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Abstract

Three new 2-pyrral amino acid Schiff base palladium (II) complexes were synthesized, characterized and their activity against
six bacterial species was investigated. The ligands: Potassium 2-pyrrolidine-L-methioninate (L.1), Potassium 2-pyrroli-
dine-L-histidinate (L2) and Potassium 2-pyrrolidine-L-tryptophanate (L3) were synthesized and reacted with dichloro(1,5-
cyclooctadiene)palladium(II) to form new palladium (II) complexes C1, C2 and C3, respectively. 'H NMR, FTIR, UV-Vis,
elemental analysis and conductivity measurements were used to characterize the products. The antibacterial activities of the
compounds were evaluated against Gram-positive Staphylococcus aureus (S. aureus, ATCC 25923), methicillin-resistant
Staphylococcus aureus (MRSA, ATCC 33591), Staphylococcus epidermidis (S. epidermidis, ATCC 12228) and Streptococ-
cus pyogenes (S. pyogenes, ATCC 19615) and, gram-negative Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853) and
Klebsiella pneumoniae (K. pneumoniae, ATCC 13883) using the agar well diffusion assay and microtitre plate serial dilution
method. The palladium complexes were active against the selected bacteria with the imidazole ring containing complex C2
and indole heterocyclic ring containing complex C3 showing the highest activity.
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Introduction of cis-diamminedichloroplatinum(IT) complex as an antican-

cer agent triggered research interests in the development

The increased resistance of pathogenic bacteria to antibiotics
is alarming, hence the need for new classes of antibacte-
rial agents (Theuretzbacher 2011). These new antibacterial
agents should ideally be able to evade the bacterial resist-
ance mechanisms. The discovery and successful application
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of transition metal-based therapeutic agents (Rosenberg
et al. 1969). Platinum group metal complexes have gained
immense popularity as possible antibacterial agents (Kapdi
and Fairlamb 2014; Wilson and Lippard 2014; Zeng et al.
2017). Research has shown that coordination of biologically
active organic molecules to transition metals give a range of
coordination geometries which provide more stereochemi-
cal orientations than what is possible with organic mole-
cules, thus aiding in their specific biomolecule recognition
and interaction (Chohan et al. 1997; Nyawade et al. 2015;
Selvakumar et al. 2006; You et al. 2008). For instance, a
palladium complex of tetracycline was reported to be 15
times more potent against Escherichia coli, which is resist-
ant to tetracycline, than the free tetracycline (Guerra et al.
2005). The antimicrobial activities of palladium(II) and
platinum(II) complexes have been shown against selected
bacterial strains. Such complexes have also been shown to
be more active than the free, uncoordinated ligands (Radic
et al. 2012; Samota and Seth 2010).

Schiff bases have exhibited a wide range of biological
activities which include antimicrobial (AlAjmi et al. 2016;
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Karamunge and Vibhute 2013; Keypour et al. 2013; Tabas-
sum et al. 2013; Yao et al. 2007), anticancer (Kapdi and Fair-
lamb 2014; Sztanke et al. 2013; Tabassum et al. 2013; Yan
et al. 2015)_ENREF_6, anti-inflammatory, (Asif and Husain
2013; Coskun et al. 2013), antiretroviral (Sridhar et al.
2001), anticonvulsive (Abu-Surrah and Kettunen 2006) and
antipyretic activities (AlAjmi et al. 2016). The presence of a
lone pair of electrons in the sp? orbital of the nitrogen atom
in the azomethine group, —C =N-, of the Schiff bases is of
chemical, biological and physical importance (Patai 1970).
The biological activity of the Schiff bases is attributed to the
formation of hydrogen bonds between the active centers of
cell constituents and the sp> hybridized orbital of the azome-
thine nitrogen atom (Abdel-Rahman et al. 2017, 2019; Abu-
Dief and Mohamed 2015; Kabak et al. 1999). Schiff bases
are generally easy to synthesize, derivatize and have good
donor abilities. These compounds are, thus, suitable drug
candidates. Amino acid Schiff bases are specifically very
effective chelating ligands bearing carboxylate, COO- and
azomethine —C =N- groups which readily coordinate to var-
ious transition metal ions, forming chemically and thermally
stable metal complexes (Griinwald et al. 2010)_ENREF_9.
The formation of palladium chelates through the use of
amino acid Schiff bases is likely to enhance their stability
and improve their structural lability. Chelation by the Schiff
bases reduces the metal ion polarity and increase delocaliza-
tion of the n-electrons over the chelate ring (Ali et al. 2015)
resulting in the formation of Schiff base transition metal
chelates that exhibit useful physiological and pharmacologi-
cal activities. These activities are due to the enhanced lipo-
philicity of the central metal (Ali et al. 2015; Patai 1970).
There is, therefore, great interest in the bioactivities of Schiff
base transition metal complexes because their coordination
to transition metal ions enable them to enter target cells and
enhance their biological activities (Crans et al. 2013; Nagesh
et al. 2015). Amino acid Schiff base metal chelates are a new
category of potential antifungal, antiviral, antibacterial and
antitumor agents (Abdel-Rahman et al. 2016, 2017, 2019;
Abu-Dief and Mohamed 2015; Wei et al. 2011).

