflux (80°C) overnight. The resulting orange precipitate was collected by filtration and dried in a desiccator. Yield: 55.84%
(0.729 g).

IR (ATR) νmax/cm− 1: 1313.7 and 1341.9 (C-O-C st as), 1597.3 (ar C-C), 1611.6 (C = N st), 1681.9 (C = O st), 2946.2 (C-H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 3.80 (s, 3H, –OCH3), 5.93 (m, 3H, C3, C5, C6) 6.82–6.85 (d, 2H, C17, C17'), 7.64 (m, 8H,
C15, C16, C10, C11, C15', C16', C10', C11'), 7.87 (m, 2H, C9, C9'), 8.18 (d, 3H, C13, C13'), 8.78 (m, 4H, C12, C14, C12', C14'), 9.85
(s, 2H, C7, C7').

13C NMR (100.52 MHz, DMSO) δ (ppm): 51.40 (–OCH3), 113.48-136.02 (C2, C3, C4, C5, C6, C atoms from anthracene ring),

148.32 (C1), 157.94 (C7), 166.46 (C = O).

HESI-MS (m/z), CH3CN: positive mode 543.20 [M + H]+ (calculated for C38H26N2O2 542)
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L4: 1.1120 g (5.43 mmol) of 9-anthracenecarboxaldehyde was dissolved in 20 mL of ethanol, and 0.387 g (2.715 mmol) of 4-
chloro-1,2-phenylenediamine in 20 mL of ethanol was added dropwise to the flask. The reaction mixture was left stirring overnight
at room temperature. The next day, the solution was filtered, and the resulting orange precipitate was left to dry in a desiccator.
Yield: 64.07% (0.722 g).

IR (ATR) νmax/cm− 1: 730.9 (C-Cl), 1519.7 (ar C-C), 1623.6 (C = N st), 3050.0 (ar C-H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 7.11 (m, 3H, C3, C5, C6), 7.41–7.70 (m, 8H, C15, C16, C10, C11, C15', C16', C10', C11'),
8.07–8.10 (t, 4H, C9, C17, C9', C17'), 8.85–8.71 (m, 6H, C12, C13, C14, C12', C13', C14'), 9.80 (d, 2H, C7, C7').

13C NMR (100 MHz, DMSO-d6) δ (ppm): 123.68-134.86 (C1, C3, C4, C5, C6, C atoms from anthracene rings), 159.92 (C2, C7, C7').

HESI-MS (m/z), CH3CN: positive mode 519.16 [M + H]+ (calculated for C36H23N2Cl 518)

L5: 1.5560 g (7.54 mmol) 9-anthracenecarboxladlehyde was dissolved in 20 mL of ethanol, and a solution of 0.5413 g (3.77
mmol) of 4,5-dimethyl-1,2-phenyldiamine in 20mL of ethanol was added dropwise to the flask. The reaction mixture was left
stirring overnight at room temperature. The next day, the solution was filtered, and the resulting orange precipitate was left to dry
in a desiccator. Yield: 65.61% (1.25 g).

IR (ATR) νmax/cm− 1: 1442.6 (CH3 δ as; CH3-Car), 1518.6 (ar C-H), 1622.6 (C = N st), 3047.5 (ar C-H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 2.42 (s, 6H, CH3), 7.09 (t, 4H, C3, C6, C10, C10'), 7.43 (dd, 6H, C15, C16, C11, C15', C16',
C11'), 8.10 (d, 4H, C17, C9, C17', C9'), 8.73 (s, 2H, 13, 13'), 8.80 (d, 4H, C12, C14, C12', C14'), 9.75 (s, 2H, C7, C7').

13C NMR (100.52 MHz, DMSO-d6) δ (ppm): 51.41 (CH3), 113.57-148.29 (C3, C6, C atoms from anthracene ring), 157.86 (C5, C4),

166.80 (C1, C2, C7, C7').

