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Palladium(1l) and nickel(Il) complexes derived from aromatic Schiff bases were synthesized and
characterized through physicochemical and spectroscopic analyses, viz., melting point,
elemental analysis, molar conductivity, magnetic susceptibility, FTIR, UV-Vis, and H and *C
NMR. The shift in v(C=N) to a lower frequency in FTIR of about 10 cm* indicated that
complexation to Pd(Il1) and Ni(ll) through the azomethine N was established. This was
supported by the shifting of the azomethine proton signal to downfield and upfield regions in *H
NMR. In addition, the shifting of the n—=*(C=N) band in the UV-Vis spectra, with AA = 20—47
nm, indicated involvement of the azomethine nitrogen in the complexation. Palladium(II)
complexes performed better than nickel(Il) complexes as catalysts in the copper-free
Sonogashira reaction, with 100 % conversion of iodobenzene in 3 hours. In the antibacterial
study, L1Me showed the most promising anti-MRSA and anti-MSSA activities, with both MIC
and MBC values of 3 pg/ml against the tested strains. These findings highlight the potential of

Pd(11) and Ni(Il) complexes as catalysts and anti-microbial agents.
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Condensation of primary amines with ketones or
aldehydes under specific conditions lead to the formation
of compounds containing azomethine groups, which
are widely recognized for their facile synthesis [1]. The
Salen ligand system is a Schiff base ligand. and one of
the most studied groups of chelate ligands [2]. It was
originally termed for the family of a bisimine compound,
N,N'-bis(salicylidine)ethylene-diamine, derived from
salicylaldehyde and ethylenediamine in a 2:1 molar
ratio [3-4]. The earliest report of salen-metal complexes
was published by Pfeiffer et al. in 1933 [2]. Various
structural modifications have been made to this scaffold
to expand its properties in the fields of pharmaceuticals,
catalysis, material chemistry, and coordination
chemistry [5].

Pd(I1) and Ni(Il) complexes derived from Schiff
base ligands have received significant attention due to
their unique properties and potential applications in
catalysis and antimicrobial therapy. Palladium complexes
are widely used in synthesis and have become one of
the most powerful and convenient C—C and C—N bond
formation processes in pharmaceutical, materials, and
synthetic chemistry [6]. Since they are able to catalyse
under a non-harsh reaction atmosphere, produce high
yields, and possess an exceptional level of stereo-,
regio-, and chemo-selectivity, they have been used as
catalysts in chemical reactions, particularly carbon-
carbon coupling [7-8]. Nickel, another member of the
same group as palladium, is less expensive and less
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toxic [9, 10]. Furthermore, the relatively more electro-
positive nature of Ni allows for easier oxidative addition
and slower B-hydride elimination due to the higher
Ni—C bond rotation energy barrier compared to Pd
[11]. Therefore, nickel complexes have attracted the
attention of chemists as catalysts for C—C coupling
reactions. Beletskaya and co-workers were the first to
report on the use of Ni complexes as catalysts for the
Sonogashira coupling reaction in 2003 [11].

Antibiotics have significantly reduced the
occurrence of infectious diseases and saved lives.
However, there is still an urgent need for new anti-
bacterial compounds to overcome newly emerging
antibiotic resistance cases [12]. Therefore, many studies
have been done on the antibacterial activities of
metal complexes for the treatment of resistant cases.
When compared to other transition metal species,
metals from Group 10 have relatively high MICs [13].
Recently, Nyawade et al. reported on the antibacterial
effects of new 2-pyrral amino acid Schiff base
palladium(Il) complexes against six species (Gram-
positive, such as Staphylococcus aureus, Methicillin
Resistant  Staphlococcus aureus (MRSA),
Staphylococcus  epidermidis,  Streptococcus
pyogenes, and Gram-negative, such as
Pseudomonas aeruginosa and Klebsiella
pneumonia). One of the complexes showed high
activity and comparable antimicrobial potency to
ampicillin against MRSA, S. epidermidis and S.



2 Shahrul Nizam Ahmad, Thaigarajan Parumasivam,
Nur Husnina Nasaruddin and Siti Solihah Khaidir

pyogenes [14]. Meanwhile, Raj and his co-workers
reported that the MIC values of nickel(ll) Schiff
base complexes against S. aureus was comparable
to the standard drug, ciprofloxacin. The complexes
also showed good MICs against MRSA [15-16].