The amino acid, L-histidine, has an imidazole tail which
accounts for many of its biochemical activities. Imidazole
and its derivatives have occupied a unique place in the field
of medicinal chemistry by improving pharmacokinetic prop-
erties of lead molecules. Imidazole derivatives have broad
spectrum pharmacological properties and have exhibited
good antimicrobial, anticancer, analgesic and anxiolytic
properties (Adinolfi et al. 2015; Desai et al. 2014; Eicher
1998; Khalid et al. 2005; Ramagiri et al. 2015; Kadavakollu
et al. 2014, Verma 2013). The amino acid L-tryptophan has
an indole nucleus, a generally accepted pharmacophore in
medicinal compounds, which has shown some biological
activities such as anti-inflammatory and analgesic, antifun-
gal, antibacterial, insecticidal, anticancer, HIV inhibitory,
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antioxidant, antitubercular, antiviral, antidepressant, tran-
quilizing and anticonvulsant, and antihistamine (Singh and
Singh 2018). Compounds that contain imidazole and indole
are of interest in medicinal chemistry due to their pharma-
cological and therapeutic activities.

Palladium (II) chelates are more effective anticancer
agents than other metal chelates including platinum because
they enable the metal to interact directly with the target
deoxyribonucleic acid (DNA) molecule (Das and Living-
stone 1978). On the contrary, platinum (II) chelates are
kinetically inert, while metals such as nickel (II), zinc (II),
and copper (II) are thermodynamically unstable (Garoufis
et al. 2009). Palladium (IT) ions readily form complexes with
amino acids, proteins, DNA and other macromolecules such
as vitamin B6 (Rfmbu et al. 2014). The structural stability
and lability of palladium complexes make palladium (II) the
metal of choice in the search for therapeutic metals. Fur-
thermore, it has been shown that palladium compounds are
not mutagenic and from this perspective is, therefore, safe
for application in therapeutics (Melber 2002). However, the
biological activity of palladium complexes of amino acid
Schiff bases has not been greatly studied. Therefore, the aim
of this study was to synthesize, characterize and assess the
antibacterial activity of three new palladium (I) complexes
of amino acid Schiff bases derived from pyrrole-2-carbox-
aldehyde and, L-methionine, L-histidine and L-tryptophan.

Experimental

All reactions were performed under inert conditions using
Schlenk techniques. The amino acids and pyrrole-2-car-
boxaldehyde were purchased from Sigma Aldrich and used
without further purification. Ethanol was obtained from
Sigma Aldrich and dried by refluxing over magnesium turn-
ings and iodine before use. Diethyl ether was obtained from
Sigma Aldrich and dried by refluxing over sodium wire and
benzophenone. Melting points were determined using a Stu-
art Scientific SMP 10 apparatus and are uncorrected. Solid-
state Fourier Transform infrared (FT-IR) on potassium bro-
mide (KBr) were recorded on a Perkin Elmer Spectrum Two
model FT-IR Spectrophotometer (4000-400 cm™"). '"H NMR
of the compounds, in deuterated dimethylsulfoxide (DMSO-
de) using TMS as an internal standard, was recorded at 25 °C
on a Bruker Avance III HD Nanobay 400-MHz NMR spec-
trometer equipped with a 5-mm BBO probe. Electronic spec-
tra were recorded on a Thermo Scientific Nicolet Evolution
100 Ultraviolet visible (UV-Vis) Spectrophotometer. Con-
ductivity measurements were performed on a HANNA EC
215 Conductivity Meter. Elemental analyses were performed
on a LECO CNHS-932 micro-analyzer. The metal precursor
[Pd(COD)Cl,] was prepared following literature methods
(Gao et al. 2014; Wiedermann et al. 2006). The amino acid
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Schiff bases were synthesized by slight modification of the
procedure reported in literature (Alsalme et al. 2016; Heinert
and Martell 1962).

