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Preface

The Schiff base is a well-known organic compound category and a typical organic
ligand for metal complexes in both organic and inorganic chemistry. However, devel-
opment in material and life sciences using Schiff base compounds is still ongoing.
This book provides a comprehensive overview of Schiff base chemistry.

Each chapter presents various viewpoints of Schiff base in current developments:
overview and synthesis of organic chemistry; metal complexes with structures, aro-
matic ligand, bioactive core, cytotoxic activity as inorganic chemistry, chemosensors
for heavy metal ions and catalytic applications as applied chemistry. The information
summarized in this book will be useful for all readers who are interested in Schiff
base and their metal complexes.

From where is such a variety? Indeed, imine or azomethine (C=N) of Schiff base

is merely a functional group, which is usually synthesized from aldehyde and
(primary) amine. However, introducing extended groups into aldehyde or amine

is easy. Therefore, as a lone pair donating group (Lewis base) coordinating with a
metal ion to yield metal complexes, Schiff base (ligands) and their metal complexes
can obtain different functions or properties. For example, azobenzene containing
salen-type metal complexes have been used as photo-functional dyes dispersing
into polymer films. Besides coordination to metal ions as a rigid chelate ligand,
introducing an azobenzene group and strong pi-conjugated planar moiety plays an
essential role in polarized light-induced control of the molecular orientation, which
was also investigated with DFT calculation theoretically. As for material science use,
the stability of Schiff base ligands has advantages. We used redox active Schiff base
metal complexes (potentially exhibiting catalytic function) for electron transfer
mediator to a metalloenzyme. In this case, the reactivity of the Schiff base metal
complex plays an important role. As for catalytic or biochemical reactions towards
assisting life science, reactivity should be considered during molecular design.

At glance, stability and reactivity are opposite requirements, though Schiff base
(ligands) can realize both by molecular design. Thus, Schiff base compounds have
wide applications and are at the frontier of chemistry.

Takashiro Akitsu
Department of Chemistry,
Tokyo University of Science,
Tokyo, Japan






Chapter1
Introduction to Schiff Base

Shilpa Laxman Sangle

Abstract

When any primary amine reacts with an aldehyde or a ketone under specific
conditions, Schiff bases are formed. The general structure of Schiff base is R2C=NR’
and is considered as a subclass of imines which is commonly used as a synonym for
azomethine. The first imines were prepared in the nineteenth century by a classical
method that involves condensation of a carbonyl compound with the help of amine
under the distillation of azeotropic and to remove water formed in the system,
molecular sieves are used. Later many ways of synthesis of Schiff bases are invented.
Schiff bases exhibit a wide range of biological activities and are commonly used
for industrial purposes. These are the most widely used as intermediates in organic
synthesis, catalysts, pigments and dyes, polymer stabilizers, etc.

Keywords: Schiff bases, biological activity of Schiff bases, azomethine, Schiff base
metal complexes, formation mechanism of Schiff base

1. Introduction

In the year 1864, Hugo Schiff was the first to synthesize Schiff’s base under
azeotropic distillation by using aldehyde or ketone and primary amine. They can be
considered a sub-class of imines with the general structure RjR,C=NR' (R’ # H)
[1-5]. Depending on their structure, they can be considered as either secondary aldi-
mines or secondary ketimines. When these compounds are being used as ligands to
form coordination complexes with metal ions, the term Schiff base is applied. Corrin
complexes occur naturally, but the majority of artificial Schiff bases are used to form
many important catalysts, such as Jacobsen’s catalyst (Figure 1).

Schiff bases are imines in which R; is an alkyl or aryl group (not hydrogen). Ry
and R, may be hydrogen. Schiff bases have a wide range of biological properties
such as antimicrobial, anticancer, and antiviral. Inhibition of amyloid-f aggregation
is achieved by Schiff bases [6]. They are common enzymatic intermediates where
an aldehyde or ketone of a cofactor or substrate reversibly reacts with the terminal
group of alysine residue. Lysine residue forms a Schiff base with the common enzyme
cofactor pyridoxal phosphate (PLP) and is transaldiminated to the substrate(s) [7].
Similarly, the cofactor retinal forms a Schiff base in human rhodopsin (via Lysine
296), which is key in the photoreception mechanism.

In coordination chemistry, Schiff bases are common ligands. The ligands are
derived from aromatic aldehydes and alkyl diamines [8]. The imine nitrogen is

1 IntechOpen
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Ry Rs

Rz
Ry, R; and / or Ry=alkyl or aryl

Figure 1.
General structure of an imine.

Figure 2.
Copper (II) complex of the Schiff base ligand salicylaldoxime.

=N N=

OH HO

Figure 3.
Salen is a common tetradentate ligand that becomes deprotonated upon complexation.

basic in nature and exhibits pi-acceptor properties. In 1968, Ryoji Noyori was
awarded a share of the 2001 Nobel Prize in Chemistry for the development of a
copper-Schiff base complex for the metal-carbenoid cyclopropanation of styrene
(Figures 2-4) [9].
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Figure 4.
Jacobsen’s catalyst is derived from a chiral Salen ligand.

2. Schiff base ligands

Researchers’ interest in Schiff bases prepared from ortho-hydroxyl aromatic
aldehydes is due to their ability to act as bidentate ligands for transitional metal ions
[10-14]. Later, in studies, it has been observed that azomethines from salicylaldehydes
gave the best quantitative structure-antitumor activity relationship which has been
studied for a series of Schiff bases derived from a variety of substituted aromatic
amines and aldehydes [15, 16]. Schiff bases prepared from salicylaldehydes have also
been reported as antimycotic or antimicrobial activity and plant growth regulators
[17-19]. They also show some analytical applications [20]. The —-N=CH— (imine)
group is the characteristic of Schiff bases. Imine group imports in elucidating the
mechanism of racemization and transamination reaction in biological systems [21, 22].
Schiff bases are active against many organisms such as Erysiphe graminis, Bacillus
polymxa, Staphylococcus aureus, Candida albicans, Escherichia coli, Trychophyton
gypseum, Plasmopora viticola, and Mycobacteria. They have shown excellent stability,
and selectivity for specific metal ions such as Pb (II), Co (II), Al (III), Ag (II), Gd (III),
Cu (II), Ni (II), Y(III), Zn (II), and Hg (II) [23-28], so that large number of different
Schiff base ligands have been used in potentiometric sensors as cation carriers.

Due to the important properties of Schiff bases in catalysis [29], they have been
studied. In the hydrogenation of olefins, schiff bases show catalytic activity [30]
and applications in biomimetic catalytic reactions. An interesting application of
Schiff bases based on their ability to spontaneously form a monolayer on the surface
to be protected, as an effective corrosion inhibitor Schiff bases function more
efficiently than many commercial inhibitors including aldehydes or amines due to
the C=N bond [31]. The principal interaction between the metal surface and inhibi-
tor [32] is Chemisorption. The inhibitor molecule should have centers that can form
bonds with the metal surface by electron transfer. In such cases, the inhibitor acts
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as a Lewis base and the metal acts as an electrophile. The protective compound has
oxygen and nitrogen atoms with free electron pairs which are readily available for
sharing and serves as a nucleophilic center. They create multiple absorption sites for
the inhibitor along with the atoms of the benzene rings thus enabling stable mono-
layer formation [33].

Imines also have biological importance. In the chemistry of vision, an imine link-
age between the protein opsin in the retina of the eye and the aldehyde derived from
vitamins plays an important role. Vitamins are large proteins that catalyze chemical
changes in cells. They are also called coenzymes as vitamins do the functioning of
many enzymes. Pyridoxal phosphate is a biologically important aldehyde that is
the active form of vitamin B6. It serves as a coenzyme by forming an imine with
an amino acid grouping an enzyme. In a transamination reaction, the coenzyme,
bound to the enzyme, is involved. The transfer of the amino group from one amino
acid to another, is important in biosynthesis of amino acids and the metabolism.

In the enzyme-catalyzed hydrolysis, which is the last step, involves the cleavage of
the imine to the modified amino acid and pyridoxal. Schiff bases biological proper-
ties, such as antifungal, antibacterial activities are reported [34-37]. Because of the
anticancer and herbicidal applications [38, 39], their metal complexes have been
widely studied. For biologically important species, they serve as models. For Schiff
bases, we chose hydrazides, dihydrazides, hydrazones, and mixed derivatives such as
hydrazide-hydrazones.