Overall, this study comprehensively investigates
Pd(1l) and Ni(Il) complexes derived from aromatic
tetradentate Schiff base ligands. The complexes were
tested as catalysts in copper-free Sonogashira reactions.
For the antimicrobial study, several ligands and
complexes were screened against MRSA ATCC 43300,
MRSA NCTC 12494 and Methicillin Sensitive
Staphlococcus aureus (MSSA) ATCC 12600. The
results of this study could contribute to the development
of new and effective catalysts and antimicrobial agents.

EXPERIMENTAL
Chemicals and Materials

Ethanol, acetonitrile, dimethyl sulfoxide (DMSO), ortho-
phenylenediamine, salicylaldehyde, 5-fluorosalicylalde-
hyde, 5-chlorosalicylaldehyde, 5-methylsalicylaldehyde,
5-methoxysalicyladehyde and 5-nitrosalicylaldehyde
were purchased from commercial suppliers and used
as supplied, without further purification.

Characterization Methods

The micro-analytical data (C, H, and N) of all ligands
and complexes were obtained using a Thermo Scientific
Flash 2000 Elemental Analyser. Melting points were
determined with a Stuart SMP10. A Perkin-Elmer
Spectrum One FTIR spectrometer was employed to
record infrared (IR) spectra of ligands and complexes
between 450-4000 cm™* using KBr pellets. *H and 3C
NMR spectra of the samples were recorded on a
Bruker Varian 600 MHz spectrometer with CDCl3z and
DMSO-ds as solvents, and expressed in parts per
million (8, ppm). The magnetic susceptibility of the
palladium(I1) and nickel(11) complexes was measured
using a Sherwood Auto Magnetic Susceptibility
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Balance. The molar conductivity of the complexes
was determined using a Mettler Toledo Inlab 730
conductivity meter in a 10 M DMSO solution.

General Synthesis of L1 Ligands

The synthesis of L1 ligands has been reported in previous
journals [17]. Approximately 10 mL of a hot ethanolic
solution of ortho-phenylenediamine, OPD (1 mmol)
was added to a stirred solution of salicylaldehyde
derivatives (2 mmol) in absolute ethanol (5 mL)
(Scheme 1). The solution was refluxed for 4 hours
before being cooled and chilled overnight at
approximately 4 °C. The coloured solid obtained was
filtered, washed with cold ethanol, and then air-dried.
Yield: L1H (56.0 %), L1F (79.3 %), L1C (78.7 %),
L1M (71.8 %), L1OMe (79.2 %), L1N (92.1 %).

General Synthesis of Pd(Il1) Complexes

In a round bottom flask, 1 mmol of palladium(ll)
acetate was dissolved in 10 mL of acetonitrile.
Separately, 1 mmol of ligand was dissolved in 10 mL
of acetonitrile. The ligand solution was added dropwise
into the flask containing the metal solution before
being refluxed for 6 hours. The coloured solid that
formed was then filtered, washed with a small quantity
of cold acetonitrile, and air-dried. Yield: PdL1H
(86.0 %), PAL1F (93.4 %), PdL1C (83.3 %), PdL1M
(66.0 %), PdL1OMe (85.1 %).

General Synthesis of Ni(l11) Complexes

In a round bottom flask, 1 mmol of nickel(ll) acetate
tetrahydrate was dissolved in 10 mL of ethanol.
Separately, 1 mmol of ligand was dissolved in 10 mL
of ethanol. The ligand solution was added dropwise
to the flask containing the metal solution. The mixture
was refluxed for 6 hours. The solid was then filtered,
washed with a small amount of cold ethanol, and air-
dried. Yield: NiL1H (74.7 %), NiL1F (93.8 %), NiL1C
(83.9 %), NiL1M (76.3 %), NiL1OMe (74.0 %).

Metal Salt HC:N\_ =CcH

N=CH Acetonitrile/ Ethanol
Reflux ca. 6h /N
O e oD

M = Pd, Ni

Scheme 1. Synthesis of Pd(IT) and Ni(IT) Schiff base complexes.