Synthesis of the Schiff bases potassium
pyrrole-2-carbal amino acidate, L

An ethanolic solution of pyrrole-2-carboxaldehyde
(1.0 mmol, 5.0 mL) was added to a solution of the amino
acid (L-methionine (L.1), L-histidine (L2) and L-tryptophan
(L3) in KOH(aq)) (1.0 mmol, 5.0 mL)/ethanol (5.0 mL)
mixture. The resultant mixture was stirred under reflux
for 6-8 h. The mixture was cooled and filtered to remove
any unreacted amino acid. A yellow to orange filtrate was
removed by vacuum suction and an orange to dark brown
residual solid formed. The solid was re-crystallized using
ethanol, washed with cold ethanol and rinsed with diethyl
ether. The solid was dried under vacuum and characterized
by FTIR, NMR, UV-Vis, and elemental analysis.

Potassium 2-pyrral-L-methioninate, L1

Yield: 74%. Color: yellow. Molecular formula:
C,0H5KN,O,S. Elemental analysis: Calculated: C; 45.45,
H; 4.96, N; 10.60, S; 12.13%. Found: C; 45.66, H; 4.44,
N; 10.94, S; 13.26%. '"H NMR (320 MHz, DMSO-d-):
6 7.85 (s, N=C(H), imine), 6 6.06-6.88 (CH, Pyrrole),
0 3.52 (dd, a-CH, L-met), 6 2.37 (dd, 6 -CH,, L-met), 6
1.90, 2.05 (m, p-CH,, L-met), § 2.01 (s, S-CHj;, L-met). IR
(KBr, solid state; cm™"): »(HC =N) 1597, v(COO™)asym
1418, v(COO™)sym 1358, v(S-C) 744. UV-Vis: 4., (nm)
(DMSO): 288, 328, 433. Mpt: 269 °C.

max

Potassium 2-pyrral-L-histidinate, L2

Yield: 23.3% yield. Color: orange. Molecular formula:
C,,H,;,KN,O,. Elemental analysis: Calculated: C; 56.89,
H; 5.21, N; 23.28%. Found: C; 56.06, H; 5.92, N; 22.84%.
'"H NMR (320 MHz, DMSO-d): 6 7.82 (s, N=C(H),
imine), 6 7.11-7.43 (N-C(H) =C, imidazole), § 6.83-6.05
(C(H), Pyrrole), 6 3.14 (dd, a-CH, L-hist), 6 3.67, 2.92 (m,
B-CH,, L-hist). IR (KBr, solid state; cm™D: (HC=N) 1622,
Y(COO™)asym 1412, (COO™)sym 1345. UV-Vis: 1, (nm)
(DMSO): 288, 325, 436. Mpt: 255 °C.

max

Synthesis of potassium 2-pyrral-L-tryptophanate, L3

Yield: 41% yield. Color: orange. Molecular formula:
C,cH,4KN;0,. Elemental analysis: Calculated: C; 60.17, H;
4.42,N; 13.16%. Found: C; 59.08, H; 4.83, N; 13.66%. 'H
NMR (320 MHz, DMSO-dy): 6 7.78 (s, N=C(H), imine), §
7.55-6.85 (benzyl C(4H), indole), § 6.91-6.29, 6.02 (CH,
Pyrrole), 6 3.83(dd, a-CH, L-trypt), 6 3.39, 3.30 (m, -CH,,

L-hist), 6 7.00 (N=C(H)-N, Indole). IR (KBr, solid state;
cm™D: (HC=N) 1622, v(COOM)asym 1398, v(COO™)sym
1354. UV=Vis: 4,,, (nm) (DMSO): 220, (282, 289), 329,
436. Mpt: 113 °C.

Synthesis of the 2-pyrral-L-amino acid palladium(ll)
complexes C1, C2 and C3, [PdLCI]2H,0

A solution of dichloro(1,5-cyclooctadiene)palladium(II)
(157.0 mg; 0.55 mmol) in 5.0-mL dry dichloromethane was
added dropwise to an equimolar ethanolic solution of the
Schiff base (L1, L2 and L3) (5 mL) in a clean dry Schlenk
tube. The mixture was stirred at 25 °C temperature for 6 h. A
dark orange precipitate was formed. The mixture was filtered
and the residue was washed with cold methanol and rinsed
with diethyl ether. The solid was dried under reduced pres-
sure and characterized using FTIR, '"H NMR, UV—Vis and
elemental analysis.