3. Synthesis of Schiff bases

The first imines were synthesized in the nineteenth century by Hugo Schiff in
1864. Since then, a variety of methods have been developed for the synthesis of
imines [40]. The classical synthesis involves the condensation of a carbonyl com-
pound with an amine under azeotropic distillation reported by Schiff. Water formed
in the system was completely removed by using a molecular sieve [41]. An in-situ
method for water elimination was developed using dehydrating solvents such as
tetramethyl orthosilicate or trimethyl orthoformate in the 1990s [41, 42]. Chakraborti
et al. [43] demonstrated that the efficiency of these methods is dependent on the use
of highly electrophilic carbonyl compounds and strongly nucleophilic amines. Schiff
bases are often polydentate in coordinating ability, because of synthetic flexibility, the
special property of C=N group and the relative ease of preparation, especially when
—SH or —OH are present close to the azomethine group which can form a five or six
membered ring with the metal ion (Figures 5 and 6).

s r R, - R,
R3 R:;
primary amine aldehyde Schiff base
or ketone

Figures.
General formation of Schiff base.
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General mechanism.

3.1 Denticity and basicity of Schiff base

The Schiff base ligands are classified according to the number of donor atoms and
are named as uni-, di-, tri-, and tetra-dentate ligands. Schiff bases possess nitrogen
donor atoms, so can act as bi-, tri-, tetra- or polydentate ligand. In general the donor
nature of the ligand depends both on the type of aldehyde/ketone used and the nature
of primary amine/diamine.

The basicity of the Schiff base also plays a key role in the formation and stabiliza-
tion of the complexes. The —OH group present in the Schiff base can induce tautom-
erism in the compound, which leads to a compound with different structures. A large
number of Schiff base compound show keto-enol tautomerism. Also, the deproton-
ation of alcoholic and phenolic groups is favored due to the stabilization of various
oxidation states of different metal ions. Coordination with transition metal Schiff
base metal complexes is prepared in situ by producing a reaction between the Schiff
base and well-defined metal. This approach is clearly simple and suitable for catalytic
applications. Different concentrations of different complexes can be present, when an
equilibrium constant is expressed as a concentration quotient. However, the identity
and homogeneity of the complex can be controlled by the introduction of a bulky
group in the Schiff bases due to the shifting of the equilibrium toward the formation
of a single species. A disproportionation between Schiff base metal complexes and
the metal alkoxides can occur and the stability of the complexes is regulated by the
equilibrium constant.

Schiff base ligands are able to coordinate many different metals with various
oxidation states, enabling the use of Schiff base metal complexes for a large variety
of useful catalytic transformations. Schiff-base ligands containing imidazole groups
have potential donor and acceptor character in the formation of a coordination bond
and function as a ligand-complex or as a self-complementary building block for the
construction of the assembly structure due to the formation of a coordination bond
with Cu (II) ions [43, 44]. The versatility of Schiff base ligands and the biological,
analytical, and industrial applications of their complexes have promoted further
investigations in this area. The importance of Schiff base complexes for bioinorganic
chemistry, biomedical applications, supramolecular chemistry, catalysis and material
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science, separation and encapsulation processes, and formation of compounds with
unusual properties and structures has been well recognized and reviewed. A large
number of Schiff bases and their complexes are of significant attention because of
their biological activity including antitumor, antibacterial, fungicidal, and anticar-
cinogenic properties and catalytic activity [45, 46].

4. Application of Schiff base complexes
4.1 Catalysis

The Schiff base transition metal complexes are cheap, easy to synthesize, and
their chemical and thermal stability [47] make them a family of attractive oxidation
catalysts for a variety of organic substrates. Important oxidation reactions include the
oxidation of sulfides to sulfoxides, the activation of hydrocarbons, alkenes to epoxides
and diols, and the transformation of alcohols to either the corresponding carbonyl
compounds or carboxylic acids. The catalytic activities of the Cu (II), Co (II), Fe
(III), and Mn (II) complexes are observed for the phenol hydroxylation reaction. The
activities of these cobalt complexes are slightly lower than that of manganese (II),
iron (II), and copper (II) analogs of the investigated Schiff bases [48, 49]. Catechol
was found as the major product of the reaction [50]. Due to the dimer formation, the
cobalt (II) complex is found to be inactive. So, it is unable to form the intermediate by
binding with oxygen. The most active catalyst found was the copper complex.

The environment at the coordination center in Schiff base metal complexes can be
modified by attaching different substituents to the ligand and a useful range of elec-
tronic and steric properties essential for the fine-tuning of reactivity and structure
can be achieved [51-53]. Metal complexes of Schiff bases with p-block and d-block
metals have been known to act as highly efficient catalysts in various reactions and
other useful syntheses [54-60].

In the syntheses of quality polymers, many Schiff base complexes of ruthenium and
palladium are used as a catalyst. Katsuki reviewed the unique asymmetric catalysis of
metal complexes of Salen and the related Schiff-base ligands [51]. The review sum-
marizes the formation of cis metallo-salen and its related complexes, their structural
features, and their application to asymmetric syntheses. In 1999, the effective oxidation
of olefins using Mn (II) amino acid Schiff base complexes was reported by Wang et al.
[58]. The catalytic activities of transition metal complexes-both simple and polymer
anchored were reviewed by Gupta and Sutar. They have highlighted the use of Schiff
base complex as a catalyst for ring closures, hydrogenations, various coupling reactions,
oxidations, and polymerizations [61, 62]. Due to the better selectivity and recyclability
of homogeneous and heterogenous catalysts, they have recently attracted the attention
of chemists. In recent years, the number of publications in catalysis supported by Schiff
base complexes was exponentially increased. However, homogeneous catalysis is more
relevant due to the mechanism of the reaction that can be arrived at. Ligand famous
for their stereoselective transformations is BINAP ligands (BINAP is the abbreviation
for the organophosphorus compound 2,2’- bis (diphenylphosphino)-1,1'binaphthyl).
The catalytic activity of chiral BINAP Schiff base complexes in stereoselective organic
transformations has been reviewed by Cheand Huang [63]. Their studies reveal that
these types of chiral metal complexes are active catalysts for stereoselective organic
transformations including aldol reactions, ring-opening polymerization of lactide,
hydroxylation of styrene, Diels-Alder reactions of 1,2-dihydropyridine, trimethylsilyl
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cyanation of aldehydes, Baeyer-Villiger oxidation of aryl cyclobutanone, desymmetriza-
tion of meso-N-sulfonylaziridine, and alkene epoxidation.

4.2 Biological activity

Schiff bases exhibit a broad range of biological activities, including antiviral,
antipyretic properties, antimalarial, antibacterial, anti-inflammatory, antifungal, and
antiproliferative [64]. In various natural, natural-derived, and non-natural com-
pounds, imine or azomethine groups are present. The imine group present is critical
to their biological activities in such compounds [65]. Schiff bases are interesting moi-
eties for the design of antimalarial agents. Schiff base was the most effective antima-
larial agent among the synthesized 5-nitroisoquinoline derivatives. Ancistrocladidine
is a secondary metabolite produced by plants from the families of Ancistrocladaceae
and Dioncophyllaceae that present an imine group in its molecular scaffold. Rathelot
et al. [66] described the synthesis of Schiff-base functionalized 5-nitroisoquinolines
and investigated the in vitro activity of these compounds. Isatin-derived Schiff bases
have also been reported to possess antibacterial activity. Other isatin derivative Schiff
bases also have antibacterial activities [67, 68]. The natural or non-natural origins
that are platforms for the synthesis of Schiff bases for antibacterial activities include
amino acids, coumarins, sulfonamides, or resacetophenone, aminothiazolyl bromo-
coumarin, crown ethers, o-phthaldehyde, or 2-aminophenol and 1,2,4-triazoles [69].
Kumar et al. [70] reported a series of 3-(benzylidene amino)-2-phenylquinazoline-
4(3H)-one and evaluated their cytotoxicity and antiviral activity. Compounds having
2-hydroxy substitution showed better antiviral activity. Some bis-Schiff bases of
isatin, benzylisatin, and 5-fluoroisatin, were reported by Jarrahpour et al. [68] as
antiviral agents. Sashidhara et al. [71] presented a series of Schiffs bases of benzo-
coumarin and evaluated iz vitro for their antioxidant activity and iz vivo for their
antidyslipidemic activity. During antioxidant screening, the compound exhibited
significant activity and significant lipid-lowering activity. Ferrocenyl Schiff bases
antioxidant capacities including o- (1 ferrocenyl ethylidene amino) phenol (OFP),

m- (1-ferrocenyl ethylidene amino) phenol (MFP), and p-(1-ferrocenyl ethyl idene
amino) phenol (PFP) were evaluated OFP. MFP and PFP possessed similar activi-
ties to trap DPPH and ABTS", which was reported by Li et al. [72]. The antioxidant
effectiveness of Schiff base increased by the introduction of the ferrocenyl group
more remarkably than benzene-related Schiff bases.