Metal complex
I+ = — —
HC KOH, DMSO

Scheme 2. The Sonogashira reaction procedure.
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Sonogashira Reaction

A round bottom flask was charged with iodobenzene
(1.0 mmol), phenylacetylene (1.5 mmol), metal complex
(0.02 mmol) and KOH (2.0 mmol), and stirred under
aerobic conditions with 7 mL of DMSO (Scheme 2).
The mixture was heated at 140 °C for 12 hours and
monitored every 3 hours using a Gas Chromatograph-
Flame lonization Detector (GC-FID) model Agilent
6890N to determine the percentage conversion of
iodobenzene, as calculated using equation 1:

% Conversion = (Aint - Asinal)/Aint 1)

where Ain is the peak area of iodobenzene before
reaction and Arinal IS the peak area of iodobenzene after
reaction.

Antibacterial Study
Bacterial Strains

MRSA ATCC 43300, MRSA NCTC 12493 and
MSSA ATCC 12600 were purchased from American
Type Culture Collection, USA.

Determination of Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal Concentration
(MBC)

The pre-weighed drugs were dissolved in DMSO and
further diluted in a fresh Muller Hinton Broth (MHB)
medium to reduce the concentration of DMSO to
below 1 % (v/v).

The microdilution assay was performed using
96-well plates. Briefly, 100 pL of fresh MHB was
added into all wells followed by the drug solution into
row A in triplicate. A two-fold serial dilution was
performed by transferring 100 puL from row A to B
using a multichannel pipette. This step was repeated
until row H and the excess 100 pL mixture from row
H was discarded. 100 pL of diluted standardized log-
phase bacterial suspension was added into the wells.
The final volume in each well was 200 pL. The
concentration of the drug ranged between 1.56 and
200 pg/mL, with vancomycin included as a positive
control. The plate was incubated for 18 to 22 hours
at 37 °C. Upon incubation, 50 pL of freshly prepared
INT solution was added into all wells and re-incubated
for 2 hours at 37 °C. The MIC is defined as the lowest
drug concentration which prevented a colour change
of the INT from colourless to pink. Prior to addition
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of the INT dye, 10 uL of the mixture was inoculated
into Muller Hinton agar (MHA) plates to determine
the MBC. The plates were incubated at 37 °C for 18
to 22 hours. The MBC was determined as the lowest
drug concentration which did not produce any bacterial
growth on the agar plate.

RESULTS AND DISCUSSION

Synthesis of Schiff Bases and their Pd(I1) and
Ni(Il) Complexes

The condensation reaction between salicylaldehyde
derivatives and OPD (1:2) in EtOH resulted in
moderate to good yields of product (56.0 - 92.1 %).
Equimolar complexation reactions between the ligands
and palladium(ll) acetate afforded moderate to good
yields of palladium(ll) complexes (66.0 - 86.0 %).
Meanwhile, for the nickel(Il) complexes, yields were
in the range of 74.0 - 93.8 %. The ligands were all
coloured yellow or orange, which is a common colour
for compounds with C=N chromophores. The colours
of the metal complexes of the L1 series were red, dark
red and brown. The ligands were soluble in all organic
solvents while the metal complexes were insoluble
in common organic solvents, i.e., ethanol, methanol,
chloroform and acetonitrile, but soluble in DMSO. All
compounds existed as solids at room temperature and
were stable towards air and moisture.

The micro-elemental data of the compounds
are reported in Table 1. The percentage of C, H and
N were in concordance with the proposed structure
in Scheme 1. The melting points of all complexes
were above 300 °C, which were higher than those of
their parent ligands. This is due to the increase in
molecular weight by the addition of palladium(ll) and
nickel(Il) ions with strong dative covalent and ionic
bonds between the ligands and metal ions.

The magnetic properties of the complexes were
used to investigate the number of unpaired electrons
in the partially filled d-orbitals. These measurements
shed some light on the electron configuration of
the metal ion in the complexes [18-19]. Magnetic
susceptibility values of the complexes were all found
to be 0 B.M. at room temperature, signifying that
there were no unpaired electrons in the d orbital.
This suggests a square planar geometry around the
Pd(I1) or Ni(ll) central metal ions in the complexes.
The DMSO solution of the complexes showed no
significant conductivity indicating that they were non-
electrolytic [20-21], containing no free ions.
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Table 1. Physicochemical data for the ligands and complexes.