2-pyrral-.-methionine palladium(ll) complex, C1
[PAL1CI]2H,0

Molecular formula: C; H;,CIN,0O,PdS. Elemental analysis:
Calculated: C; 29.79, H; 4.24, N; 6.95, S; 7.95%. Found:
C; 29.49, H; 3.9, N; 6.33, S; 7.51%. '"H NMR (320 MHz,
MeOD): 6 8.32 (s, N=C(H), imine), 6 7.21-6.06 (C(H), Pyr-
role), 6 4.02 (dd, a-CH, L-met), § 3.39 (H, H,0),  3.25 (dd,
0-CH,, L-met), 6 2.63, 2.06 (m, p-CH,, L-met), 6 2.06 (s,
S-CHj;, L-met). IR (KBr, solid state; cm™Y): (OH-0) 3450,
v(0OC=0) 1726.1, y(HC=N) 1578, v(COO™)asym 1418,
v(COO™)sym 1316, v(S=C) 1210, v(S-C) 751, v(M-0O)
588, v(M-N) 433. UV-Vis: A_.. (nm) (DMSO): 302, 338,
374,444, 522. Mpt: 150 °C.

max

2-pyrral-L-histidine palladium(ll) complex, C2 [PdL2CI]2H,0

Molecular formula: C,;H;sCIN,O,Pd. Elemental analysis:
Calculated: C; 32.29, H; 3.70, N; 13.69%. Found: C; 33.01,
H; 3.62, N; 13.11%. '"H NMR (320 MHz, DMSO-dy): 6
12.76 (N(H), imidazole), 6 9.47 (C=C(H)-N, imidazole),
8.13 (N=C(H), imine), 7.12(s, N-C(H)=C, imidazole),
7.2, 7.0, 6.28 (CH, Pyrrole), § 4.40 (dd, a-CH, L-hist), §
5.0, 2.93 (m, B-CH,, L-hist), 6 3.37 (H, H,0). IR (KBr, solid
state; cm™!): »(OH-0) 3424, 1(OC=0) 1723.8, y(HC =N)
1608, v(COO™)asym, 1418, v(COO™)sym 1309, v(M-0O)
622, v (M-N) 447. UV-Vis: 1., (nm) (DMSO): 303, 378,
459, 518. Mpt>250 °C.

max

2-pyrral-L-tryptophan palladium(ll) complex, C3
[PdLCII2H,0

Molecular formula: C,4H,;CIN;0,Pd. Elemental analysis:
Calculated: C; 49.91, H; 3.96, N; 19.94%. Found: C; 50.01,
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H; 3.55,N; 20.32%. '"H NMR (320 MHz, DMSO-dg): 69.33
(NH, Pyrrole), 6§ 11.05 (s, N(H), indole), § 8.21 (s, N=C(H),
imine), 6 7.23 (N-C(H) =C, indole), 6 7.58-7.00 (CH, Pyr-
role), 6 4.14 (dd, a-CH, L-trypt), 6 3.37 (O(H), H,0), 6 2.29
(m, B-CH,, L-hist), § 7.58-77.00 (CH, indole). IR (KBr,
solid state; cm™!): »(OH-0) 3453, v(OC=0) 1735.43,
v(HC=N) 1608, v(COO™)asym, 1411, »(COO™)sym 1342,
v(M-0) 598, v(M-N) 430. UV-Vis: 1_.. (nm) (DMSO):
290, 335, 382, 482, 522. Mpt: 170 °C.

max

Evaluation of antibacterial activity

The antibacterial activity of the amino acid Schiff bases
and their metal complexes were tested against Staphylo-
coccus epidermidis (SE), Pseudomonas aeruginosa (PA),
Streptococcus pyogenes (SP), Klebsiella pneumoniae (KP),
Methicillin-resistant Staphylococcus aureus (MRSA) and
Staphylococcus aureus (SA) using the agar well diffusion
assay (Rahman et al. 2015). The lowest concentration of
the samples that inhibits the visual growth of the bacteria,
i.e., the minimum inhibitory concentration (MIC) was also
determined in micro-dilution (Balouiri et al. 2016). Micro-
bial suspensions in Mueller—Hinton broth were incubated for
24 h at 37 °C, from which a McFarland No. 0.5 standard at
a spectrophotometric wavelength of 625 nm was prepared.

Agar well diffusion assays

Solutions of the synthesized ligands L1, L2 and L3, and their
respective palladium complexes C1, C2 and C3 (10 mg/mL)
were prepared by dissolving in 10% DMSO. Mueller-Hinton
agar was inoculated with the respective test microorganisms
(inoculum size: 1 x 108 CFU/ml of bacteria) (Balouiri et al.
2006). Holes (6 mm in diameter) were punched into the agar
plates using a sterile cork borer and 50 pl of the respective
sample solution were introduced into each well. The broad
spectrum antibiotic ampicillin was used as the positive con-
trol while 10% DMSO was used as the negative control. The
plates were then incubated at 37 °C for 24 h. The inhibition
zones were measured in millimeters (mm) from the circum-
ference of the well to that of the growth-free zones around

Table 1 Infrared and proton NMR data for the ligands and complexes

the disk (Table 1). All samples were tested in triplicate (Rah-
man et al. 2015).