4.2.1 Ribonucleotide reductase

While forming chelates with essential metal ions, thiosemicarbazones in their
neutral or deprotonated form, act as N, N, S-thiodentate ligands. On different tumor
cell lines, they display antiproliferative activity. A strong correlation has been estab-
lished between the enzyme Ribonucleotide Reductase (RR), a necessary enzyme for
DNA synthesis, and tumor growth rate [73]. In the 60s, the first antitumor effect of
thiosemicarbazones was obtained and deserves a brief resume. In 1956, Brockman
et al. first reported the antileukemic effect of 2-formyl pyridine thiosemicarbazone
[61]. The hypotheses about the mode of action of the a-(N)-heterocyclic thiosemicar-
bazones, the active molecules with tridentate nature, that allows them to be effective
chelators, and a better activity was obtained by modifying the aromatic system
was formulated in 1965, by French et al. [62]. The activity of 1-formyl isoquinoline
thiosemicarbazone and pyrazine carboxaldehyde thiosemicarbazone was predicted
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based on this principle. The reduction of ribose to deoxyribose through a free radical
mechanism that is triggered by a tyrosyl radical was promoted by Ribonucleotide
reductase, which is an iron-dependent enzyme. The synthesis phase of the cell cycle
was blocked due to the inhibition of this enzyme and eventually cell death by apopto-
sis. The active species was the iron (II) complex of 1-formyl isoquinoline thiosemicar-
bazone, which is also indirectly demonstrated by them. In fact, it was later discovered
that iron and copper complexes are more active than the free ligands [63]. Thelander
et al. proposed a reasonable mechanism [74] which proved, by exposing ribonucleo-
tide reductase to the aforementioned molecules, that the drug targeted the tyrosyl
free radical of the enzyme which was inhibited by the thiosemicarbazone complex by
destroying the radical. This mechanism excludes the role of thiosemicarbazones as

Structure Biological Reference
application
i | Antimicrobial Int. J.
J activity against Scientific
_ S H Staphylococcus Technology
- - o~ - . " aureus, Bacillus Res., 3
i y L i Fy L anthracis, (2014)
I: S ™ —_ al Aspergillus niger,  73-77.
] o B o W, A andCandida
- -."J' ir—l ——— albicans
1
T
Yoo Thikcjikeie’ Peradin:' Pleoking’ Anliree" Aifiiod
'L = Anticancer J. Inorg.
T ._,._,"‘- . o . activity against Biochem.,
[ T J N H: MCEF-7 breast 99 (2005)
S cancer cell lines 1526-1531.
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— \_\/{ A Antibacterial J. Coord.
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Table 1.

Various semi-carbazones, Schiff bases, and their biological applications.
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simple iron chelators and requires oxygen. This is in agreement with the experimental
observations and the reaction is reversible, as reported by them. In the enzyme, there
must be a hydrophobic pocket or patch with which the aromatic system interacts,
which indicates that methylation on the aromatic ring of 2-formyl pyridine thiosemi-
carbazone renders this compound more active. It proves that 1-formyl isoquinoline
thiosemicarbazone inhibits more strongly ribonucleotide reductase than 2-formyl
pyridine thiosemicarbazone. It was identified by Agrawal et al. [75] while searching
for an optimum bulk for the aromatic fragment, the most active compound found in
the quinoline series was 2-formyl-4-(3-amino) phenyl pyridine thiosemicarbazone
instead 1-formyl-5-aminoisoquinoline thiosemicarbazone (Table 1) [75-77].

5. Conclusion

Schiff bases have been widely used in various organic transformations and for
industrial applications. However, further investigation is required about the biological
activity of this class of compound. This becomes clear when plant pathogens are con-
sidered. Recently, there is an increase in the number of reports including the effects of
the Schiff bases on the pathogens of clinical interest. The promising leads for the design
of more efficient antimicrobial agents have been shown by Schiff base compounds.
Analyses of the mechanism of action of these compounds as well as the structure-
activity relationships of the Schiff bases require advanced research in this field.

Author details

Shilpa Laxman Sangle

Department of Chemistry, MVP Samaj’s SSSM Arts, Science and Commerce College
(Affiliated to S.P. Pune University), Saikheda, India

*Address all correspondence to: shilpasangle620 @gmail.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

9



Schiff Base in Organic, Inovganic and Physical Chemistry

References

[1] IUPAC, editor. Compendium of
Chemical Terminology. 2nd ed. IUPAC;
Wiley-Blackwell. 11 August 1997

[2] Schiff H. Mittheilungen aus dem
Universitits-laboratorium in Pisa: 2.
Eine neue Reihe organischer Basen
[Communications from the university
laboratory in Pisa: 2. A new series of
organic bases]. Annalen der Chemie und
Pharmacie (in German). 1864;131:118-
119. DOI: 10.1002/jlac.18641310113

[3] Schiff U. Sopra una nova serie di basi
organiche [On a new series of organic
bases]. Giornale di Scienze Naturali ed
Economiche (in Italian). 1866;2:201-257

[4] Schiff H. Eine neue Reihe organischer
Diamine [A new series of organic
diamines]. Annalen der Chemie

und Pharmacie. Supplementband (in
German). 1866;3:343-370

[5] Schiff H. Eine neue Reihe organischer
Diamine. Zweite Abtheilung [A new
series of organic diamines. Second part.].
Annalen der Chemie und Pharmacie (in
German). 1866;140:92-137. DOI: 10.1002/
jlac.18661400106

[6] Bajema EA, Roberts KF, Meade T].
Chapter 11. Cobalt-Schiff Base complexes:
Preclinical research and potential
therapeutic uses. In: Sigel A, Freisinger E,
Sigel RKO, Carver PL, editors. Essential
Metals in Medicine: Therapeutic Use and
Toxicity of Metal Ions in the Clinic. Berlin:
de Gruyter GmbH; 2019. pp. 267-301

[7] Eliot AC, Kirsch JF. Pyridoxal
phosphateenzymes: Mechanistic,
structural, and evolutionary
considerations. Annual Review of
Biochemistry. 2004;73:383-415

[8] Herndndez-Molina R, Mederos A.
Acyclic and macrocyclic Schiff Base

10

ligands. Comprehensive Coordination
Chemistry. 2003;11:411-446

[9] Nozaki H, Takaya H, Moriuti S,
Noyori R. Homogeneous catalysis in
the decomposition of diazo compounds
by copper chelates: Asymmetric
carbenoid reactions. Tetrahedron.
1968;24(9):3655-3669. DOI: 10.1016/
S0040-4020(01)91998-2

[10] Pfeiffer P, Breith E, Llibbe E,
Tsumaki T. Justus Liebigs Annalen.
Tricyclische orthokondensierte
Nebenvalenzringe der Chemie.
1933;503:84-130. DOI: 10.1002/
jlac.19335030106

[11] Hunter L, Marriott JA. Co-ordinated
copper and nickel compounds of
salicylidene derivatives. Journal of the
Chemical Society. 1937;1937:2000

[12] Sacconi L, Ciampolini M, Maggio F,
Cavasini FP. Studies in Coordination
Chemistry. IX.1 Investigation of the
Stereochemistry of Some Complex
Compounds of Cobalt (II) with
N-Substituted Salicylaldimines. Journal
of the American Chemical Society.
1962;84:3246-3248

[13] Holm RH, Swaminathan K. Studies
on Nickel (II) Complexes. III. Bis-
(N-arylsalicylaldimine) Complexes.
Inorganic Chemistry. 1962;1:599-607