HESI-MS (m/z), CH3CN: positive mode 513.23 [M + H]+ (calculated for C38H28N2 512)

2.3.2. Synthesis of complexes
Starting palladium(II) complex, [K2PdCl4], was dissolved in water, and a solution of 1.2 equivalents of the corresponding ligand
was added dropwise. Ligands were dissolved in methanol (L1, L2), or ethanol (L3, L4, L5). The resulting mixture was left on reflux
for 4h (C2, C4, C5), or at room temperature overnight (C1, C3) (Scheme 2).

C1: In a solution of 0.0677 g (0.14 mmol) L1 in 10 mL of methanol, a solution of 0.0400 g (0.12 mmol) K2[PdCl4] in 10 mL of water
was added dropwise. The resulting mixture was stirred overnight at room temperature. The next day, the solution was filtered, and
the filtrate was placed in the refrigerator to allow crystallization of the product. After three days, a red precipitate formed. Yield:
55.12% (0.0436 g).

IR (ATR) νmax/cm− 1: 421.9 (Pd-N st), 1522.2-1622.6 (arC-C), 1665.6 (C = N st), 3050 (ar C-H st).

1H NMR (400 MHz, CDCl3) δ (ppm): 7.56 and 7.69 (dt, 12H, C3, C4, C5, C6, C15, C16, C10, C11, C15', C16', C10', C11'), 8.07 (d, 4H,
C17, C9, C17', C9'), 8.71 (s, 2H, C13, C13'), 8.99 (d, 4H, C12, C14, C12', C14'), 11.54 (s, 2H, C7, C7').

13C NMR (100.52 MHz, CDCl3) δ (ppm): 123.52-132.12 (C1, C2, C4, C5, C3, C6, C13, C13', C atoms from anthracene rings), 135.24

(C19, C21, C19', C21'), 193.01 (C7).

HESI-MS (m/z), CH3CN: positive mode 589.09 [M-2Cl-H]+ (calculated for PdCl2C36H24N2 661.4), 630.12 [M-2Cl-H+CH3CN]+

Anal.Calculated for PdCl2C36H24N2 (%): N-4.23; C- 65.32; H-3.63; found (%) N-3.85; C-65.68; H-3.93.
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C2: In a solution of 0.0261g (0.05 mmol) of L2 in 5 mL of methanol, a solution of 0.0500 g (0.15 mmol) K2[PdCl4] in 3 mL of
methanol was added. The resulting mixture was refluxed for 4 hours at 65°C. The resulting red precipitate was isolated by
filtration and left to dry in a desiccator. Yield: 77% (0.0780 g).

IR (ATR) νmax/cm− 1: 454.8 (Pd-N st), 1527.7 and 1600.3 (arC-C), 1615.8 (C = N st), 3091.2 (ar C-H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 2.37 (d, 3H, CH3), 6.18–6.26 (d, 3H, C3, C5, C6), 7.18–7.35 (m, 2H, C10, C10', C11, C11'),
7.64–8.55 (m, 12H, C15, C16, C15', C16', C17, C9, C17', C9', C12, C14, C12', C14'), 8.93-9.00 (m, 2H, C13, C13'), 10.00 (d, 2H, C7,
C7’).

13C NMR (100.52 MHz, DMSO-d6) δ (ppm): 21.05 (C8), 119.51–147.60 (anthracene rings, C1-C6), 151.00 (C7, C7').

HESI-MS (m/z), CH3CN: positive mode 603.10 [M-2Cl-H]+ (calculated for PdCl2C37H26N2 675.4)

Anal.Calculated for PdCl2C37H26N2 (%): N- 4.15; C- 65.75; H-3.85; found (%) N-4.35; C-65.38; H-3.53.

C3: In a solution of 0.0400 g (0.12 mmol) of K₂[PdCl₄] in 3 mL of water, a solution of 0.0500 g (0.09 mmol) of L3 in 5 mL of ethanol
was added dropwise. The reaction mixture was stirred overnight at room temperature. A red precipitate was obtained which was
isolated by filtration. Yield: 58.54% (0.0375 g).