Minimum inhibitory concentration (MIC)

The MIC for each sample was determined using the micro-
titer plate method (Balouiri et al. 2016). Mueller—Hinton
broth was inoculated with single colonies of bacterial strains
and incubated for 24 h at 37 °C. A McFarland No. 0.5 bacte-
rial suspension was prepared and further diluted as described
by Balouiri, et al. (Balouiri et al. 2016). Ampicillin, a broad
spectrum antibiotic, was used as a positive control (to con-
firm microbial susceptibility). DMSO (10%) served as the
negative control. In a laminar flow cabinet, 96-well micro-
titer plates were aseptically prepared as follow. The ligand
and complexes were dissolved in 10% DMSO (DMSO was
diluted using the respective broth) to starting concentrations
of 2.5 mg/ml. In each well of the microtiter plate, 100 pl of
broth was added except for the first wells in which 200 pl of
the ligand/broth or complex/broth solution was added. Two-
fold serial dilutions were made across the plate, such that
the full range of concentrations tested was 0.0049-2.5 mg/
ml. The respective bacterial suspensions were added to the
wells except to one well, which was used as the background
interference standard. The plates were incubated for 24 h at
37 °C. After incubation, the absorbance reading at 625 nm,
for each plate, was recorded on a POLARstar Omega spec-
trophotometer (BMG labtech, Germany). The MIC deter-
mined by the spectrophotometric method was defined as
the concentration at which there was a sharp decline in the
absorbance value after incubation (Devienne and Raddi
2002). Growth inhibition was confirmed by visual inspec-
tion of the wells.

Results and discussion

Synthesis and characterization of the Schiff base

The Schiff base ligands L1, L2 and L3 were synthesized by
condensation of pyrrole-2-carboxaldehyde with the amino

Compound  FTIR cm™! "H NMR ppm
v(H,0) ©»(OC=0) vHC=N) »COO)asym p(COO7)sym v(M-0) v(M-N) 6H-C=N) 5H-OH)

L1 - 1597 1418 1358 - - 7.85

Cl 2450 1726 1578 1418 1316 588 455 8.32 3.39

L2 - 1622 1412 1345 7.88

C2 3424 1724 1608 1418 1309 622 477 8.13 337

L3 - 1633 1398 1356 7.78

C3 3453 1735 1625 1411 1342 598 430 8.21 3.37
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Scheme 1 Synthesis of
L-amino acid Schiff base
ligands L1, L2 and L3
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Table 2 Elemental analysis and UV-Vis data
Compound Molecular Elemental analysis UV-Vis (4, nm) Melting

weight (g/ point

mol) C H N S oC
L1 C,H3KN,0,S 264.38 45.66 (45.45) 4.44(4.96) 10.94 (10.60) 13.26 (12.13) 205, 288, 328, 433, 269
C1 CyH;,CIN,0O,PdS 403.19 29.79 (29.49) 4.25(3.90) 6.95(6.33) 7.95 (7.51) 302, 338, 374, 444, 522 150
L2 (C;;H;;KN,O,) 270.33 56.06 (56.89) 5.92(5.21) 22.84(23.28) 205, 288, 325, 436 255
C2 C;HsCIN,O,Pd  409.14 32.29(33.01) 3.70(3.62) 13.69 (13.11) 303, 378, 459, 518 -
L3 (C¢H4,KN;0,) 319.41 59.08 (60.17) 4.83 (4.42) 13.66 (13.16) 203, 220, (282, 289), 329,436 113
C3 C(HsCIN;O,Pd  458.21 49.91 (50.01) 3.96 (3.55) 19.94 (20.32) 290, 335, 382, 482, 522 170

acids L-methionine, L-histidine and L-tryptophan, respec-
tively, in the ration of 1:1 (Scheme 1).

The Schiff bases, pale yellow-to-orange solids, are air and
moisture sensitive, soluble in water, methanol, ethanol and
DMSO, but insoluble in non-polar solvents. The infrared
and NMR data of the ligands and complexes are provided
in Table 1.

Strong vibration frequencies assignable to the (HC =N)
were observed at 1597 cm™!, 1622 cm™! and 1633 cm™! for
ligands L1, L2 and L3, respectively. The *(HC =N) vibra-
tions are at a lower frequency than that observed for the
carbonyl group of pyrrole-2-carboxaldehyde, v(HC =0O)
at 1639 cm™, a clear indication that the azomethine group
replaced the carbonyl group during the Schiff base ligand
formation (Abu-Dief and Mohamed 2015, Arish and
Nair 2012). The asymmetric carboxylate stretching bands
Vasym(COO-") were observed in the range 1418-1398 cm™!
while the symmetric stretching band v,,,,(COO-") was
observed in the range 1347-1361 cm™! (Rimbu et al. 2014).
The v(C-S) band was observed at 744 cm™ for ligand L1.

