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The water-soluble metal complexes with Schiff base (SB) ligands are of great interest to green chemistry
researchers due to their stability, cost-effectiveness, eco-friendly, electron-donating ability, and various
applications. They have high potential to express their biological activity including anti-inflammatory,
anticancer, antibacterial, antifungal, antioxidant, and DNA binding and cleavage. In the recent era,
transition metal complexes have played a significant role in different processes such as hydrogenation,
carbonylation, oxidation, reduction, epoxidation, hydrolysis, decomposition, and polymerization reactions
in industry. However, their limited aqueous solubility may be the major limitation to their potential
catalytic, industrial, and clinical applications. In industrial catalytic processes, it has been proven that

water can be used as a solvent to minimize the environmental effect of different reactions as well as
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Accepted 30th July 2024 simple and complete separation. Water is a green solvent, flexible, non-toxic, safe, readily available,

environmentally harmless, and inexpensive. Attaching different substituents on Schiff bases enhances the
DOI: 10.1039/d4ra04310c water solubility and catalytic activity. Studies on water-soluble SB complexes will explore these aspects

rsc.li/rsc-advances and their prospects for the future evolution of their diverse applications.
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1. Introduction

Schiff bases (SB) are still being used as ligands in the field of
coordination chemistry even a century after their discovery.">
The current study of SB metal complexes has been greatly
expanded to incorporate many elements of bio-coordination
and bio-inorganic chemistry. Although this issue has been
extensively explored, SB is an important family of organic
ligands, and their transition metal complexes are still an
interesting topic in inorganic chemistry.*”® The multifunctional
ligands generated from the condensation of amino compounds
such as groups NH,, NH,OH, NH,-NH,, etc. with carbonyl
compounds (aldehydes or ketones) are known as SB and were
first discovered in 1864 by a German chemist named Hugo
Schiff.*® The SB compounds have a common structural char-
acteristic with the formula RHC = N-R’ where R and R’ are alkyl,
aryl, cycloalkyl, or heterocyclic groups. The carbon-nitrogen
double bond is commonly called an azomethine group in Schiff
bases, which is generated by substituting the carbonyl group in
aldehydes or ketones.* The SB ligands are specially adjusted to
bond with different metal ions via a lone pair of electrons of N
atoms to form the metal complexes. A Schiff base is commonly
made in the presence of acid or base catalysts or with the use of
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heat.** SB are crystalline solids that have low basicity, but some
Schiff bases are reacted with strong acids to form insoluble
salts.»'®'* Scheme 1 depicts the general reaction for the
synthesis of SB.

The chemistry of SBs and their metal complexes containing
nitrogen, oxygen, and sulfur donor atoms has changed
dramatically over the last two decades and has been rewarded
recognition.””*® The formation of carbon-nitrogen bonds in
metal complexes aided by SB reactions is due to the presence of
the amine group, which is responsible for their biological
properties.””*® It is the root of many organic compounds and
a useful intermediate in many organic syntheses. According to
large-scale biochemical and medical investigations'*** these
compounds are more efficient against numerous strains of
bacteria. It is the class of chemical precursors used in medical
and pharmaceutical chemistry that have antibacterial, anti-
fungal, anticancer, antioxidant, and anti-inflammatory proper-
ties. They also lead to a variety of binuclear complexes with
important implications in magnetochemistry, binuclear reac-
tivity, food, dyes, analytical chemistry, catalysis, pigments,
catalysts, organic synthesis intermediates, polymer stabilizers,
molecular memory storage, imaging systems, corrosion inhib-
itors, and the non-enzymatic model for metabolic reactions.>*~**
In the presence of electronic features of metal ions such as
charge and oxidation number, which take part in a biological
system, binding to electron-rich biological components, the
function of metal complexes as biological drugs increases
largely.** The special advantages of SB ligands come from the
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Scheme 1 General methods of preparation of Schiff base ligands.

easy access under a simple reaction, and the involvement of
additional functional groups regulating their structures and
chemo-physical properties. Importantly, introducing an anionic
or an extremely polar substituent such as carboxylate, sulfonate,
amino, ammonium, methoxy, imidazolium, or phosphonium
derivatives generally influences an improved solubility in water.
This review focused on various water-soluble SB complexes and
their catalytic application including hydrogenation, carbonyla-
tion, oxidation, reduction, epoxidation, hydrolysis, decomposi-
tion, polymerization reaction, and biological applications
including antimicrobial, DNA binding and cleavage, antioxi-
dant, and anticancer activities.