Elemental analysis % calculated (found)

Compounds  Percent yield (%) c H N

PdL1H 86.0 54.38 (55.23)  3.17(3.06) 6.76(7.38)
NiL1H 74.7 64.40 (63.93) 3.78(3.76)  7.51(6.95)
PdL1F 934 52,59 (52.19) 2.65(2.59) 6.13(6.77)
NiL1F 93.8 58.73(58.89) 2.96(2.76)  6.85(6.88)
PdL1C 83.3 49.06 (50.53) 2.47(2.59) 5.72(6.05)
NiL1C 83.9 54.36 (55.81) 2.74(2.89)  6.34(6.40)
PdL1M 66.0 58.88 (59.40) 4.04(4.04) 6.24(6.39)
NiL1IM 76.3 65.88 (65.32) 4.52(4.47) 6.98(6.81)
PdL10Me 85.1 54.96 (53.97) 3.77(3.65)  5.83(6.37)
NiL10OMe 74.0 61.01(60.94) 4.19 (4.14) 6.47 (6.42)

Spectral Data
FT-IR Spectra

FT-IR data of the Pd(Il) and Ni(ll) complexes are
tabulated in Table 2 and their spectra are shown in
Figure 1 and Figure 2, respectively. The IR data for
the ligands were reported previously [17], [23]. The
main peak of azomethine, v(C=N) was found in the
range of 1612-1619 cm in all the spectra of the free
ligands. These peaks experienced a shift to lower
frequencies in the range of 1606-1609 cm™ and
1602-1609 cm™ in the palladium(ll) and nickel(Il)
complexes, indicating that complexation has been
established through bonding of the azomethine
nitrogen and metal centres [24-26]. Av(igand-complex)

was ~10 cm*. The C=N bond became weaker upon
complexation as a result of the inductive effect of the
lone electron pair on the azomethine nitrogen being
shared with the metal centre. This phenomenon was
supported by the shifting of C—N peaks in all metal
complexes [27].

The vibration of the hydroxyl group v(OH),
was found as a weak peak at 3222-3241 cm™ in the
ligands. Noticeably, these peaks disappeared in all
metal complexes signalling that complexation was
established between oxygen and metal centres through
deprotonation of the hydroxyl group [21, 28].
The shifting of v(C-0) in metal complexes further
supported the establishment of a new bond between
the metal centre and phenolic oxygen [29].

Pd (1) complexes

PdL1F

PdL10OMe
PdL1M
g
8 PdL1C
s
€
|_
PdL1H
8 8 8 8 8 8 8 8 8
f 8 8 & 8 8 &8 & &
Wavenu

;

2200
‘S 2000
~— 1800
1600
1400
1200
1000
800
600
400

3
o
(]
=

Figure 1. IR spectra of Pd (IT) complexes.
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Ni (1) complexes
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Figure 2. IR spectra of Ni(II) complexes.
Table 2. FT-IR data of Pd(IT) and Ni(II) complexes.
Compounds Wavenumber, v (cm™)
C=N C-N C-0 (phenaol) M-N M-0
PdL1H 1607 (s) 1180 (m) 1051 (w) 534 (w) 461 (w)
NiL1H 1607 (s) 1192 (m) 1045 (w) 526 (w) 494 (w)
PdL1F 1606 (s) 1146 (m) 1047 (w) 583 (w) 481 (w)
NiL1F 1602 (s) 1150 (m) 1047 (w) 521 (w) 474 (w)
PdL1C 1607 (s) 1169 (w) 1048 (w) 523 (w) 484 (w)
NiL1C 1609 (s) 1190 (w) 1048 (w) 519 (w) 471 (w)
PdL1M 1608 (s) 1158 (w) 1045 (w) 516 (w) 463 (w)
NiL1M 1605 (s) 1159 (m) 1045 (w) 521 (w) 461 (w)
PdL1OMe 1607 (s) 1171 (w) 1036 (s) 533 (w) 478 (w)
NiL1OMe 1603 (s) 1173 (m) 1036 (s) 536 (w) 498 (w)

Note: s -strong; m -medium; w -weak

The existence of benzene rings as part of the
chemical structure of ligands and complexes was
suggested by the appearance of weak v(CH) sp?
stretching vibrations in the range of 3014-3086 cm
and medium v(C=C) stretching vibrations in the range
of 1524-1588 cm™. The benzene rings also gave rise
to two medium or weak vibrations of v(CH) bending
in the vicinity of 727-787 cm™ and 824-874 cm™.
These wave numbers suggest that there were two
substituents attached to the ring structure.