[14] Perry GC, Thornton DA. N-aryl
salicylaldimine complexes: Infrared

and PMR spectra of the ligands and
vibrational frequencies of their metal (II)
chelates. Journal of Inorganic Chemistry.
1972;34:3357-3367

[15] Hodnett EM, Dunn WJ. Journal of
Medicinal Chemistry. 1970;13:768

[16] Hodnett EM, Mooney PD. Journal of
Medicinal Chemistry. 1970;13:786



Introduction to Schiff Base
DOI: http://dx.doi.org/10.5772/intechopen.108289

[17] G.H. Alt (Monsanto Co.), US.
4.226.615 (1980)

(18] Hamada Y, Takeuchi I, Ita’Y, Matsui S,
Ita T. Yakugaku Zasslzi. 1981;101:633

[19] Ismail M. Indian Journal of
Pharmaceutical Science. 1986;45:121

[20] Palet PR, Thaker BT, Zele S. Indian
Journal of Chemistry. 1999;A38:563

[21] Lau KY, Mayr A, Cheung KK.
Inorganic Chemistry Acta. 1999;285:223

[22] Shawali AS, Harb NMS,
Badahdah KO. Journal of Heterocylic
Chemistry. 1985;22:1397

[23] Abbaspour A, Esmaeilbeig AR,
Jarrahpour AA, Khajeh B, Kia R. Talanta.
2002;58:397

[24] Mahajan RK, Kaur I, Kumar M.
Sensors and Actuators, B-91. 2003;26

[25] Ganjali MR, Golmohammadi M,
Yousefi M, Norouzi P, Salavati-Niasari M,
Javanbakht M. Analytical Science.
2003;19:223

[26] Jain AK, Gupta VK, Ganeshpure PA,
Raisoni JR. Analytica Chimica Acta.
2005;553:177

[27] Jeong T, Lee HK, Jeong DC, Jeon S.
Talanta. 2005;65:543

[28] Gupta VK, Singh AK,
Mehtab S, Gupta B. Analytica Chimica
Acta. 2006;566:5

[29] Hernandes MM, Mckee ML,
Keizer TS, Yeaswood BC, Atwood DA.
Journal of Chemical Society. 2002;410

[30] Olie GH, Olive S. Springer, Berlin 1984

[31]Li S, Chen S, MaH, YuR, LiuD.
Corrosion Science. 1999;41:1273

11

[32] Ashassi-Sorkhabi H, Shabani B,
Aligholipour B, Seifzadeh D. Applied
Surface Science. 2006;252:4039

[33] Quan Z, Chen S, Li Y. Corrosion
Science. 2001;43:1071

[34] Williams DR. Chemical Reviews.
1972;72:203

[35] Campos A, AnaconaJR,
Campos-Vallette MM. Mian Group Metal
Chemistry. 1999;22:283

[36] Sari N, Arslan S, Logoglu E,
Sakiyan I. Science. 2003;16:283

[37] Verma M, Pandeya SN, Singh KN,
Stabler JP. Acta Pharm. 2004;54:49

[38] Cozzi PG. Chemical Society Reviews.
2004;410

[39] Chandra S, Sangeetika J. Journal of
the Indian Chemical Society. 2004;81:203

[40] Zheng Y, Ma K, LiH, Li]J, He]J,
Sun X, et al. Catalysis Letters.
2009;128:465

[41] Taguchi K, Westheimer FH.
The Journal of Organic Chemistry.
1971;36:1570

[42] Love BE, Ren J. The Journal of
Organic Chemistry. 1993;58:5556

[43] Chakraborti AK, Bhagat S,
Rudrawar S. Tetrahedron Letters.
2004;45:7641

[44] Cozzi PG. Chemical Society Reviews.
2004;33:410

[45] Sunatsuki Y, MotodaV,
Matsumoto N. Coordination Chemistry
Reviews. 2002;226:199

[46] Ren S, Wang R, Komatsu K,
Bonaz-Krause P, Zyrianov Y,



Schiff Base in Organic, Inovganic and Physical Chemistry

Mckenna CE, et al. Journal of Medical
Chemistry. 2002;45:410

[47] Sheldon RA, Kochi JK. Metal-
Catalyzed Oxidations of Organic
Compounds. New York: Academic
Press; 1981

[48] Van Wyka JL, Mapolie SF,
Lennartson A, Hakansson M, Jagner S.
Inorganic Chimica Acta. 2008;361:2094

[49] Van Wyk JJL, Mapolie SF,
Lennartson A, Hakansson M, Jagner S. Z.
Naturforch. 2007;62:331

[50] Park JN, Wang JK, Choi Y, Dong WY,
Hong SJ, Lee CW. Journal of Molecular
Catalysis A. 2006;247:73

[51] Che CM, Huang JS. Metal complexes of
chiral binaphthyl Schiff-base ligands and
their application in ~ 2866 ~ international
journal of chemical studies stereoselective

organic transformations. Coordination
Chemistry Reviews. 2003;242:97

[52] Canali L, Sherrington DC. Utilisation
of homogeneous and supported chiral
metal (salen) complexes in asymmetric
catalysis. Chemical Society Reviews.
1999;28:85

[53] Gibson VC, Spitzmesser SK.
Advances in non-metallocene olefin

polymerization catalysis. Chemical
Reviews. 2003;103(1):283

[54] Rao SN, Kathale N, Rao NN,
Munshi KN. Catalytic air oxidation

of olefins using molybdenum dioxo
complexes with dissymmetric tridentate
O, N, S-donor Schiff base ligands
derived from o-hydroxyacetophenone
and S-benzyldithiocarbazate or
S-methyldithiocarbazate. Inorganica
Chimica Acta. 2007;360(14):4010

[55] Jammi S, Saha P, Sanyashi S,
Sakthivel S, Punniyamurthy T. Chiral

12

binuclear copper (II) catalyzed nitroaldol
reaction: Scope and mechanism.
Tetrahedron. 2008;64(51):11724

[56] Iwakura I, Ikeno T, Yamada T.
Proposal for the metallacycle pathway
during the Cyclopropanation catalyzed
by cobalt—Schiff Base complexes.
Organic Letters. 2004;6(6):949

[57] Katsuki T. Unique asymmetric
catalysis of cis-p metal complexes
of salen and its related Schiff-base
ligands. Chemical Society Reviews.
2004;33(7):437

[58] Wang RM, Hao CJ, Wang YP, Li SB.
Amino acid Schiff base complex catalyst
for effective oxidation of olefins with

molecular oxygen. Journal of Molecular
Catalysis A: Chemical. 1999;147:173

[59] Gupta KC, Sutar AK. Catalytic
activities of Schiff base transition metal
complexes. Coordination Chemistry
Reviews. 2008;252(12-14):1420

[60] Gupta KC, Sutar AK, Lin CC.
Polymer-supported Schiff base

complexes in oxidation reactions.
Coordination Chemistry Reviews.

2009;253(13-14):1926

[61] Brockman RW, Thomson JR,

Bell MJ, Skipper HE. Observations on
the antileukemic activity of pyridine-2-
carboxaldehyde thiosemicarbazone and

thiocarbohydrazone. Cancer Research.
1956;16:167-170

[62] French FA, Blanz EJJ. The
carcinostatic activity of alpha-(N)
heterocyclic carboxaldehyde
thiosemicarbazones. I. Isoquinoline-1-
carboxaldehyde thiosemicarbazone.
Cancer Research. 1965;25:1454-1458

[63] Antholine WE, Knight JM,
Petering DH. Inhibition of tumor cell
trans plantability by iron and copper



Introduction to Schiff Base
DOI: http://dx.doi.org/10.5772/intechopen.108289

complexes of 5-substituted 2- formyl
pyridine thiosemicarbazones. Journal of
Medicinal Chemistry. 1976;19:339-341

[64] Anand P, Patil VM, Sharma VK,
Khosa RL, Masand N. International
Journal of Drug Design and Discovery.
2012;3:851

[65] Da Silva CM, Da Silva DL,

Modolo LV, Alves RB, de Resende MA,
Martins CV, et al. Journal of Advanced
Research. 2011;2:1

[66] Rathelot P, Vanelle P, Gasquet M,
Delmas F, Crozet MP, Timon-David P,
et al. European Journal of Medical
Chemistry. 1995;30:503