Formation of the Schiff base was further confirmed by
the presence of a strong singlet peak at 7.75-7.85 ppm, in
"H NMR spectrum, assignable to the azomethine proton,
H-C=N. The absence of the carbonyl proton H-C =0 sig-
nal (9.80 ppm) from the spectrum of the Schiff bases fur-
ther confirmed the formation of the Schiff base. The pyrrole

Table 3 Conductivity values for the metal complexes in DMSO

Metal com-  [Pd(L1) [PA(L2) [PA(L3) DMSO
plexes CI]2H,0 CI]2H,0 CI]2H,0
Conductivity 0.24 0.23 0.20 0.25

mS/cm

proton signals were observed in the range 6.08—6.88 ppm.
The elemental analysis data (Table 2) are consistent with
the calculated values, a further proof that the Schiff base
was synthesized.

The UV—Vis absorption bands (Table 3) for the ligands
were observed at; 282-290 nm assignable to 7—z* transitions
in the pyrrole rings, ~325-329 nm assignable to z—z* transi-
tions in the azomethine bond and ~433-436 nm assignable
to n—z* transition for the azomethine.

Synthesis and characterization of the metal
complexes

The metal complexes (Fig. 1) were synthesized by the reac-
tion of the pyrral-2-amino acid Schiff bases with [Pd(COD)
Cl,] in the ratio of 1:1 at room temperature (Scheme 2).
The metal complexes were obtained as orange to dark
brown solids soluble in DMSO, DMF, ethanol and methanol

@ Springer
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2H,0

H,CS

Complex C2

Complex C1

Fig. 1 Structure of the complexes C1, C2 and C3

OK

2H,0
2H,0

Cl
Complex C3

DCM/Ethanol
2H,0

L
’ o

Room temperature

Scheme 2 Synthesis of the palladium(II) L-amino acid Schiff base complexes

but insoluble in non-polar solvents such as chloroform and
methylene chloride. The metal complexes were character-
ized by FTIR, UV—Vis, '"HNMR and elemental analysis
(Tables 2 and 3). The IR spectrum of the complexes showed
strong bands in the range 1578-1625 cm™! associated with
the v(C=N) stretch. The v(C =N) stretching frequencies
appeared lower than that observed for the free Schiff base
ligands by approximate 22 cm™!. This is most likely a result
of coordination to the metal via the electron rich azome-
thine nitrogen (Abdel-Rahman et al. 2019; Abu-Dief and
Mohamed 2015). The electron density on the azomethine
bond decreases; hence, x character decreases, the bond order
decreases and the C=N bond strength decreases. The car-
boxylate group symmetric stretch, v(OC—-O7)sym, shifted
to lower frequency compared to the free ligand, a sign of
coordination to the metal center via the carboxylate ion. This
is a probable sign that there is less resonance upon coordina-
tion of the Schiff base to the metal center via the negatively
charged end of the carboxylate ion. It is worth noting that
new bands associated with carboxylic acid v("OC =0)asym
stretch, absent in the ligand IR spectrum, were observed at
1735-1724 cm™'. This observation also suggests decrease
in resonance as a result of coordination via the electron

@ Springer

rich negatively charged oxygen (O™) of the carboxylate
ion. The large difference of about 200 cm™! between the
V(OC-O7)sym and v(OC=0)asym vibrations is an indicator
of the monodentate binding nature of the carboxylate group
in the complexes (Arish and Nair 2012; Deacon and Phil-
lips 1980; Nakamoto et al. 1961). New bands assignable to
v(M-0) and v(M—N) stretching vibrations were observed at
588 cm~! and 433 cm™!, respectively (Arish and Nair 2012;
Nakamoto et al. 1961; Ouf et al. 2010). The metal-oxygen
and metal-nitrogen bond stretching vibrations are conclusive
evidence of coordination via oxygen of the carboxylate and
nitrogen of the azomethine groups. The infrared analysis
suggests that the Schiff bases are coordinated to the metal
ion via nitrogen and oxygen atoms. The presence of a strong,
broad peak in the IR spectra of the complexes in the region
3400-3500 cm™! is assignable to water molecules associated
with the complexes.