There were two new weak peaks that appeared
in the spectra of the metal complexes in the range
of 461-498 cm™ and 516-583 cm?, which were
assignable to M—O and M-N, respectively. These
values are in concordance with the wavenumbers
reported by Nasaruddin et al. [30]. These bands
signify the complexation between metal and ligand
through azomethine nitrogen and phenolic oxygen

[31]. The frequency of the M—N bands was found to
be higher than that of the M—O bands as the former
had lower molecular weights, and this obeys Hooke’s
law [32-33]. These metal-ligand bonds mostly appear
as very weak bands as they are very sensitive towards
substituent effects [34-35].

'H and 3C NMR Spectra

The 'H and 3C NMR spectra of the complexes in
DMSO-dg were recorded. Table 3 shows the *H NMR
data of the Pd(I1) and Ni(Il) complexes. OH appeared
as a singlet at 12.62—13.09 ppm in the spectra of the
free ligands. Here, these hydroxyl protons were found
in the downfield region, likely due to the formation
of hydrogen bonding [23, 36] with azomethine
nitrogen, as well as the deshielding effect of oxygen.
The absence of OH peaks in the spectra of both
complexes supports the infrared evidence that
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coordination to the metal centres was established
through deprotonation of the hydroxyl groups [26].

The azomethine proton, HC'=N, appeared as a
singlet in the region of 8.57-8.87 ppm for all free
ligands. In the PAL1H and NiL1H spectra, this signal
was found in the downfield region with respect to
L1H, at 8.49 and 8.22 ppm, respectively. This supports
the shifting of the azomethine peak in the FTIR
spectra, which suggested the involvement of azomethine
nitrogen in the coordination to metal centres [29],
[37]. However, the peak was discovered to be in the
upfield region with respect to their parent ligands,
ranging from 8.69 to 9.21 ppm in other palladium(Il)
and nickel(1l) complexes. The substituents attached
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to the aromatic carbon of the ligands may have
contributed to this trend [38, 39].

The chemical shifts of aromatic protons in the
free ligands appeared as multiplets in the range of
6.87—7.45 ppm. This is in agreement with the chemical
shifts reported by Ansari et al. [40-41]. These hydrogens
experience the shielding effect of diamagnetic anisotropy
caused by circulating n electrons in the aromatic
rings [33]. The signals of these aromatic protons
were found at 6.64—8.33 ppm in the complexes. The
different chemical shifts of these protons indicate the
complexation between the metal ions and ligands.
Their coupling constant values, 1-3 and 6-9 Hz, suggest
the presence of ortho and meta hydrogens.

Table 3. 'H NMR data of the Pd(II) and Ni(II) complexes.

Assignment, & (ppm)