IR (ATR) νmax/cm− 1: 446.9 (Pd-N st), 1264.1 and 1286.8 (C-O-C st), 1530.7 (ar C-C), 1599.2 (C = N st), 1720.9 (C = O st), 2951.7 (C-

H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 3.90 (s, 3H, –OCH3), 6.56 (d, 2H, C17, C17'), 7.36 (m, 2H, C9, C9'), 7.49–8.25 (m, 8H, C15,
C16, C10, C11, C15', C16', C10', C11'), 8.46–8.48 (d, 2H, C13, C13'), 9.03–9.07 (m, 4H, C12, C14, C12', C14'), 9.99 (s, 2H, C7, C7').

13C NMR (100.52 MHz, DMSO) δ (ppm): 51.40 (–OCH3), 113.48-136.02 (C2, C3, C4, C5, C6, C atoms from anthracene ring),

148.32 (C1), 157.94 (C7), 166.46 (C = O).

HESI-MS (m/z), CH3CN: positive mode 649.11 [M-2Cl + H]+ (calculated for PdCl2C38H26N2O2 719.4)

Anal.Calculated for PdCl2C38H26N2O2 (%): N- 3.89; C- 63.39; H-3.61; found (%) N-4.25; C-63.05; H-3.91.

C4: In a solution of 0.040 g (0.12 mmol) K2[PdCl4] in 1mL of water, a solution of 0.049 g (0.10 mmol) L4 in 4 mL of ethanol was
added. This reaction mixture was refluxed and stirred for 4 hours at 80°C. Upon completion, the resulting red precipitate was
separated by vacuum filtration and dried in a desiccator. Yield: 52% (0.0361g).

IR (ATR) νmax/cm− 1: 457.6 (Pd-N st), 732.2 (C-Cl), 1526.7 (ar C-C), 1674.4 (C = N st), 3087.8 (ar C-H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 6.33–6.44 (d, 6H, C3, C6, C5), 7.36–7.95 (m, 8H, C17, C17', C9, C9', C10, C10', C11, C11'),

8.21 (m, 4H, C15, C16, C15', C16'), 8.49–8.53 (t, 2H, C13, C13'), 8.89–9.01 (m, 4H, C12, C14, C12', C14'), 9.94 (d, 2H, C7, C7').

13C NMR (100 MHz, DMSO-d6) δ (ppm): 120.74-146.18 (C atoms from anthracene rings, C1-C6), 163.26 and 162.74 (C7, C7')

HESI-MS (m/z), CH3CN: positive mode 625.05 [M-2Cl]+ (calculated for PdCl3C36H23N2 695.9)

Anal.Calculated for PdCl3C36H23N2 (%): N-4.02; C- 62.08; H-3.30; found (%) N-4.23; C-61.76; H-3.67.

C5: In a solution of 0.0400 g (0.12 mmol) K2[PdCl4] in 2 mL of water, a solution of 0.045 g (0.10 mmol) L5 in 4 mL of ethanol was
added. The resulting solution was refluxed and stirred for 4 hours at 80°C. During heating, a color change from light orange to
dark cherry indicates the progress of the reaction. The obtained precipitate was separated by filtration and left to dry in a
desiccator. Yield: 40% (0.0275 g).
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IR (ATR) νmax/cm− 1: 447.4 (Pd-N st), 1412.1 and 1430.7 (C-H st), 1477.6 -1666.3 (ar C-C), 1597.2 (C = N st), 3029.7 (ar C-H st).

1H NMR (400 MHz, DMSO-d6) δ (ppm): 2.26–2.32 (d, 6H, CH3), 6.14 (s, 3H, C3, C6), 7.13–7.92 (m, 8H, C10, C10', C11, C11', C15,
C15', C16, C16'), 8.22–8.55 (m, 4H, C17, C9, C17', C9'), 8.55 (d, 2H, C13, C13'), 8.96–9.02 (m, 4H, C12, C14, C12', C14'), 9.97 (t, 2H,
C7, C7').