2. Approaches to water-soluble
Schiff-base chemistry

Along with conventional methods,** Schiff bases have recently
been synthesized using energy-efficient and environmentally
benign methods such as microwave irradiation, ultrasound-
assisted synthesis, photo-catalysis (UV-visible, IR irradiation),
grinding, and milling procedures, etc.**** However, the versa-
tility of a compound greatly depends on its ability to dissolve in
an aqueous solution. Water-soluble ligands have attracted a lot
of attention in recent years because they can easily form stable
coordination compounds with a variety of transition metals and
exhibit a variety of fascinating features.** Scientists have
recently focused their attention on the biological activities of SB
ligands and their transition metal complexes.*~** However, the
poor aqueous solubility of such compounds hinders their
probable evolution for their diverse uses. That aqueous solu-
bility is much needed and regarded as a key factor in the
selection of different biological drugs.*> SB with no substitu-
ents, as well as their metal complexes are water insoluble. The
insolubility of such compounds in water is a major stumbling
block to their use as medications and biological reagents.*® The
synthesis and development of water-soluble SB metal
complexes is an important focus of current research for this
aim. Usually, the appearance of anionic or an extremely polar
substituent or groups in the Schiff-base’'s backbone promotes
increased solubility of their derivatives in an aqueous
medium.*” Presently, the main strategy for the researcher to
increase the aqueous solubility of SB complexes is to introduce
different substituents to their structure. The presence of
different substituents on the SB ligand and their metal
complexes, such as the sulfonate group,**-** hydroxyl group,****

© 2024 The Author(s). Published by the Royal Society of Chemistry

carboxylate group,®*® phosphonium group,*”*"> ammonium

or imidazole group,”””* and methoxy group”™”® increases the
water solubility and is a striking feature both for biological and
catalytic uses. Murugan Theetharappan et al. have reported that
acid group-containing Schiff base complexes were applicable in
numerous fields for their water-solubility and slight cytotoxicity
in nature.”” A typical review based on water-soluble SBs and
their metal complexes provides a wide range of applications
including catalytic and biological activities viz. antimicrobial
activity, anticancer activity, DNA binding and cleavage, and
antioxidant activity.

3. Catalytic activity

SB metal complexes act as catalysts in coordination chemistry,
and they have been used to boost yield and product sensitivity
in a variety of processes. The key benefits of water-soluble
catalysts that make these complexes particularly appealing for
commercial applications include simple and complete separa-
tion of product and catalyst as well as exceptional long-term
stability.”® As a shred of evidence, 300 000 tons of n-butyralde-
hyde are produced annually from the homogeneous hydro-
formylation of propene with syngas in a two-phase system by
using the water-soluble rhodium complex as a catalyst. The
potential applications of metal complexes in various industrial
processes such as hydrogenation, carbonylation, oxidation,
reduction, hydroformylation, decomposition, epoxidation, and
low-pressure polymerization reactions have been facilitated by
their proper synthetic routes and their thermal stability.”** On
the other hand, the function and reactivity of a metal complex
as a catalyst very much depends on its ability to dissolve in
aqueous solvent.”” Water solubility of metal complexes can be
achieved by incorporating water-soluble groups into the SB
ligands, which influence the catalytic activities of the active site
and, idealy, remain coordinated to the metal site throughout
the catalytic reaction. Because of ecologically friendly process,
facile product separation, and pH-dependent selectivity in
aqueous media, water-soluble transition-metal complexes are
effective catalysts in both homogeneous and heterogeneous
processes, and consequently there is a growing interest in
catalytic applications.**® The coordination center of SB metal
complexes can be altered by the involvement of diverse
substituents in the ligands and is capable of providing elec-
tronic characteristics for fine-tuning structures and improving
catalytic activity.®**° The Ni(u)-methyl complex-containing
water-soluble ligands were used as catalyst precursors for the
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Fig. 1 Catalytic olefin polymerization by water-soluble Ni(i)—methyl complex.

olefin polymerization process (Fig. 1). In this case, various
water-soluble ligands such as hexamethylenetetramine (uro-
tropine) attached to the metal site enhance the catalytic activity
for olefinic polymerization.”™

Somayeh Azizi Talouki et al.*” synthesized a novel water-
soluble Ru(i)-p-cymene complexes having phosphonium and
the imidazolium group. Under the right conditions, ruth-
enium(n) complexes were found as good catalysts for reducing
acetophenone, cyclohexanone, cyclopentanone, and 2-buta-
none to alcohols in high yield (Fig. 2).

Bahram Bahramian et al” produced the water-soluble
[Mn(ur)(salen)]OAc-montmorillonite complex. In the presence
of sodium periodate, 4-methoxybenzyl alcohol is oxidized to 4-
methoxybenzaldehyde. In this process, water-soluble Mn(i)
salen complexes are used as catalysts in the aqueous medium.
This catalytic process is applied for the oxidation of primary and
secondary alcohols to corresponding aldehydes and ketones
(Fig. 3). The water-soluble Mn(m) salen catalyst containing
substituted phosphonium groups exhibited more advanced
activity than free Mn(ui) salen complexes in the oxidation of 4-
methoxybenzyl alcohol.