The proton NMR data further confirmed the coor-
dination mode of the Schiff bases to the metal center.
The azomethine proton NMR peak shifted downfield
to 8.1-8.32 ppm compared to the free ligand peak at
7.78-7.98 ppm. The azomethine proton is more deshielded
in the metal complex as the z character of the C=N bond
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increases on coordination to the metal center. The a-CH
protons signal in the metal complex shifted downfield as
electrons are pushed towards the nitrogen atom for coordi-
nation. No signal was observed for the pyrrole NH proton
in both the ligands and their corresponding complexes.
A slight up-field shift of about 0.5 ppm was observed on
the pyrrole CH protons of the complexes with respect to
the free ligand. This observation suggests coordination of
the ligand to the metal via the nitrogen atom of the pyr-
role ring. It is worth noting that a broad sharp peak was
observed at 3.2 ppm in all the complexes, a sign that water
is probably associated with the palladium complexes.

The UV-Vis absorption bands in the complexes for the
azomethine C=N bonds observed at~338 nm were assigned
to the 7—z* transitions and 378-389 nm assigned to the n—z*
transitions, a Bathochromic shift with respect to absorptions
observed for the free ligands (Ali et al. 2006; Biyala et al.
2008). This is an indication that coordination of the ligands
to the metal center occurred via the azomethine nitrogen
atom. The UV absorption band associated with the pyrrole
n—n* transitions is observed at 303 nm, a bathochromic shift
with respect to the absorptions observed in the ligand. This
suggests that the ligand is probably coordinated to the metal
via the pyrrole nitrogen. Ligand to metal charge transfer can
be assigned the strong bands observed at 444-459 nm in the
metal complexes (Biyala et al. 2008). The LMCT supports
bonding via the oxygen atom of the carboxylate group. New
absorption bands were appeared in the regions 378-382 nm
and 518-522 nm. Palladium (II) with 4d® electronic con-
figuration is expected to exhibit a square planar geom-
etry associated with the three d—d transitions; 'A . 1A2g
(463-522 nm), 'A;, —'B,, (405-418 nm) and 'A,,—'E,
(344-386 nm) (Lever 1984). It is worth noting that the
electronic spectra of palladium(Il) complexes, in which a
chalcogen is coordinated to the metal, are complicated since
tails of strong O — M LMCT band extends into the visible
section of the spectrum thereby masking the expected d—d
transition bands (Ali et al. 2006). However, in this study,
bands observed in the regions 518-522 nm, 444-459 nm
and 374-382 nm of the electronic spectra of the complexes
can be assigned to 1Alg—> 1A2g, 1Alg—> 1Blg and 1A1g—> 1Eg,
respectively (Biyala et al. 2008).

Conductivity measurements of solutions the metal com-
plexes in DMSO were the same as that observed for pure
DMSO (Table 3). This is an indication that the complexes
are neutral non-electrolytes with coordinated chloride.

The palladium(Il) complexes can, therefore, be assigned a
square planar geometry based on the UV-Vis, IR and NMR
spectra. Each ligand is coordinated to the palladium(II) ion
in a tridentate manner with a chloride ion occupying the
fourth position and two water molecules associated with
the complexes as water of hydration outside the coordina-
tion sphere. The spectroscopic data suggest that the ligand

Table 4 Average zones of inhibition (mm + SD) produced for the ligands and their palladium complexes

Statistical significance

Zones of inhibition (mm+ SD)

Microbial strains

ad bc bd cd

ac

ab

Ampicillin

[CODPACl, ]

L2 c2b L3 C3°¢

Cc1*

L1

ns

ns

23.82+0.01

13.7+0.6

29.86+0

17.78 £0.035 0.0+0 17.3+£2.08 0.0+0

0.0+0

SE
PA
Sp

ns

ns

ns

ns

ns

ns

ns

17.24+0.02
14.58+0

9.3+0.6
9.3+0.6

9.7+1.2

23.34+2.52
11.68+0

0.0+0
0.0=+0
0.0+0
0.0+0

14.72+0.02
0.0+0

0.0+0
0.0+0
0.0+0
0.0+0

14.56+0

0.0+0

ns

ns

17.38+0

25.22+0.57

ns

46.58 +0.05

133+1.2

24.10+0

16.88+0
16.40+0.11

16.50+2.0
16.88+0.11

0.0+0

0.0+0

MRSA
SA

ns

ns
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Table 5 Minimum inhibitory

. Compounds  Bacterial species

concentrations (MIC) results for

the complexes S. epidermidis  P. aeruginosa  S. pyogenes K. pneumoniae  MRSA  S. aureus
Cl 0.315 - 0.625 - 0.625 0.625
C2 0.078 - 0.156 - 0.156 0.156
C3 0.078 - 0.156 - 0.078 0.078
CODPdCl, 0.315 - 0.625 0.625 0.625 0.625
Ampicillin 0.04 0.02 0.02 0.63 0.31 0.02

is coordinated to the metal center via the azomethine nitro-
gen, the pyrrole nitrogen and O~ of the carboxylate group.