13C NMR (100.52 MHz, DMSO-d6) δ (ppm): 19.42 (CH3, C13, C13'), 121.97-130.99 (C1, C2, C3, C4, C5, C6, C7, C7', C atoms from

anthracene rings), 142.26 (C21, C21', C19, C19'), 161.17 (C20, C20', C18, C18').

HESI-MS (m/z), CH3CN: positive mode 617.12 [M-2Cl-H]+ (calculated for PdCl2C38H28N2 689.4)

Anal.Calculated for PdCl2C38H28N2 (%): N-4.06; C- 66.14; H-4.06; found (%) N-4.38; C-66.49; H-3.89.

3. Results and discussion

3.1 IR spectroscopy
The characteristic bands in the IR spectra of all ligands and complexes correspond to C = N standard, C-C aromatic, and C-H
valence standard vibrations. Aromatic C-C valence vibrations for all complexes were observed from 1526–1600 cm-1, while

stretching C-H vibrations were observed around 3000–3100 cm-1. The most important bands corresponding to C = N standard
vibrations were observed for single ligands around 1660 cm-1, whereas for the corresponding complexes, these bands were
shifted to lower values around 1615 cm-1.

In the IR spectrum of C3, the band at 1720.9 cm-1 is observed, which corresponds to C = O standard vibrations (Figure S1-S10).

3.2 NMR spectroscopy
In the 1H NMR spectra of all synthesized ligands, characteristic bands of imine protons appear in the area of 8.70–10.00 ppm, and
for the protons from aromatic rings, which appear in the area of 6.00–9.00 ppm. In the 1H NMR spectra of complexes, these
bands are shifted downfield (to higher values of chemical shifts). Those shifts are the consequence of electron density movement
to the metal ion after the ligand coordination via imine N atoms. Characteristic bands for protons from methyl groups on aromatic
rings in complexes C2 and C5 are placed at 2.40–2.60 ppm, while protons corresponding to the methyl group in C3 were at 3.90
ppm due to the induction effect of the oxygen atom. For the newly synthesized L2-L5, the absence of amine and aldehyde group
protons is proof of imine synthesis (Figure S11-S38). The most significant changes in 1H NMR spectra of metal complexes
compared to ligands are visible for the chemical shifts of imine protones (C7 and C7' atoms in the structure).

In the 13C NMR spectra of complexes, signals for the imine carbon atoms are noticed at around 165 ppm. In this area, there is one
more signal in the 13C NMR spectrum of C3 since in its structure carbonyl group is present. Signals for carbon atoms from methyl
groups in complexes C2 and C5 are placed at around 20 ppm, while signals for carbon atoms from methyl groups in C3 are
noticed at around 55 ppm. Signals for aromatic carbon atoms are in the area from 120 to 150 ppm. The highest values in that
area are for the carbon atoms directly bonded to oxygen (C3) or a chlorine atom (C4) (Figure S11-S38).

3.3. Mass spectrometry
All ligands and complexes were also characterized by Heated ESI-MS using positive ionization mode. In the mass spectra of all
ligands, one type of peak, [M + H]+ ion is observed, corresponding to the following m/z values: 485.20 (L1), 499.21 (L2), 543.20
(L3), 519.16 (L4), and 513.23 (L5). High-intense peaks in all complexes were observed for: [M-2Cl-H]+ (C1, C2, C5), [M-2Cl + H]+

(C3), and [M-2Cl]+ (C4) (Figures S39-48).

3.4. Molar conductivity
The molar conductivity values of the synthesized complexes are presented in Table 1. In general, these measurements provide
insight into the nature of the complexes, indicating whether they are neutral (lowest values), cationic, or anionic. According to
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literature data, conductivity values vary for all three complex types depending on the solvent. The five Pd(II) complexes reported
here were dissolved in DMSO at a concentration of 1 mM, and their measured molar conductivities are consistent with type “0”
(neutral) complexes [], which is proposed and confirmed by NMR and IR data.