[67] Pandeya SN, Sriram D, Nath G,
de Clercq E. European Journal of
Pharmaceutical Sciences. 1999;9(1):2

[68] Jarrahpour A, Khalili D, De
Clercq E, Salmi C, Brunel JM. Molecules.
2007;12(8):1720

[69] Bayrak H, Demirbas A, Karaoglu SA,
Demirbas N. European Journal of
Medicinal Chemistry. 2009;44(3):1057

[70] Kumar KS, Ganguly S,
Veerasamy R, Clercq ED. European
Journal of Medicinal Chemistry.
2010;45:5474

[71] Sashidhara KV, Rosaiah JN,

Bhatia G, Saxena JK. Synthesis,
anticancer activities and experimental-
theoretical DNA interaction studies

of 2-amino-4-phenyl-4H-benzo[h]
chromene-3-carbonitrile, European
Journal of Medicinal Chemistry.
2008;43(2592):37

[72] Li YF, Zai-Qun L. Ferrocenyl Schiff
base as novel antioxidant to protect DNA
against the oxidation damage. European

Journal of Pharmaceutical Sciences.
2011;44:158

13

[73] Khan T, Ahmad R, Joshi S. Anticancer
potential of metal thiosemicarbazone
complexes: A review. Der Chemica
Sinica. 2015;6(12):1-11

[74] Thelander L, Graslund A.
Mechanism of inhibition of mammalian
ribonucleotide reductase by the

iron chelate of 1-formylisoquinoline
thiosemicarbazone. Destruction of

the tyrosine free radical of the enzyme
in an oxygen-requiring reaction.
Journal of Biological Chemistry.
1983;258:4063-4066

[75] Agrawal KC, Mooney PD,

Sartorelli AC. Potential antitumor agents.
4-Methyl-5-amino-1-formylisoquinoline

thiosemicarbazone. Journal of Medicinal

Chemistry. 1976;19:970-972

[76] Agrawal KC, Lin AJ, Booth BA,
Wheaton JR, Sartorelli AC. Potential
antitumor agents. 9. 2-Formyl(m-amino)
phenyl pyridine thiosemicarbazones.
Journal of Medicinal Chemistry.
1974;17:631-635

[77]1 Pelosi G. Thiosemicarbazone metal
complexes: From structure to activity.
The Open Crystallography Journal.
2010;3:16-28






Chapter 2
Overview of Schiff Bases

Nuriye Tuna Subasi

Abstract

Schiff bases, which were first obtained by the German chemist H. Schiff in 1864,
are used in the paint industry, polymer technology, pharmaceutical industry, medi-
cine, agriculture, preparation of rocket fuel, and explanation of biological events, and
in many other areas due to the groups in their structures. This chapter will be a guide
that contains a summary of general information that should be known about these
compounds, which have a wide range of use in our daily life. In this chapter, the
following topics are planned to be explained. (1) Schiff bases, physical and chemical
properties, (2) the formation mechanism of Schiff bases, (3) Schiff base reactions, (4)
metal complexes of Schiff base, (5) classification of Schiff bases, (6) biological activity
of Schiff bases, and (7) usage of Schiff bases.

Keywords: Schiff bases, azomethine, biological activity, metal complexes, formation
mechanism

1. Introduction

Compounds that are formed as a result of the nucleophilic addition reaction
of aldehydes and ketones with primary amines under suitable conditions and
which have carbon-nitrogen double bonds (—CH=N—) in their structure are
called Schiff bases. Schiff bases, which were first obtained by the German chemist H.
Schiff in 1864 [1], were started to be used as ligands by Pfeiffer in the 1930s [2, 3]
(Figure 1).

Aldehydes react very easily with primary amines to form Schiff bases, but this
process is not so easy for ketones. In order to obtain Schiff bases from ketones, it is
necessary to pay attention to factors, such as the choice of catalyst, the appropriate pH
range, the selection of a solvent that can form an azeotrope mixture with the water to
be formed in the reaction, and the appropriate reaction temperature. The carbon-
nitrogen double bond in Schiff bases formed as a result of the reaction of primary

Ry,Rz,Rs=Alkyl or Aryl

Figure 1.
General representation of Schiff bases.
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amines with aldehydes is called azomethine or aldimine, while the bond formed
as a result of reaction with ketone is called imine or ketimine.

Schiff bases are selective toward metal ions and form complexes by
transferring electrons from the active ends they contain to the metal. Schiff
bases are known as a good nitrogen donor ligand (—CH=N—). During the
formation of the coordination compound, one or more electron pairs are donated
to the metal ion by these ligands. Schiff bases can form highly stable 4-, 5-,
and 6-ring complexes if they donate more than one electron pair. For this, a
second functional group with a displaceable hydrogen atom must be found as
close as possible to the azomethine group. This group is preferably the hydroxyl
group [4].

2. Physical properties of Schiff bases

Schiff bases are usually colored and transparent solids. They are used in the deter-
mination of metal amounts and in the identification of carbonyl compounds due to
their precise melting points.

The carbon-nitrogen double bond in Schiff bases rotates more easily than the
carbon-carbon double bond, which allows stereoisomers to transform into each other.
The reason for this: polarization occurs in the azomethine bond due to the fact that
nitrogen is more electronegative than carbon (Figure 2).

The stereoisomers of Schiff bases cannot be isolated with a few exceptions due to
the very small energy difference between them. If only an electronegative group is
attached to the nitrogen atom, stereoisomers become isolated, since this group reduces
the ease of rotation around the azomethine bond. Since the electronegative group
attached to the nitrogen atom in the azomethine group will push the negative charges
of the nitrogen atom toward the carbon, this will cause a decrease in polarization and
an increase in the character of the covalent double bond.

All compounds containing an azomethine group show basic properties due to the
unshared electron pairs on the nitrogen atom and the electron donating feature of the
double bond. Schiff bases show weaker basic properties compared to their
corresponding amines. The reason for this is that while the nitrogen atom in amines
undergoes sp° hybridization, this hybridization turns into sp” hybridization when the
imine structure is formed. Since the s character will increase in hybridization, the
basicity will decrease greatly.

The C=N system is a weak chromophore that shows absorption in the
ultraviolet field. Conjugation with phenyl groups shifts absorption to the visible
region. When there is a deactivating substituent in the aromatic ring, such as a
halogen, the wavelength of absorption decreases. Generally, aryl alkyl ketimines are
absorbed at values between dialkyl and diaryl ketimines [5]. The IR stretch bands of
the C=N system are generally observed at 1610-1635 cm ™" and that of C=N" at
1665-1690 cm ™ [6].

Figure 2.
Polarization of azomethine bond.
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3. Chemical properties of Schiff bases

Schiff bases have many properties that vary according to the substituents attached
to the azomethine group. The stability of the azomethine compound increases when
there is an electronegative group attached to the nitrogen atom. The best example of
this is that oximes carrying hydroxyl groups on the nitrogen atom along with
phenylhydrazone and semicarbazones carrying —NH groups are much more stable to
hydrolysis than Schiff bases carrying alkyl or aryl substituents on the nitrogen atom.
Although Schiff bases are stable against alkalies, they are separated into amine and
carbonyl compounds by hydrolysis in acidic environment.

The Schiff base formation reaction is reversible. As a result of the reaction, one
mole of water is formed and the water in the environment shifts the direction of the
reaction to the left. Therefore, the reaction is usually carried out in solvents where
water can be removed from the environment by distillation, forming an azeotrope. If
the reaction is carried out using amines containing an electronegative atom with
unpaired electrons in the nitrogen atom, the reaction is completed and since hydroly-
sis will not occur, Schiff bases can be isolated with high efficiency (Figure 3).

The structures of Schiff bases are determined by the tautomeric transformations
that occur depending on the polarity of the solvent and the hydrogen bonds that occur
in the molecule. The preferred conformation in terms of the stability of Schiff bases is
the nonplanar structure seen in Figure 4. This conformation has also been confirmed
by quantum mechanics calculations [7].

In the studies, it has been reported that there are two types of tautomer forms,
phenol-imine and ketone-amine, in Schiff bases obtained by using aldehydes
containing ortho hydroxy group (Figure 5). The presence of these two tautomeric
structures was determined by spectroscopic methods such as ?*CNMR, 'H-NMR, UV-
Vis, and X-ray crystallography [8].