Compoun ho-y C-H  C-H  C'H CPH  CWH O o A
(An) (An (An) (An) (An) (An) OCHs
6.68
7.32 (dd,
PdL1H 8.49 (s, g::_('jd ;_401 (m, 2H, 7.41(m, 7.41(m, 7.86(m, i
2H) 7 9’ 6.7 6.3,3.2 2H) 2H) 2H)
DO Hz)
1.0 Hz)
6.64 (td, 7.17(d, 7.22(dd, 7.30(d, 7.30(d, 7.71(dd,
NiL1H 822 (s, 2H, 2H, 2H, 2H, 2H, 2H, i i
2H) 72,08 J=8.7 6.2,32 72Hz) 7.2Hz) 6.2,33
Hz) Hz) Hz) Hz)
;ﬁB (dd, defé ;.52 (dd, 7.48 (dd, 8.28 (dd,
9.18 (s ! (ddd, H, 2H, oH
PdL1F 2H) 94,48  2H, - 9.7,33 63,33 6 3’ 33 - -
Hz) 9.3,7.8, Hz) Hz) Hz) '
3.3Hz)
6.90 (dd, 8.09 (dd,
NiL1E 890 (s, 2H, 7.18(m, 735(m, 7.35(m, 2H, i i
2H) 94,46 2H) 2H) 2H) 6.3,3.4
Hz) Hz)
7.03 (d, 7.75 (dd,
PALLC 9.21 (s, 6.73(m, 2H, 7.46 (m, 2H, 836 (m, i
2H) 2H) 8.4 Hz) 2H) 8.1,1.7 2H)
Hz)
6.95(d, 7.44(dd, 7.29 (dt, 8.33(dd,
PAL1M 9.13(s, 2H, 2H, 7.51 2H, 2H, 226(s,
2H) 6.7Hz) 6.3,3.2 (s,2H) 88,23 6.4,34 6H)
Hz) Hz) Hz)
6.83(d, 7.27 (dd, 7.27 (dd, 7.11(dd, 8.06
NiL1M 8.69(s, 2H, 2H, 2H, 2H, (dd2H, 222(s,
2H) 33Hz) 6.2,32 6.2,32 87,22 62,34 6H)
Hz) Hz) Hz) Hz)
6.99 (d, 7.25(d 7.46 (dd, 7.18(dd, 8.32(dd,
PdL10Me 9.21(s, 2H, 2i—| o 2H, 2H, 2H, i 3.79 (s,
2H) 9.3Hz) 3 2'Hz) 6.3,33 92,33 64,33 6H)
' Hz) Hz) Hz)
6.87 (d, 7.06 (d 7.28 (dd, 6.99 (dd, 8.07 (dd,
NiL10Me 8.78 (s, 2H, 2i_| o 2H, 2H, 2H, 3.73 (s,
2H) 3.0Hz) 9 3,Hz) 6.3,32 91,29 6.1,34 6H)
' Hz) Hz) Hz)

Note: (s) =singlet; (d) = doublet; (dd) = doublet of doublets; (ddd) = doublet of doublet of doublets; (t) = triplet; (m) = multiplet;
N.D. = not detected; Ar = aromatic
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The azomethine carbon, C=N was found in the
range of 155.70-161.37 ppm in all the free ligands,
with no significant influence of substituents. In the
complexes, it appeared at upfield regions in the range
of 152.50-156.50 ppm. This indicates that complexation
had occurred between the metal centre and azomethine
nitrogen [42], which further supports the FTIR data.
Complexation between the metal centres and phenolic
oxygen, on the other hand, could be observed through
the shifting of C-OH/C-O signals. The signal of C—-OH
was higher than that of C=N due to the higher electro-
negativity of oxygen (3.44) compared to nitrogen
(3.04) on Pauling’s scale.

Aromatic carbons in the compounds were seen
in the range of 115.32-142.82 ppm in the free ligands
and at 114.86—143.60 ppm in the complexes. The peak
of the aromatic carbon, C*~H(Ar) was found further
downfield in L1F and L1OMe with respect to its peak
in other ligands due to the presence of the electro-
negative elements fluorine, F (3.98) and oxygen, O
(3.44) next to the carbon. The shifting of aromatic
carbons downfield and upfield suggests complexation
between metals and ligands. The presence of a methyl
group, CHs and a methoxy group, OCHjs in L1M and
L10OMe were detected at ~20.00 ppm and 55.99 ppm,
respectively.

UV-Visible Spectra

In general, intra-ligand electronic transitions have three
main characteristic absorption bands, i.e., t—n*(C=C),
n—n*(C=N) and n—-n*(C=N). Two weak to medium
peaks of n—n*(C=C), were observed at 206—224 nm
and 230-241 nm in the ligands. The weak to medium
absorption bands of n—n*(C=N) were observed at
268-274 nm in the ligands. The medium to strong
peaks of n—n* (C=N) were discovered at higher
wavelengths, in the vicinity of 331-356 nm in the
ligands. This band indicates that there is a transition of
an electron from a nitrogen lone pair to the ©* of imine
group [43]. The electronic transition could also be
assumed to have occurred from the non-bonding n
orbital of the imine nitrogen to the anti-bonding =
orbital [44, 45]. The Amax Of n—1t* (C=N) was lower
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than the Amax of n—m* (C=N) as the energy needed to
excite a non-bonding, n electron is lower than that
from a 7 orbital. Energy is in inverse proportion to
wavelength (AE= hc/)).