Table 1
Values for the molar conductivity of C1-C5

complex molar conductivity (µS/cm) in DMSO

C1 4.40

C2 16.00

C3 6.80

C4 3.07

C5 3.33

3.5. Antimicrobial activity
To treat bacterial infections, antibacterial medications have been used successfully; however, the main issue is the development
of resistance in various organisms to antibiotics []. The synthesis of new compounds is a chance for a successful battle against
various microbes. It was found that metal complexes have promising activity [7]. The results in Table 2 demonstrate the
antimicrobial activity of Schiff bases, as well as the synergistic effect of Schiff bases and palladium(II) ion. The antimicrobial
properties of the ligands (L1-L5) and their corresponding Pd(II) complexes (C1-C5) were assessed against a range of Gram-
positive and Gram-negative bacterial strains, as well as the fungal strain C. albicans. The minimum inhibitory concentration (MIC)
values revealed a significant improvement in activity for most metal complexes compared to their parent ligands, highlighting the
role of metal coordination in increasing antimicrobial potency.

The free ligands (L1-L5) exhibited minimal antimicrobial activity against the majority of tested strains, with most MIC values
exceeding 310 µg/mL. However, ligands L4 through L5 showed some activity against B. cereus, E. coli, P. aeruginosa, and S.
enteritidis, with MIC values ranging from 10 to 160 µg/mL. In addition, none of the ligands showed appreciable activity against S.
aureus or E. aerogenes, suggesting a limited antibacterial spectrum in their uncoordinated forms. On the other hand, the metal
complexes, the metal complexes (C1-C5) showed significantly enhanced antimicrobial activity. Complexes C2 through C5 showed
strong and broad-spectrum antibacterial activity, with MIC values ranging from 1 to 10 µg/mL against most strains, while for
some strains the MIC value was higher, and ranged up to 80. C2 complex showed remarkable potency across all tested bacterial
species, including E. coli (2 µg/mL), S. enteritidis (1 µg/mL), and P. aeruginosa (5 µg/mL), while also showing moderate antifungal
activity against C. albicans (160 µg/mL). Similarly, C5 was effective against both Gram-positive and Gram-negative bacteria, with
MIC values in the range of 1 to 80 µg/mL. According to chelation theory, the metal complexes exhibit greater activity than the free
ligands. Due to the partial sharing of positive charge with the donor groups of the ligand, chelation reduces the polarity of the
metals, and the lipophilic nature of the central ion increases as a consequence of the increase in the delocalization of π electrons
over the whole chelate ring []. This enhances the complex’s lipophilic character and makes it easier to penetrate the cell
membrane of microbes. Also, metal ions can produce reactive oxygen species, which disrupt microbial enzyme functions and
thus improve the antimicrobial activity of the complex. Comparative evaluation with standard antibiotics revealed that some
complexes showed MIC values comparable to or even lower than streptomycin and chloramphenicol, especially against E. coli, P.
aeruginosa, and S. enteritidis. This suggests that these metal complexes could serve as promising leads for the development of
new antimicrobial agents. The antifungal activity against C. albicans was limited across both ligands and complexes. The
minimum bactericidal concentrations (MBC) and minimum mycocidal concentrations (MMC) presented in this study show
differences in antimicrobial activity between the uncoordinated ligands (L1-L5) and their corresponding metal complexes (C1-C5).
Overall, the uncoordinated ligands exhibited minimal to no bactericidal activity, with MBC values consistently exceeding 310
µg/mL for nearly all tested microbial strains. This indicates that the ligands have limited antimicrobial potential in their
uncoordinated forms.

Differing from the ligands, the metal complexes exhibited superior antimicrobial activity. Complexes C1-C4 showed significant
activity against a range of Gram-positive and Gram-negative bacteria, with MBC values between 10 and 160 µg/mL. Among them,
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C2 showed good activity against S. aureus (10 µg/mL ), E. faecalis (40 µg/mL ), E. coli (80 µg/mL ), and E. aerogenes (40 µg/mL ),
as well as moderate antifungal activity against C. albicans (MMC = 160 µg/mL ). C1, C3, and C4 were effective against S. aureus
and E. faecalis. None of the metal complexes showed appreciable activity against P. aeruginosa or S. enteritidis, which are known
to be more resistant due to robust outer membrane structures and active efflux mechanisms []. Compared to standard antibiotics,
such as streptomycin and chloramphenicol, some metal complexes, particularly C2, demonstrated comparable activity against
specific strains.