In studies with Schiff bases prepared from 2-hydroxy-1-naphthaldehyde and some
aromatic and aliphatic amines (ammonia, methylamine, and phenylamine), it has

R y R
N=0 + R—NH, ——== >=N-R
H H

Figure 3.
Schiff base formation reaction.

R4
—N
R; R, j R
Ry, R3=H, NO,, CN, N(CH3),, OCF3

Rs=H, OH
R4= H, Alkyl, Aryl

3

Figure 4.
Preferred conformation of Schiff bases.
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~
Nage R R\ N+/ i
- I r—
H, _ NS
OH * o

Phenol-imine Keto-amine

Figure 5.
Tautomeric structure of Schiff bases.

been observed that the keto form is dominant in polar solvents, such as chloroform,
and the enol form is dominant in nonpolar solvents [9, 10].

4. Formation mechanism of Schiff bases

The most widely used method discovered by Schiff for the preparation of Schiff
bases is the reaction of aliphatic or aromatic aldehydes or ketones with aliphatic or
aromatic primary amines. The synthesis of Schiff bases obtained from the reaction of
carbonyl compounds with primary amines takes place in two main steps. In the first
step, a carbinolamine intermediate is formed from the condensation of the carbonyl
group with the primary amine, and in the second step, a Schiff base is formed from
the dehydration of the intermediate seen in Figure 6 [12-14].

The formation of Schiff base is a pH-dependent reaction. Since the amine will form
salt at low pH, the free amine concentration decreases and the fast addition step slows
down and becomes the step that determines the rate of the reaction mechanism
(Figure 7). In the case of a decrease in acidity, the addition step is faster and the

//——_\_

-\
b Roy H R, R,
R—NH, + =0 + H* R1@l\:l—|»OH R‘jN+0H
Ra H R, H R,
H*
Ry R, R R R H
N= Y 1“N:_{ : Risn o®
R, H TR, -H,0 H Rr, H

Figure 6.
Mechanism of condensation of carbonyl compounds with amines [11].

O:/—\ OH

1 ]
KU\RQ(H) + H —— R1—(%—R2(H)

R

®
R-NH, + H* <=——=  R-NH;

Figure 7.
Increase in electrophilic power and decrease in nucleophilic power in acidic medium.
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0 ©
()L e ?
R}y RyH) ¥ )OH ==— Ry=C-Ry(H)
OH
® e
R-NH; + OH =~ R-NH, + H;O

Figure 8.
Decrease in electrophilic power and increase in nucleophilic power in basic medium.

elimination step is slower (Figure 8). The optimal pH is the pH between these two
extremes (pH 3—4). This pH is suitable for both starting the nucleophilic addition
reaction and performing elimination reaction at a sufficient speed [7].

The effect of substitution is great on the stability of Schiff bases. Since small-
molecular-weight aliphatic imines without substituents on the nitrogen atom are
easily polymerized, detailed information about these imines is not available. Schiff
bases containing aryl substituents can be synthesized more stable and easily due to the
electron feeding of the imine bond through ring conjugation, while those containing
alkyl substituents are relatively unstable, synthesized in a long time, and polymeriza-
tion is observed.

In the formation of imine; aldehydes are more reactive than ketones because they
are less sterically hindered. In addition, in ketones, groups attached to the carbonyl
carbon donate electrons, reducing the electrophilic character of the carbonyl carbon,
thus reducing the reaction tendency and causing the reaction to take place more
slowly. Therefore, although aldehydes and primary amines can easily form Schiff
bases, it is quite difficult to obtain Schiff bases from ketones. In order to obtain Schiff
base from ketones, many factors, such as choosing a solvent that can form an azeo-
trope mixture with the water released during the reaction, choosing a catalyst, choos-
ing the appropriate pH range and the appropriate reaction temperature, must be taken
into account. Particularly in order to obtain Schiff base from aromatic ketones, high
temperature, long reaction time, and catalyst are required [4, 15].

Aromatic aldehydes and ketones can form highly stable Schiff bases. Aromatic
aldehydes react with amines at low temperature and in a suitable solvent environ-
ment. In the reaction of aromatic aldehydes with aromatic amines, it has been indi-
cated that the reaction rate increases in the presence of an electron-withdrawing
substituent in the para position of the aldehyde and decreases in the presence of para
position of the amine. While the water formed in the reaction must be removed
during the production of Schiff base from aromatic ketones, there is no need to
remove water in the synthesis of Schiff base from aldehydes and dialkyl ketones.
While the water formed in the reaction must be removed during the generation of
Schiff base from aromatic ketones, there is no need to remove water in the synthesis
of Schiff base from aldehydes and dialkyl ketones [16].

5. Synthesis methods of Schiff bases
5.1 Reaction of aldehydes and ketones with primary amines

The reaction of primary amines with carbonyl compounds is usually carried out by
reflux. Since the reaction is reversible, the water formed in the reaction medium must
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be removed to prevent hydrolysis. Dean-Stark apparatus is generally used to remove
water. In addition, the reaction was carried out successfully by using dehydration
agents such as sodium sulfate and molecular sieve [17]. Moreover, methods using
solvents, such as tetramethyl orthosilicate or trimethyl orthoformate, which remove
water in the reaction medium, have also been reported in the literature [18, 19].

The reaction can be accelerated by acid catalysis. In such cases, mineral acids, such
as H,SO,4 or HCI, organic acids, such as p-toluene sulfonic acid, pyridinium p-
toluenesulfonate, acidic resin, montmorillonite, or Lewis acids (ZnCl,, TiCl,, SnCl,,
BF;Et,0, Mg(ClOy,),, MgS0O,), can be used [15, 20-25].

The reaction of aliphatic ketones with amines to form a Schiff base occurs more
slowly than with aldehydes. When the reaction rates of the same primary amine and
aldehydes and ketones are compared, it was found that the rate order was; the rate
order is aromatic aldehyde>aliphatic aldehyde>aliphatic ketone>aromatic ketone
[26]. Recently, new solvent-free techniques have been developed for imine formation,
including clay, microwave irradiation, water suspension media, liquid crystal, molec-
ular sieve, and infrared and ultrasonic irradiation [27-34].

5.2 Reaction of organometallic compounds with nitriles

Grignard reagents can react with nitriles to form ketimines. Anhydrous hydrogen
chloride or anhydrous ammonia is added to the reaction medium to prevent the
hydrolysis of the intermediate products into ketones. With this method, intermediate
products can be isolated with an efficiency of 50—90% (Figure 9) [26].

5.3 Reaction of phenols and phenol ethers with nitriles

The alkyl or aryl nitriles react with phenol and phenol ethers with high efficiency
under acid catalysis to form ketimines [35]. The reaction is carried out by saturating a
solution of nitrile and phenol dissolved in ether with HCI gas. ZnCl, should be used in
reactions with lower reactivity phenols (Figure 10).

. HCI, -15°C Ar
Ar—=N RMgX or RLi >—N then NH,OH >=NH
—— —a
R [M] R
hydrolysi
/)J’O?o/ ydrolysis
J’s,;?
Ar
o
R
Figure 9.
Addition of organometallic reagents to nitriles.
OH OH  NH.HCI
HCI
+ R—=N —» R

Figure 10.
Reaction of phenols with nitriles.
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5.4 Aerobic oxidative synthesis method

Since aldehydes and ketones can be obtained from their corresponding alcohols by
oxidative methods, it is also possible to prepare imines from alcohols and amines using
oxidative processes (Figures 11 and 12) [36-43].

Following this general approach, Huang and Largeron developed new catalytic
processes that convert primary and secondary amines to imines by aerobic oxidation
under mild conditions [38-44].

5.5 Reaction of metal amides

Calcium or alkali metal salts of primary amines react with aromatic ketones to
form Schiff bases [26].

6. Reactions of Schiff bases
6.1 Polymerization reaction

Many studies have been carried out on poly (Schiff bases) over time due to their
thermal, conductive [45-47], fiber forming [48], liquid crystal [49, 50], and nonlinear

optical properties [51, 52]. One of them is poly (Schiff base) formed by the reaction of
diamines and dialdehydes by Catanescu et al. (Figure 13) [53].