The main characteristic peaks in the ligands
were also observed in the complexes, but with some
differences. Two absorption bands of n—n*(C=C)
experienced a red shift (bathochromic) relative to their
parent ligands at 214—237 nm and 237-257 nm in the
complexes. The peak of m—n*(C=N) also experienced
a bathochromic effect, shifting to a longer wavelength
where the bands were seen at 289-344 nm in the L1
series complexes. These observations suggest that
complexation had occurred between the Schiff base
ligands and metal ions [46-47]. The results are in
agreement with the values and trends reported by
Sankara et al. (2023) [48].

The absorption bands of n—n*(C=N) were
observed to exhibit the bathochromic shift, at 353—-402
nm in the complexes. The bathochromic shifts of this
band occurred as a consequence of the lone electron
pair donation from azomethine nitrogen to the metal
(N>M) [49-50].

New peaks were found at 476-511 nm in the
complexes, correspondingly attributable to ligand to
metal charge transfers (LMCT) [37, 53]. These bands
indicate that there was an interaction established
between the imine nitrogen and the metal centre,
forming a dative covalent bond where the electrons
moved from the & orbital of the ligand to the d orbital
of the metal [36]. UV-Visible spectra of PdL1C
and NiL1C could not be obtained due to solubility
limitations.

Amax assignable to d-d transitions could not
be detected in the spectra of the complexes as this
falls under Laporte forbidden transitions, where the
compounds were centrosymmetric. The peaks, if they
existed, would appear as very weak peaks with low
molar absorptivity at a wavelength of more than 600
nm in the visible region. The absence of these peaks
may likely be concealed by strong ligands and charge
transfer bands in the UV region [52].

Table 4. UV-Vis data of the Pd(II) and Ni(IT) complexes.

Band Assignment, Amax, "M (g, L mol™* cm™)

Compounds 7—r* (benzene) 7—n* (C=N) n—* (C=N) LMCT

PALIH 218 (11930), 247 (10955) 315 (6433) 353 (6299) 476 (3419)
NiL1H 233 (3655), 259 (17291) 308 (6504) 376 (9543) 478 (3022)
PALIF 214 (7930), 239 (5150) 317 (3666) 384 (1548) 484 (2309)
NiL1F 234 (6037), 257 (6701) 289 (3096) 379 (4344) 488 (1436)
PALIM 219 (149260), 251 (12607) 317 (7612) 386 (2727) 485 (4082)
NiL1M 237 (17761), 261 (22145) 294 (8902) 379 (12092) 489 (3738)
PAL10Me 221 (14612), 246 (10895) 343 (6965) 399 (2430) 510 (3976)
NiL1OMe 221 (2332), 247 (9162) 344 (5708) 402 (2007) 511 (3293)
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Ligands were seen as yellow solutions in MeCN,
indicating the characteristic of strong-field ligands of
Schiff bases due to the existence of C=N chromophores
in the ground state [53]. Strong-field ligands generally
induce the formation of square-planar geometry, and
this was observed in the palladium(ll) and nickel(Il)
complexes studied in this research.

Catalytic Activity

Under optimized reaction conditions (KOH, 140 °C
and 2.0 mmol %), the reactions catalysed by various
palladium(Il) and nickel(1l) complexes were carried
out smoothly to afford the product in moderate to
high yields; the results are presented in Table 5.
It is apparent that the palladium(ll) complexes
performed better than the nickel(ll) complexes. This
is in line with the results reported by Esmaeilpour,
Javidi, Dodeji, & Abarghoui, where palladium
converted a higher percentage of reactant than nickel.
Nonetheless, the catalytic performance of the
nickel(I1) complexes was quite decent and better
than those previously reported [54, 55]. The
lowest percentage conversion was 78 % and the
highest conversion was 91 %. Metal centres play a
more important role in catalytic activities than
ligands. Nonetheless, the presence of ligands should
not be neglected as they play a huge role in
accustoming the rate of some or all of the catalytic
steps, like oxidative addition, insertion,
transmetalation and reductive elimination [56]. In
fact, the deposition of palladium black, a marker of
deactivation of the catalytic site of the metal, is
known to happen rather quickly in ligand-less
catalysis [56, 57].