0] OH
)k Ru-complexes )\
r”~ g, HCOONa H,0,80°C RrY” g,
R1= CF3
R2 = Ph

Fig. 2 Catalytic hydrogenation of different carbonyl compounds.
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A series of 3-indole derivatives were synthesized from indole,
aldehyde, and malononitrile in water (Fig. 4) using copper
sulfonate salen catalyst by Yanyang Qu et al.** In the catalytic
process, copper(u) complex shows greater catalytic activity than
other complexes including Mn(u), Ni(u), and Co(u). The effi-
ciency of the derivatives ranges from good to excellent and can
reach up to 97%.

The water-soluble oxovanadium(v) complexes were synthe-
sized by Ali Hasnaoui et al”® The oxovanadium complexes
exhibited the highest catalytic activity. The oxidation of styrene
with tert-butyl hydroperoxide (¢BHP) as an oxidant in water
produces different products such as epoxide, benzaldehyde,
acetophenone, benzoic acid, and 1-phenylethane-1,2-diol
(Fig. 5). The catalyst with methoxy group (-OCHj3) has higher
catalytic activity than the free catalyst.

Kai Zhang et al. synthesized a series of water-soluble Co(1r),
Mn(u) and Cu(u) complexes from the ligand 3,5-bis[(2-hydroxy-
4’-sodium sulphatoethylsulphonyl)azobenzene-methyneimino]-
benzoic acid (BHSABA).*® They evaluated those synthesized
complexes, and found them to be effective catalysts for H,O,
decomposition (Fig. 6).

Claudia Palopoli et al®”** reported that a water-soluble
bridged di-Mn(m) complex showed catalytic activity for the
decomposition of H,O, and evolution of O,. The relative cata-
lytic activity of synthesized complexes was measured by count-
ing O, evolved during the volumetric titration in different
solvents like DMF, methanol, and water. The rate of O, evolu-
tion gradually decreases when a surplus of H,0, is added to the
solution successively. Maxime Dauchy et al.®* prepared water-
soluble rhodium(i) salicylaldiminato and salicylhydrazonic
complexes. The rhodium(i) complexes act as catalysts for the
hydroformylation of 1-decene in aqueous biphasic solutions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Oxidation of different alcohol by Mn(in) salen type complexes.
n—"
CHO \ I
sulphonato-Cu(ll)(salen)
+ o Den + HO >
N 2
H CN
NC
Fig. 4 The catalytic three-component reaction by Cu(i) sulphonato salen catalyst.
OH
OH HO.

e

catalyst
t-BHP, H,O
Fig. 5 Catalytic oxidation of styrene by oxovanadium(v) complexes.
M-BHSABA catalyst
H,0, > H,0+0,

alkaline

Fig. 6 Catalytic decomposition of H,O, by BHSABA metal complexes.

(Fig. 7). In the catalysis of 1-decene under 50 bar of CO/H,
pressure and at 80 °C to obtain 81% olefin, 72% aldehydes, and
a low linear-to-branched aldehyde.

Lintao Yu et al.®® synthesized phenazines from 2-halogen
anilines by homocoupling in an aqueous medium (Fig. 8). In

© 2024 The Author(s). Published by the Royal Society of Chemistry

5888

this process, a water-soluble Schiff base Cu(u) complex acts as
a catalyst. The reactions were carried out with 2-iodoaniline (0.5
mmol), Cu(u) complex (10 mol%), PTC (phenylthiocarbamide)
(20 mol%), K,CO; (1 mmol) in water (10 mL) at 120 °C.

A recent study reported that water-soluble Cu(u)-complexes
of N-salicylidene amino acid Schiff base act as a homogeneous
catalyst for the oxidation of alkenes and alcohols.”*** The
catalytic activity of cyclic alkenes and alcohols was higher than
acyclic alkene or aromatics alcohols. Water-soluble complex
catalysts are becoming increasingly popular because they
combine the benefits of homogeneous and heterogeneous

RSC Adv, 2024, 14, 25256-25272 | 25259
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Fig. 7 Hydroformylation of 1-decene by rhodium(i) complexes.

==L

Fig. 8 Preparation of phenazines by catalytic homocoupling of sul-
fonato-Cu(i) salen complex.

catalyst

base, PTC, H,O

catalysis: easy and full separation of the product from the
catalyst, high activity, priority, and selectivity.”® From suitable
water-soluble ligands, effective catalysts can be constructed for
a variety of processes.”