6.2 Reaction with Zn and haloesters

B-Lactams are formed as a result of the reaction of Schiff bases with Zn and
haloesters at room temperature [54].

: O
T Y —©

== ~
R1/\OH + Ry—NH, catalyst R1/\N'R‘

Figure 11.
Oxidative synthesis of imines from alcohols and amines.

=
©/\NH2 catalyst ©/\N/\©
_—
R R R
Figure 12.

Oxidative synthesis of imines from amines.
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Figure 13.
Polymer synthesis.

6.3 Reaction with HCN

Nitrile derivatives are formed from the reaction of Schiff bases with HCN, and
a-amino acids are formed by their hydrolysis [54].

H
R | [/ B
H \ @ Se—— R
\ o Zn / N hidroliz
0= N\ -+ /(.*(,70.\// —_— Rg'— N\ /(.::O —_—
R1[ Rz Br on o /N SN
Br 7 Ry L

6.4 Reduction reactions

Schiff bases are reduced with LiAlH,, NaBH,, and Na-EtOH reagents to form
secondary amines [54].

R4 CN H H*/H,0 COOH

C=N_ + HCN - R—N R—-NH

R Rg R, Rs R, Ra
6.5 Hydrolysis

Since the reaction steps of Schiff bases synthesized with carbonyl compounds and
amines are reversible, starting materials are obtained by hydrolysis of Schiff bases. In
the first step of hydrolysis, the intermediate product, carbinolamine, is formed. In the
second step, the carbinolamine is decomposed to form the reaction products aldehyde
(or ketone) and amine. Hydrolysis reactions are mostly acid-catalyzed and the rate of
the reaction depends on the acidity strength [5].
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7. Schiff base metal complexes

Schiff bases are widely used as ligands in coordination chemistry. Ligands are
called Lewis bases because they donate electron pairs to the central atom. Since the
nitrogen atom in the imine bond contains unpaired electrons, Schiff bases are electron
donors, basic in character, and can form complexes with almost all transition metals.
This atom, also known as azomethine nitrogen, is the primary bonding point for the
Schiff base. In addition, the azomethine system, where the nitrogen atom is bonded
with a double bond, can be a coordination site for d-metal ions suitable for back
bonding, by means of its n-orbitals. Thus, the azomethine group with the nitrogen
atom has both 6-donor and n-acceptor functions. This provides high stability for metal
complexes formed by Schiff bases. Schiff bases can form stable compounds with metal
ions if they have a structure that can form a quintet or hexavalent chelate ring [55].

Apart from the fact that the azomethine group is basic, there must be a functional
group in the molecule close to the azomethine bond, from which the hydrogen atom can
be easily removed, in order to form stable complexes as a ligand. Since Schiff base ligands,
which have groups such as OH and SH, in the ortho position adjacent to the azomethine
bond, form a six-membered ring with the metal, stable complexes are formed [56].

The properties of complex compounds vary depending on the ligand and metal ion
used. The size, charge, and ionization potential of the metal ion used in the formation
of the complex affect the stability of the complex. Since the substituents can change
the basicity of the Schiff base imine nitrogen, the ligand property also changes
depending on the substituents. Therefore, the stability of the metal complexes of
Schiff bases is more or less affected by the substituents in their structure.

Three methods are generally used to synthesize metal complexes of Schiff bases.
These methods are direct interaction of metal salt with Schiff base [54]; condensation
of aldehyde, amine, and metal salt with the effect of template [57]; and condensation
of aldehyde complexes with amines [58].

The first studies on Schiff base metal complexes were made by spectrophotometric
techniques [59]. Later, potentiometric studies were started by Leussing et al. When
these studies were examined, it was seen that Schiff bases formed complexes with
metal ions in 1:1 and 1:2 ratios [60].

7.1 Classification of Schiff base complexes

Classification of Schiff bases metal complexes is done by considering the donor
atoms of the compound. Depending on the type and number of donor atoms they
contain, some of the metal complexes encountered are those with N—O, O—N—O,
O—N—S§, N—N—O0, O—N—N—0, and N—N—N—N donor atom systems.
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7.1.1 N—O Type Schiff base complexes

N—O type Schiff base formed by salicylaldehyde and p-N, N’-dimethylaniline is
bidentate and forms a 1:1 complex with Ag” ion (Figure 14) [61].

7.1.2 O—N—O0 type Schiff base complexes

[ML]X, type colored complexes synthesized with (E)-N’-((7-hydroxy-4-methyl-
2-oxo0-2H-chromen-8-yl) methylene)benzohydrazide ligand are examples of O—N—O
type Schiff base complexes (Figure 15). This ligand forms a complex with metal
ions by reacting at a ratio of 2:1. M = Mn(II), Co(II), Ni(II), Cu(II), Sr(II) Cd(II),
X=Cl" [62].

7.1.3 O—N—S type Schiff base complexes

Schiff base, which consists of 2-hydroxy-1-naphthaldehyde and 2-aminoetantiol,
can be given as an example of such complexes. These complexes are tridentate and
they have dibasic properties. The structure of the UO,**(VI) complex of this Schiff
base is shown in Figure 16 [63].

Figure 14.
N—O type Schiff base metal complex.

M(1I)= Mn, Co, Ni, Cu, Sr, Cd

Figure 15.
O—N—O0 type Schiff base metal complex.

N

o—U

II"'ooccH
O

3

Figure 16.
O—N—S type Schiff base metal complex.
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7.1.4 N—N—O type Schiff base complexes

Co(II), Ni(II), and Cu(II) complexes of 4-Chloromethyl-2-(2-hydroxynaphthyli-
denehydrazine) thiazole ligand can be given as examples of such complexes [64]
(Figure 17).

7.1.5 O—N—N-O type Schiff base complexes

An example of this group is the oxovanadium(IV) complex synthesized with the
N,N’-bis(salicylidine)ethylenediamine ligand [65]. N,N’-bis(salicylidine)
ethylenediamine Schiff base, which is obtained with the condensation reaction of
salicylaldehyde and ethylenediamine, is commonly known as salen and is an ONNO
type tetradentate ligand (Figure 18) [66].

7.1.6 N—N—N—N type Schiff base complexes
An example of such complexes is the Fe*? complex of N,N’-bis(2-salicylidenimi-

nobenzoyl) ethylenediamine obtained from N,N’-bis(2-aminobenzoyl)

ethylenediamine and salicylaldehyde (Figure 19) [61].
8. Biological activity of Schiff bases
Schiff bases and metal complexes are vital compounds for biological systems

because they have anticancer [67, 68], antibacterial [69-74], antifungal [75, 76], and
antiviral [77] properties.

CHLCI

CIH:C //\

(N e
NH
Figure 17.

N—N—O type Schiff base metal complex.

g\n/

[VO(salen)]

Figure 18.
O—N—N—O type Schiff base metal complex.
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Figure 19.
N—N—N—N type Schiff base metal complex.

The most important biological activity of Schiff bases is the role they play in amino
acid biosynthesis, one of the basic processes of life. Schiff bases are important inter-
mediates formed in the biosynthesis of a-amino acids (RCHNH,COOH) used in the
synthesis of proteins in organisms. If there is not enough essential amino acid in the
food, the organism converts an excess amino acid to the amino acid it needs by
transamination reaction in some cases. In this process, the amino group of the excess
amino acid is transferred to the keto acid via a series of Schiff bases (Figure 20) [78].

In addition, Schiff bases have been proven to be present in a variety of natural,
semisynthetic, and synthetic compounds and are essential for their biological activity
(Figure 21) [26].