There were two control experiments in this
investigation. The reaction without any Pd(Il) and
Ni(Il) species, i.e., the negative control, showed no

Synthesis, Spectral Characterization, Catalytic
and Antimicrobial Activities of Pd(Il) and
Ni(ll) Schiff Base Complexes

conversion of iodobenzene. The positive control
using palladium(Il) acetate as a catalyst showed the
highest conversion of 100 % after 3 hours of reaction
time. However, the formation of palladium black
was detected at 120 °C, signalling the decomposition
of palladium(ll) acetate. There was no formation of
palladium black in any of the reactions catalysed by
the complexes. This showed that the ligands acted as
effective stabilizers to the active catalytic sites of
Pd(I1) and Ni(Il).

The electronic profile of the ligand appears to
play a significant role in catalytic activities in the
coupling reaction, such that complexes with ligands
bearing electron withdrawing groups (hamely F, Cl,
and NO;) outdid the performance of those with
electron donating substituents such as CHz and OCHa.
This was more pronounced in nickel(Il) complexes
where NiL1F converted the highest percentage of
iodobenzene (91 %) after 12 hours of reaction. The
presence of electron withdrawing substituents increases
the acidity of hydrogen in metal-acetylide complexes,
facilitating an elimination reaction. Furthermore, its
presence in the structure may have an inductive
effect which leads to facile oxidative addition.

Antibacterial Activity

The MIC and MBC values of the 15 compounds
against MRSA ATCC 43300, MRSA NCTC 12494
and MSSA ATCC 12600 are shown in Table 6. L;Me
showed the most promising anti-MRSA and anti-
MSSA activity, with both MIC and MBC values of
3 pg/ml against the tested strains. L1C, L1F and
L1N showed MIC and MBC values between 50-100
pg/ml, while the remaining compounds gave MIC and
MBC values greater than the highest tested
concentration of 200 pg/ml.

Table 5. Percentage conversion of iodobenzene using different catalysts.

Complexes Catalyst 3h 6h 12 h
PdL1H 100 100 100
PdL1F 100 100 100

Palladium(ll) complexes  PdL1C 100 100 100
PdL1M 100 100 100
PdL1OMe 100 100 100
NiL1H 67 71 78
NiL1F 80 87 91

Nickel(l1) complexes NiL1C 73 80 83
NiL1M 75 81 89
NiL1OMe 73 80 81
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Table 6. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the
compounds against methicillin-resistant Staphylococcus aureus (ATCC 43300 and NCTC 12493) and
methicillin-sensitive Staphylococcus aureus (ATCC 12600) strains.

SAMPLE MRSA 43300 MRSA 12493 MSSA 12600
MIC MBC MiIC MBC MIC MBC
#1-L1C 200 200 200 200 200 200
#2 - L1F 100 100 100 100 100 100
#3 - L1Me 3 3 3 3 3 3
#4 — L10OMe >200 >200 >200 >200 >200 >200
#5-LIN 50 50 100 200 100 200
#11 —NiL1C >200 >200 >200 200 >200 >200
#12 — NiL1F >200 >200 >200 >200 >200 >200
#13 — NiL1Me >200 >200 >200 >200 >200 >200
#14 — NiL1OMe >200 >200 >200 >200 >200 >200
#15 — NiL1IN >200 >200 >200 >200 >200 >200
#21 - PdL1C >200 >200 >200 >200 >200 >200
#22 — PdL1F >200 >200 >200 >200 >200 >200
#23 — PdL1Me >200 >200 >200 >200 >200 >200
#24 — PdL1OMe >200 >200 >200 >200 >200 >200
#25 — PdL1IN >200 >200 >200 >200 >200 >200

CONCLUSION

Both Pd(ll) and Ni(ll) Schiff base complexes were
prepared via condensation reactions. The formation
of the metal complexes was verified through physico-
chemical and spectroscopic analysis. The shifting of
significant peaks in FTIR, *H and 3C NMR, and UV—
Vis spectra indicated that complexation had taken
place through deprotonation of the phenolic proton and
shifting of the azomethine nitrogen. Pd(Il) complexes
showed greater catalytic performance in the Sonogashira
reaction under optimum conditions, compared to
Ni(ll) complexes. In the antimicrobial study,
L1Me showed good potential as an anti-MRSA and
anti-MSSA agent due to its low MIC and MBC values.
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