4. Biological activity of Schiff base
ligand and metal complexes
4.1 Antimicrobial activity

Antibiotics are material of a small amount of concentration that
is used to hinder the growth and replication of both bacteria
and fungi. Nowadays without the application of antibiotics, the
treatment of contagious diseases would be unbelievable.”® The
amino acid Schiff base ligands (Fig. 9) obtained from the
condensation of sodium-5-sulfonate-2-hydroxybenzaldehyde
with p,i-leucine, and p,i-phenylalanine were synthesized by A.
D. M. Mohamad et al.®® and sequentially metal complexes
(Fig. 10) were obtained with synthesized ligands. The ligand and
metal complexes were found as water-soluble. Those
compounds were screened for their antibacterial and antifungal
activity against Gram-negative bacteria (Escherichia coli, Serratia
marcescens), Gram-positive bacteria (Staphylococcus aureus), and
fungal strains (Aspergillus flavus, Candida albicans, and Tricho-
phyton rubrum).

Seyed Abolfazl Hosseini-Yazdi et al.'* prepared Ni(u), Cu(),
and Zn(u) complexes with SB ligand 3-{[(aminocarbonothioyl)

N303S CHO H2N

catalyst

View Article Online

Review
(0]
+ + internal olefines
CgH47 H
NaO,S
H,O
Cu/o
o\H
R =Ph W

= CH(CH3)2

Fig.10 Structure of copper(i) complexes of N-salicylidene Schiff base
amino acid ligand.

hydrazono]methyl}-4-hydroxybenzenesulfonate, derived by the
condensation of 5-sulfonate salicylaldehyde with thio-
semicarbazide and 4-phenyl thiosemicarbazide (Fig. 11). The
synthesized complexes of copper and nickel evaluated their
antifungal and antibacterial activity. The results revealed that
the copper(u) complex showed greater efficiency against Gram-
positive bacteria than the Gram-negative ones and fungi,
while the nickel(n) complex showed superior activity on the
Gram-negative E. coli, Gram-positive B. cereus and fungi C.
albicans.

C. Shiju et al'" prepared a water-soluble SB from the
condensation of 4-nitrobenzaldehyde (4-NBA) with glycylglycine
(GG) and its metal complexes were synthesized with (4-NBA-
GG) ligand (Fig. 12). All the coordinated compounds were found
as water soluble. The synthesized compounds were appeared for
antibacterial test against four bacteria: Staphylococcus aureus,
Bacillus subtilis, Pseudomonas aeruginosa, and Escherichia coli,
and antifungal activity against three fungal: Candida albicans,
Aspergillus flavus, and Aspergillus niger by the common disc
diffusion method. Ciprofloxacin and nystatin were utilized as

OH HO O

Fig. 9 Synthesis of water-soluble amino acid Schiff base ligand.
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Fig. 11 Synthesis of water-soluble 4-phenylthiosemicarbazone SB ligand.

NO,

(0]
M= Co, Mn, Cu, Zn

Fig. 12 Structure of metal complexes of (4-NBA-GG) SB ligand.

excellent marketable drugs concerning antibacterial and anti-
fungal activity. The copper(u) complexes exhibited greater
activity against Gram-negative bacteria such as Escherichia coli.

Sohan Lal et al. introduced the water-soluble SB of carbox-
ymethyl chitosan was amalgamated by the condensation reac-
tion of o-carboxymethyl chitosan with vanillin. The prepared SB
ligand combined with different salts of metal ions like Cu(),
Ni(u), Fe(u), and Zn(u) to produce metal complexes.'® The
complexes were screened for their antibacterial activity against
Gram-positive bacteria Bacillus subtilis and Gram-negative
bacteria Escherichia coli by using the agar well diffusion
method and anti-fungal activity against Aspergillus niger by
using poisoned food technique. The activity of the anti-
microbial of chitosan SB may be increased due to a significant
amount of positive charge on nitrogen. A series of chitosan SB
(Fig. 13) derived from the condensation of benzohydrazide with
chitosan, pentane 2,4-dione and 1,3-diphenyl-1,3-propanedione
were synthesized by Manimohan Murugaiyan et al.'®® The
studies of anti-microbial activity were directed for the hydra-
zone O-carboxymethyl chitosan SB and its Zn(u) complexes
using the agar plate method. The appearance of the hydrazone
functional group on the Schiff bases and their metal complexes
showed greater hunting activity in the bacterial field. The
prepared chitosan SB and complexes appeared as an excellent
drug for bacterial strains E. coli, P. aeruginosa, S. aureus, and B.

© 2024 The Author(s). Published by the Royal Society of Chemistry

subtilis, which were grown in Mueller-Hinton agar plates at 37 ©
C. The coordinated carboxymethylated chitosan SB ligands and
their Zn(u) complexes were estimated against fungi A. niger, C.
albicans, and A. clavatus. The antifungal activity of the zinc(u)
metal complexes was found to be very effective against Candida
albicans compared to others drugs those are similar to ampi-
cillin. The order of fungi according to the growth of hindrance
was as follows: A. clavatus < A. niger < C. albicans.