Antibacterial activity

Preliminary antibacterial activity of the ligands L1, L2 and
L3, and their respective palladium (I) complexes C1, C2
and C3 was performed against Staphylococcus epidermidis
(SE), Pseudomonas aeruginosa (PA), Streptococcus pyo-
genes (SP), Klebsiella pneuminiae (KP), Methicilin Resist-
ant Staphylococcus aureus (MRSA) and Staphylococcus
aureus (SA) using the agar well diffusion assay. The diam-
eters of the zones of inhibitions are tabulated in Table 4.

Zones of inhibition were observed for C3 for all the bac-
terial strains used in this study, except for P. aeruginosa.
Zones of inhibition were observed for C1 and C2 against all
the bacterial strains except for P. aeruginosa and K. pneu-
monia. P. aeruginosa was, thus, resistant to all the tested
compounds including ampicillin. The antimicrobial activi-
ties of C1 and C2 were statistically similar; whilst C1 and
C3, and C2 and C3, respectively, were significantly different
against all the tested bacteria except against P. aeruginosa.
No zones of inhibition were observed for wells containing
the ligands, which suggest that the ligands did not inhibit the
growth of any of the tested bacterial strains. Arish and Nair
(2012) previously found that pyrral-L-histidinate, a ligand
identical to L2, demonstrated antibacterial activity against
P. aeruginosa and S. aureus.

The MIC values were determined for the ligands (L1, L2
and L3) and metal complexes (C1, C2 and C3) against six
bacterial strains (Table 5). The lowest MIC (0.078 mg/mL)
was observed for C3 against S. epidermidis, S. aureus and
MRSA. The same MIC value was obtained for C2 against
S. epidermidis. MIC values for all the other treatments
were higher than 0.078 mg/mL. The highest MIC value
(0.625 mg/mL) was obtained for C1 against S. pyogenes,
S. aureus and MRSA. The micro-dilution assay confirms
that the P. aeruginosa is resistant to C1, C2 and C3, as the
MIC values could not be established against this organism.
Although it was shown using the disk diffusion assay that C3
was able to produce a zone of inhibition for K. pneumonia,

@ Springer

an MIC value for C3 could not be determined against this
organism. The micro-dilution assay again confirmed that K.
pneumonia was resistant to C1 and C2. The MIC values for
the ligands were more than 2.5 mg/ml and confirm that the
ligands do not have an antibacterial activity at the concentra-
tions tested in this study.

The differences in activities of the tested complexes can
be attributed to the different amino acid tails, present in the
ligands. For instance, the imidazole and indole tails, which
are known pharmacophores, enhanced the antibacterial
activity of the complexes. Imidazole is a polar and ionisable
aromatic compound that improves pharmacokinetic prop-
erties of lead molecules. The imidazole ring, for instance,
is present in many antimicrobial drugs such as antifungals,
nitroimidazole series of antibiotics and the sedative imida-
zolam. The indole nucleus, a biologically accepted phar-
macophore in medicinal compounds, has shown biological
activities such as anti-inflammatory and analgesic, antifun-
gal, antimicrobial, insecticidal, anticancer, HIV inhibitor,
antioxidant, antituberculosis, antiviral, antidepressant, tran-
quilizing and anticonvulsant, and antihistamine (Singh and
Singh 2018). This explains why both complexs C2 and C3
which bear the imidazole and indole tails, respectively, are
more active against the bacteria strains used in this study
than complex C1 which bears an aliphatic sulfur group.

Conclusions

The ligands L1, L2 and L3, and their respective palladium
(IT) complexes C1, C2 and C3 were successfully synthe-
sized. The ligands are tridentate and are coordinated to the
metal center via the pyrrole nitrogen, imine nitrogen and
the amino acid anionic oxygen. The complexes showed
good antimicrobial activity against the tested bacteria with
complexes C3 and C2 exhibiting stronger antibacterial
activity than complex C1. The amino acid tail used has a
direct influence on the activity of the 2-pyrral amino acid
palladium(II) complexes. The aliphatic sulfur group (com-
plex C1) had minimal influence while the imidazole and
indole rings exhibited the best antibacterial activity at the



Chemical Papers (2020) 74:3705-3715

3713

lowest concentrations of complexes C2 and C3. The ligands
did not show any antibacterial activities against any of the
bacterial species tested despite literature reports that amino
acid Schiff bases are active against various bacterial species
(Arish and Nair 2012). The reason for this deviation is not
known.
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