Table 2
Antimicrobial activity of selected agents against pathogenic microbial strains from ATCC collection (µg/mL)

Agents

(µg/mL)

Microbial strains from ATCC collection

S. aureus

25923

MIC/MBC

B. cereus

11778

MIC/MBC

E.
faecalis

29212

MIC/MBC

E. coli

25922

MIC/MBC

P.
aeruginosa

9027

MIC/MBC

S.
enteritidis

13076

MIC/MBC

E.
aerogenes

13048

MIC/MBC

C. albicans

10231

MIC/MMC*

L1 �310/
�310

310/�310 �310/
�310

310/�310 80/�310 80/�310 �310/
�310

�310/�310

L2 �310/
�310

310/�310 �310/
�310

310/�310 10/�310 80/�310 �310/
�310

�310/�310

L3 �310/
�310

310/�310 �310/
�310

310/�310 20/�310 80/�310 �310/
�310

�310/�310

L4 �310/
�310

20/�310 �310/
�310

160/310 10/�310 10/�310 �310/
�310

�310/�310

L5 �310/
�310

20/�310 �310/
�310

80/310 10/�310 10/�310 �310/
�310

�310/�310

C1 40/80 20/�310 80/80 10/�310 20/�310 2/�310 160/310 80/160

C2 5/10 10/�310 10/40 2/80 5/�310 1/�310 40/40 160/160

C3 10/160 80/�310 10/160 5/�310 10/�310 1/�310 20/40 160/310

C4 20/40 10/�310 5/80 2/�310 10/�310 1/�310 20/40 160/310

C5 10/�310 20/�310 2/160 2/�310 5/�310 1/�310 80/310 160/310

CP 40/310 80/�310 20/160 80/160 40/�310 40/�310 40/80 160/310

Streptomycin 0.5/0.5 0.5/0.5 16.0/16.0 16.0/16.0 8.0/8.0 4.0/4.0 0.5/0.5 Nystatin*

Chloramphenicol 1.0/8.0 1.0/4.0 16.0/16.0 16.0/16.0 4.0/16.0 4.0/8.0 1.0/1.0 16.0/16.0

*MMC - minimal microbicidal concentration for yeast

4. Conclusions
A series of four novel Schiff bases and five new Pd(II) complexes were synthesized and fully characterized. Among them, four
Schiff bases were synthesized from 9-antracenealdehyde and 4-methyl-1,2-phenylenediamine, 4-chloro-1,2-phenylenediamine, 4,5-
dimethyl-1,2-phenylenediamine, and methyl 3,4-diaminobenzoate are unknown in the literature. L1-L5 were bonded to the metal
ion bidentately through N,N coordination. All complexes have molar conductivity values from 3–16 𝜇S/cm, which confirms a
“zero” type complex, e.g., all complexes are neutral.

In addition, antimicrobial evaluation of ligands (L1-L5) and their metal complexes (C1-C5) showed that metal coordination
significantly enhanced activity. While free ligands had limited to moderate activity, mainly against Gram-negative bacteria, such as
E. coli, P. aeruginosa, and S. enteritidis, the complexes showed stronger antimicrobial activity, including efficacy against C.
albicans.

Page 10/13



Complexes C2 through C5 showed the most promising bacteriostatic effect, with MIC values in the range (1–10) against multiple
resistant strains. In particular, C2 showed significant activity against all tested bacterial strains, surpassing the standard
antibiotics streptomycin and chloramphenicol in several cases. These findings underscore the potential of metal-ligand
coordination as a promising strategy to enhance antimicrobial activity. Also, if we look at ligand structure, we can conclude that 9-
anthracenyl-based ligands (L1-L5) enhance Pd(II) complex antimicrobial activity.
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