The novel SB ligand synthesized from the distillation of
meso-1,2-diphenyl-1,2-ethylenediamine with 3-formyl-4-
hydroxy-benzyltriphenylphosphonium chloride was reported
by Zeinab Mokhtarzadeh et al.’®* They have synthesized three
cobalt(ur) complexes from prepared ligand along with pyridine,
imidazole, and methylimidazole, respectively (Fig. 14). The
prepared ligand and their complexes were tested for antibac-
terial activity against Gram-positive bacteria Bacillus subtilis,
Staphylococcus aureus, and Gram-negative bacteria Salmonella
typhi, Escherichia coli. The antibacterial activity for free ligands
was found lower than the metal complexes.

4.2 Anticancer activity

Cancer is one of the major health issues, a destructive,
composite, antagonistic, miscellaneous, and alarming disease
in which a group of cells exhibits abnormal growth, cause of
death of millions of people worldwide and it is the most fatal
disease after a cardiovascular one. Over the past two decades,
the development of more successful drugs for treating cancer
patients has been regarded as the main goal. The various
transition metal SB complexes have been recognized in inter-
relation with anticancer properties.’®” The water-soluble SB
ligands were synthesized by the condensation of pyruvic acid
with diaminoguanidine and triaminoguanidine as reported by
S. Parveen et al.'*® Furthermore, metal complexes were obtained
from the hydrated salts of cobalt with the prepared SB ligand.
The synthesized compounds exhibited anticancer activity
against HeLa (human cervical carcinoma), and MCF-7 (human
breast adenocarcinoma) using the MTT assay. For MCF-7 cells,
the rate of cell hindrance rose with the increasing concentration
from 0.25 pM to 100 uM with respective ICs, (half-maximal
inhibitory concentration) values of 19.65 + 0.56 and 12.86 +
0.89 uM. The two obtained compounds were not poisonous to
normal cells.

Narayanaperumal Pravin et al.'” derived water-soluble SB
ligand from the condensation reaction of sodium
4-aminobenzenesulfonate with dibenzoylmethane, and also
metal complexes were synthesized from the prepared ligand
with Cu(u)/Zn(u) chloride in ethanol (Fig. 15). The derived

RSC Adv, 2024, 14, 25256-25272 | 25261
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Fig. 13 Synthesis of water-soluble hydrazide based O-carboxymethyl chitosan SB and its metal complexes (M = Cu, Zn).
CH,PPh,
Co(CH4COO),, air, L' N
4>M60H PhyPH,C CH,PPh,
PhyPH,C o N
— 3
-
\_/ \_/ F
Imidazol 1-Methylimidazol Pyridine
Fig. 14 Schematic representation of SB and its Co(il) complexes containing phosphonium ion.
complexes showed anticancer activity against in vitro cancer cell Zahra Asadi et al.'® have synthesized a novel water-soluble

lines, specifically HeLa (human cervical carcinoma), MCF-7 SB ligand from the condensation reaction of (3-formyl-4-

(human breast adenocarcinoma), and HepG-2 (human
carcinoma), along with NHDF (normal human dermal

liver hydroxybenzyl)triphenylphosphonium chloride with phenyl-
fibro- enediamine and zinc(u) and cobalt(i) complexes were derived

blasts) operating colorimetric (MTT) assay. The Cu(u) complexes from the obtained ligand (Fig. 16). In these cases, water solu-

showed greater activity compared to the Zn(ir) complexes.
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bility of the metal complexes greatly enhanced by introducing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Synthetic route for water-soluble SB and their complexes containing sulfonate group.
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Fig. 16 Synthesis of Schiff base ligand and their metal complexes containing PPhs* ion

a lipophilic triphenylphosphonium cation to the aromatic
portion of Schiff base. All the synthesized SB compounds
appeared anticancer activity against three cancer cell lines,

namely Jurkat human T cell leukemia, Raji Burkitt's lymphoma,
and A549 lung carcinoma. This study uncovered that PPh;"
groups within the ligand are considered as important parts in
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Fig. 17 Structure of water-soluble SB complexes containing sulphonate group.

binding with the nucleotide phosphate unit of the DNA
backbone.

Zn(u), Cu(u), Ni(u), and Mn(un) complexes were synthesized
from a Schiff base ligand (Fig. 17) obtained from the conden-
sation reaction of 3,4-diaminobenzophenone with sodium
salicylaldehyde-5-sulfonate by M. Asadi et al'”® These
compounds were found to be water soluble and the hydrophilic
group like (-SO;Na) was identified for this solubility. All the
coordinated compounds exhibited anticancer activity against
the K562 leukemia cell line. The greater concentration of the
metal complexes disclosed remarkable anti-proliferation
activity against the cell line. The results for cytotoxicity of
metal complexes were presented in the following order [Mn] >
[Cu] > [Zn] > [Ni] using the ICs, values.

The water-soluble thiosemicarbazone ligand, 4-hydroxyl-3-
({[(methylamino)carbonothioylJhydrazono}methyl)benzoic acid
was prepared from the condensation reaction of 3-formyl-4-
hydroxy-benzoic acid with 4-methyl-3-thiosemicarbazide in
methanol by Soheila Jenabi Sardroud et al'*® Also, metal
complexes were synthesized from the prepared ligand and
different salts of Cu(u), Mn(u), Ni(u), Fe(u), and Zn(u). The
synthesized metal complexes were exhibited anticancer activity
against two cancer cell lines, namely MCF-7 (human breast
carcinoma cell line) and K562 (human chronic myelogenous
leukemia) cells. All the complexes exhibited greater anticancer
activity than the ligands. Among the complexes, the copper(u)
complexes were evaluated for the most cytotoxicity against both
cell lines (Fig. 18).

25264 | RSC Adv, 2024, 14, 25256-25272
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Fig. 18 Cu(i) complex of water-soluble thiosemicarbazone ligand.

Azadeh Mirzaahmadi et al."™** have synthesized water-soluble
SB metal complexes from the synthesized ligand and Cu(u) salts
(Fig. 19). Here, the ligands were derived from the condensation
reaction of 3-(3-formyl-4-hydroxybenzyl)-1-methyl-1H-
imidazole-3-ium chloride with thiosemicarbazide, 4-methyl-3-
thiosemicarbazide, and 4-phenyl-3-thiosemicarbazide. All the
synthesized compounds exhibited anticancer activity against
the MCF-7 cell line. The Cu(i) complexes exhibited the highest
anticancer activity. The anticancer activity of this complex was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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[c] = CuCl, 2H,0

Fig. 19 Reaction pathway of water-soluble thiosemicarbazone ligand and its metal complexes.

due to the presence of imidazolium functional group on the
synthesized ligand.

Burcu Saygideger Demir et al.'** reported a water-soluble SB
ligand derived from the condensation of 4-amino-3-
hydroxynaphthalene-1-sulfonic ~ acid  with  2-hydroxy-3-
methoxybenzaldehyde, and their Cu(u), Ni(u), and Zn(u) metal
complexes (Fig. 20) were synthesized. The synthesized
compounds and ligands were exhibited anticancer activity
against A549 cancer cells. According to ICs, values, both Cu(m)
complex (12 pM) and Zn(u) complex (80 uM) were found to be
very effective on A549 cells. Among these complexes, Cu(u)
complex showed the best cytotoxic effect on A549 cells, although
the prepared ligand and Ni(u) complex were not evaluated the
cytotoxicity effect on A549. In the toxicity study, the water
solubility of the synthesized compounds was shown to have an
outstanding advantage over the other solvents. The greater
anticancer activities of these compounds are due to their higher

solubilities.

\O
NaOH EtOH
OH reflux 3h

OCH;

0"

OCH;

Li-Jun Li et al."** have synthesized a series of water-soluble SB
ligands and their Pt(u) metal complexes (Fig. 21). Here, the
ligands were synthesized from the condensation reaction of
salicylaldehyde and 5-bromosalicylaldehyde with r-amino acid:
glycine, phenylalanine, serine, threonine, and leucine. All the
coordinated complexes were exhibited their cytotoxic activity
against cell lines of HL-60, KB, BGC-823, and Bel-7402 accord-
ing to the MTT assay. It was observed that, water-soluble
complexes showed the better cytotoxicity and the greater anti-
tumor activity compared with cisplatin.

The two-water soluble copper(n) complexes were prepared
and characterized by Jing Lu et al.*** The prepared complexes
(Fig. 22) exhibited anticancer activity against a 3-cell line panel
consisting of HeLa (human cervical carcinoma), MCF-7 (human
breast adenocarcinoma), and A549 (lung adenocarcinoma
carcinoma), respectively. The ICs, values (0.43-1.85 puM) also
indicated that both complexes showed the highest cytotoxicity
in all three cell lines.

O SO;Na

M(CH3COO),, nH,0
—_—

/’7303N8 H,0 N SO3Na H,0 /’730@13 H,0
Cu Ni
\O O/ Tl\O n\o
OH2 OH,
OCHs OCH;g OCH;

M= Cu(ll), Nill), Zn(ll)

Fig. 20 Synthetic pathway of water-soluble Schiff base ligand and metal complexes containing sulfonate group.
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Fig. 22 Water-soluble copper(i) complexes of 2-((quinolin-8-ylimino)methyl)pyridine ligand.

4.3 DNA binding and cleavage

DNA (deoxyribonucleic acid) is a self-replicating material that
exists in all living organisms and is a storage site of cellular
information. It is accessed continuously for storing and
dispensing information required for existence. DNA is the main
target molecule for most anticancer and antiviral therapies. The
researcher inquired how DNA interacts with small molecules to
give a product, which is important in the design of new types of
pharmacological drugs. In the past decades, the binding and
cleavage activities of transition metal complexes were discov-
ered and are now widely studied in bioengineering. Literature
exploration reveals that a huge number of Schiff base complexes
were regarded as excellent DNA cleavage and binding.'*>*¢
Several research groups are interested in taking part in devel-
oping new therapeutic reagents and DNA probes from water-
soluble SB metal complexes. Three water-soluble mixed ligand
Cu(u) complexes (Fig. 23) obtained from pyridoxal (vitamin Bg
component), ethanol amine (1), bipyridine (2), and 1,10-phe-
nanthroline (3) were synthesized by B. Annaraj et al.''” These

25266 | RSC Adv, 2024, 14, 25256-25272

copper complexes were analyzed by microanalytical, spectro-
scopic, and single-crystal X-ray diffraction studies. The deriva-
tive of pyridoxal in the coordination of copper complexes
exhibited the binding constants (K},) and quenching constants
(Ky) for the interaction of complexes (a), (b), and (c) under the
physiological environment with calf thymus (CT) DNA and BSA.
The binding of metal complexes with CT DNA was examined
using the absorption spectroscopic method. The cleavage
properties of metal complexes and the distillation of plasmid
DNA, pUC19 were studied by agarose gel electrophoresis. In the
absence of additives, the synthesized complexes were upgraded
to DNA cleavage in the following order: (b) > (a) > (c).

The water-soluble SB metal complexes were synthesized
from the ligand and nitrate salt of nickel and copper by Dong-
Dong Qin et al.'® Here, the ligand was derived from the
condensation reaction of phenol and diethylene-triamine
(Fig. 24), and sequentially its Cu(u) and Ni(u) complexes were
synthesized. The interaction of copper and nickel complexes
with DNA (biopolymer) has been investigated by fluorescence
spectrometry and UV-vis spectroscopy. In the addition of DNA,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 The general structure of water-soluble copper(i) complexes.
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Fig. 24 Synthetic pathway of water-soluble SB ligands and their Ni(i) and Cu(i) complexes.

the expanded emission intensities of the Ni(u) and Cu(u)
complexes are about 1.76 and 1.23 times greater, respectively,
than those in the free of DNA. The binding constant data
indicated that the hydrophobic part of the DNA helix lessens the
mobility and vibration of both complexes. Both complexes with
calf thymus DNA exhibited different hypochromic responses.
The different spectral variations of both complexes containing
aromatic chromophores interacted with the nucleic acid bases.

The interaction of water-soluble SB cobalt(n) complex
(Fig. 25) from with calf thymus DNA has been observed by Nahid

+ +
PhsP Co PPhg

2CIO,

Fig. 25 The structure of the water-soluble cobalt(n) SB complex
containing PPhs group.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Shahabadi et al."*®* where the SB ligand was derived from the
condensation of 3-formyl-4-hydroxybenzyl-triphenyl phospho-
nium chloride with o-phenylenediamine. The Schiff base ligand
and cobalt(n) complex were able to execute DNA cleavage
(pUC18 plasmid DNA) which was detected by agarose gel elec-
trophoresis. With the increasing concentration of SB and its
cobalt complex, the intensity band of the complex also
increased.

Alessio Terenzi et al'* observed that the nickel(u) and
a copper(u) Schiff base salen-like cationic complexes (Fig. 26)
interacted toward duplex and G-quadruplex DNA. Those were
also compared with reference nickel() compound containing
the naphthalene group, and their affinity was decreased toward
G-quadruplex DNA.

4.4 Antioxidant activity

An antioxidant is a substance, which is used to deactivate or
preserve free radicals before they attack cells. The radical of
DPPH (2,2-diphenyl-1-picrylhydrazyl) is widely used for studying
radical scavenging activity in the chemical analysis."* A series
of water-soluble SB complexes were synthesized by Zhao-Guo
Hong et al' where the ligands were derived from the

RSC Adv, 2024, 14, 25256-25272 | 25267
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Fig. 26 Synthetic route of Cu(i) and Ni() complexes containing salen
type SB ligand.
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Fig. 27 Synthesis of water soluble chiral/achiral Schiff base ligand.
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condensation of 5-sulfosalicylaldehyde with the (R/S)-1,2-dia-
minopropane-(+)-tartrate (Fig. 27).

All the synthesized compounds were exhibited antioxidant
activity. The scavenging activity of the complexes and a hybrid
biopolymer protein were assessed using the 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and a modified
indirect Fridovich method. The analyzed data exhibited that all
the complexes possess scavenging activity. Among them, the
complexes of S configuration with hybrid protein were some-
what greater than the R configuration containing metal
complexes with hybrid protein.

Duraisamy Senthil Raja et al.**® prepared the SB ligand from
the condensation reaction of isonicotinic acid hydrazide with 2-
oxo-1,2-dihydroquinoline-3-carbaldehyde, and its cobalt(u)
complexes (Fig. 28) were derived from the prepared ligand. The
synthesized compounds were exhibited strong antioxidant
activity. The free radical scavenging activity of cobalt(u)
complexes have been tested for hydroxyl radicals (OH'), DPPH
radicals (DPPH’), superoxide anion radicals (O, ") and nitric
oxide (NO) as well as standards such as butylated hydrox-
yanisole (BHA) and butylated hydroxytoluene (BHT) in a cell-
free system. According to the ICs, value, the order of free

- —2
G N
K| 08 OH HO 805
SN
s

/N

HZO\

_ColNOg), 6H:0_ A Olﬁ/@
004—-0

H H,

Fig. 28 Synthetic route for water-soluble ligand-bridged cobalt(i) complex.
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OH

Fig. 29 Structure of water-soluble Cu(i) complexes of 2-oxo-quinoline-3-carbaldehyde SB.

radical scavenging activity of the complexes is DPPH" > O, ">
OH" > NO'.

Zeng-Chen Liu et al.*** synthesized water-soluble SB ligands
from 2-oxo-quinoline-3-carbaldehyde(4-hydroxybenzoyl)
hydrazone, thiosemicarbazone, and two copper complexes
(Fig. 29) were derived from the corresponding ligands and the
structures of those complexes were characterized using single-
crystal X-ray diffraction. Both complexes exhibited strong anti-
oxidant activity and were determined in vitro by hydroxyl and
superoxide radical scavenging methods. The measured antiox-
idant values of complexes including complex 1 (ICso = 4 pM)

O
I

0}
j -H,0
N
k‘ 2-hydroxybenzaldehyde
NH,
2-morpholinoethanamine

M(CH5COO), .

EtOH, reflux, 3hrs ( T~

N

reflux, EtOH
+ e ————

and complex 2 (IC5, = 5 uM) were much better than standard
antioxidants such as mannitol and vitamin C.

Jeyaraj Dhaveethu Raja et al.*** synthesized a Schiff base
ligand (Fig. 30) from the condensation of salicylaldehyde with 4-
(2-aminoethyl)-morpholine, and at least five metal complexes
were synthesized from the ligands. The synthesized complexes
exhibited antioxidant activity and their activities were deter-
mined in vitro by the 2,2-diphenyl-1-(2,4,6-trinitrophenyl)
hydrazyl (DPPH) free radical scavenging assay. While DPPH
reacts with the prepared compounds, it is reduced and the color
changes (deep violet to light yellow) occur to form a saturated

OH

N/_\O
\_ /T

(E)-2-(((2-morpholinoethyl)imino)methyl)phenol

where M= Co, Ni, Mn, Cu and Zn

Fig. 30 Synthesis of 2-[(2-morpholinoethylimino)methyllphenol Schiff base and its metal complexes.
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Fig. 31 Water-soluble mixed-ligand nickel(n) complexes.

radical. The absorbance of each complex was determined using
a UV-visible spectrophotometer at 517 nm.

Water-soluble mixed-ligand nickel(i) complexes (Fig. 31)
were synthesized by Gurumoorthy et al.**® in which the ligands
were prepared from the condensation reaction of 2-((2-
(piperazin-1-yl)ethylimino)methyl)-4-substituted phenols with
diimine, 2,2"-bipyridyl (bpy) or 1,10-phenanthroline (phen). All
the complexes were possessed to have greater scavenging
activity against DPPH radicals compared to standard antioxi-
dants like vitamin C and BHT.

5. Conclusion and perspectives

Schiff base (SB) metal complexes are a significant class of
compounds due to their structural diversity and various
important biological properties. The major challenge for Schiff
base ligands and their metal complexes to be used in various
applications is their limited aqueous solubilities. Ligands and
metal complexes having the ability to dissolve in an aqueous
solvent greatly increase their applicability in therapeutic,
medicinal, and catalytic activities. In addition, the incorpora-
tion of some cationic and anionic functional groups enhances
their solubility. This review mainly focuses on some previously
reported synthesis methods to produce water-soluble Schiff
base ligands and metal complexes and the investigation of their
catalytic and biological activities. The water-soluble ligands and
metal complexes constantly attract interested researchers to
achieve suggestive and incontestable access to various fields.
The information provided in this review can be useful in the
study of water-soluble Schiff base and metal complexes as well
as their biological and catalytic activities with an update of
recent research. Developing Schiff base chemistry could lead to
the development of future research that produces Schiff-base
modified nanoparticles or compounds.
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