9. The importance and uses of Schiff bases

Today, with the development of spectral methods, the mechanisms of biochemical
reactions can be explained. It has been determined that some reactions in living
organisms proceed on Schiff bases, Schiff bases eliminate the toxic effects of aldehyde
and amine components and bind free metal ions. The importance of Schiff bases
increases day by day as they can be used in biological systems [79], chemical catalysis
[80], medicine and pharmacy [81], chemical analysis, and new technologies [82, 83]

N PLP i

o] O
o ) OH OH o H NHo
Ry Transaminase Ry \I/
HO = 1H N =y N= —> HO + B
\r/ Ry \I/ Ry
P P

Schiff bases

(o] Pyridoxamine OH OH o] H o)
)SI/R{SI-phosphate . )H/R \f
HO == | H_ _N= Ho _N — Ho 2+
H R = R P
3 YNHQ \|/ 2 \]/ 2 MMy
P L _ PLP
Schiff bases

T N
HO-~
P= Lo o O
_—

N

Figure 20.
Transamination reaction through Schiff bases from amino acid to keto acid and vice versa [26].
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OH
“a " @/NQ/Q

= OH
R_
.
Ancistrocladidine Chitosan-derived Schiff base N-(Salicylidene)-2-hydroxyaniline (71)
(Antimalarial activity) R=H or OH (Antibacterial activity)

(Antifungal activity)

Figure 21.
Examples of biologically active Schiff bases.

due to their properties. If we briefly summarize the reasons why Schiff bases have
such a wide working area [84]:

* Alternatively, Schiff bases can be synthesized by the template effect. This

procedure directly gives the designed complexes. Also, these complexes can give
transmetalation reactions when reacted with a different metal salt. This method

ensures that complexes that cannot be obtained by different methods are
obtained with sufficient purity and high yield.

* Since Schiff bases generally contain additional donor groups, such as N, O, S, and

P, they can form stable complexes with almost all metals. In addition to these
features, they play important roles in biological systems.

* Schiff bases are easily synthesized using carbonyl compounds and primary
amines and can be functionalized in a wide variety of ways using appropriate

groups.

* When treated with suitable reducing agents, they can form polyamine

derivatives that are more flexible and less sensitive to hydrolysis. These reduced

compounds contain NH groups that can be further functionalized by suitable
synthetic procedures.

* By bonding to a suitable support, such as silica, they result in modified catalysts
and different designed surfaces.

* By binding groups, such as crown ether, macrocyclic thioether, and polyaza
derivatives, special ligands can be formed to form selective systems with the
capacity to bind different metal ions.

* Due to the interaction of metal chelates with the DNA helix, they can be used in

the design of new models in diagnosis and therapy.

In addition, due to their photochromism feature, they can be used in different
fields, such as controlling and measuring radiation intensity, image systems, and
optical computers [85]. Since the metal complexes of these compounds are colored

substances, they are used as pigment dyestuffs in the dye industry, especially in textile
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dyeing [86, 87]. Moreover, they are widely used in the perfume and pharmaceutical
industries. These compounds also have properties, such as synthetic oxygen carrier
and intermediate in enzymatic reactions. They are also used as spectrophotometric
reagents in analytical chemistry, as they react selectively and specifically to some
metal ions. They can be used in aircraft construction, television and computer screens,
and digital clock displays by taking advantage of the liquid crystal feature that occurs
in some metal complexes [88].

10. Application of Schiff bases in organic synthesis

We can classify the reactions in which Schiff bases are used as precursors in four
groups as seen in Figure 22 [26].

I.Addition of organometallic reagent or hydride to C=N bond to form asymmetric
C-C bond [89, 90].

II.Hetero Diels-Alder reaction to produce six-membered nitrogen-containing
heterocyclic compounds [91-93].

I11.Use of chiral salen metal complexes in the asymmetric synthesis [94-96].

IV.Staudinger reaction with ketene to provide biologically important f-lactams

[97-99].
R(’H l‘\Nuc
Rg>\R3

Addition

R
Ry 53 Staudinger, Hetero
Rz Reaction Diels-Alder /™~
N\
o Ry N—{'Rs
R, Rz
Chiral salen R
metal complex
synthesis

Figure 22.
Applications of Schiff bases as a starting material in organic synthesis.
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Chapter 3

Synthesis of Schitf Bases by
Non-Conventional Methods

Adebimpe D. Adesina

Abstract

A Schiff base is a compound with the general structure R;R,C=NR’ They can be
considered a subclass of imines. The term Schiff base is normally applied when these
compounds are used as ligands to form coordination complexes with metal ions.
Schiff bases can be synthesised from a primary aliphatic or aromatic amine and a
carbonyl compound by nucleophilic addition forming a hemiaminal, followed by a
dehydration to generate an imine. In other words, a Schiff base is a nitrogen analogue
of a ketone or aldehyde where the carbonyl group has been replaced by azomethine
or imine group. The imine group present in these compounds has been shown to be
critical to their biological activities. Schiff bases have been frequently used in various
fields such as medicine, pharmaceutical purposes due to their wide range of industrial
applications. The unconventional methods of preparation of Schiff bases, compared
with traditional methods, are more convenient, and reactions can be carried out in
higher yield, shorter reaction time and milder conditions, without generation of
pollution and safer to analyse.

Keywords: Schiff base, synthesis, imine, carbonyl, amine, condensation, solvent-free,
natural catalysts

1. Introduction

Schiff bases are versatile C=N containing compounds possessing broad range of
biological activities, and incorporation of metals in form of complexes show some
degree of antibacterial, antifungal, antitumor, antiviral and anti-inflammatory
properties [1]. Schiff bases are typically formed by the condensation of a primary
amine and an aldehyde or ketone. Structurally, a Schiff base is a nitrogen analogue of
an aldehyde or ketone in which the carbonyl group has been replaced by an imine or
azomethine group. Schiff bases are some of the most widely used organic compounds.
They are used as pigments and dyes, catalysts, intermediates in organic synthesis, and
as polymer stabilisers [2]. They are fundamental materials for the synthesis of various
ligands which can be used as chiral auxiliaries in asymmetric synthesis. Metal com-
plexes of Schiff bases have also been used in oxidation reactions [3].

Imine or azomethine groups are present in various natural, natural-derived and
non-natural compounds. The imine group present in such compounds has been
shown to be critical to their biological activities (Figure 1) [4-6]. Schiff bases are
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Natural Product-derived
Compound

(Antimalarial activity)

Figure 1.
Examples of bioactive Schiff bases.

represented by the general formula R;R,C=NR;. The substituents R, and R; may be
alkyl, aryl, heteroaryl or hydrogen while the substituent R, at the N-imino may be
alkyl, aryl, heteroaryl, hydrogen or metallo (usually Si, Al, B, Sn).

The general approaches to the synthesis of Schiff bases are described in this
report. Some unconventional methods of preparation and efficient practical tech-
niques like microwave irradiation, solid-solid condensation, ultrasound irradiation,
water suspension medium, infrared irradiation and the use of natural product as
catalysts are discussed.

2. Preparation of Schiff bases

The most common method for the preparation of imines is the original reaction
reported by Hugo Schiff in 1864 [7-9]. It is usually formed by the condensation of an
aldehyde or ketone 5 with a primary amine 6 and elimination of water moleculeina
Dean Stark apparatus. The formation of a Schiff base 8 is a reversible reaction and the
dehydration of carbinolamine 7 generally takes place under acid or base catalysis, or
upon heating. Molecular sieves are then used to completely remove water formed in
the system (Figure 2) [10].

Aliphatic ketones react with amines to form imines more slowly than aldehydes;
therefore, higher reaction temperatures and longer reaction time are required. Acid
catalysts and water removal from the reaction mixture can significantly increase the

OH
“H.O R
)I\ + RS NH2 —— R17‘_NH 2 >:N
R, R2 3 3 N
RE RS R2
5 6 7
Figure 2.

Schiff reaction for the preparation of imines.
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Mechanism of formation of Schiff bases.

reaction yields. Aromatic ketones are less reactive than aliphatic ones and require
harsh conditions to be converted into imines.

Recently, a number of innovations and new techniques for the preparation of
Schiff bases have been reported including solvent-free, clay, or microwave irra-
diation, solid-state synthesis, molecular sieves, liquid crystals, water suspension
medium, infrared and ultrasound irradiation [11-15].

The mechanism of Schiff base formation is another variation of nucleophilic
addition to the carbonyl group, where the nucleophile is the amine. The amine reacts
with the carbonyl to give an unstable addition compound called carbinolamine.

The carbinolamine loses water by either acid or base catalysed pathways. Since the
carbinolamine is an alcohol, it undergoes acid catalysed dehydration (Figure 3) [16].

3. Synthesis of Schiff bases from various methods

The clay catalysed synthesis of imines and enamines under solvent-free
conditions using microwave irradiation has been reported by Varma et al. [11].
A synthetic procedure catalysed by montmorillonite K 10 clay was employed for
the preparation of imines and enamines. An equimolar mixture of the carbonyl
compound and amine was placed in an open glass container and irradiated in a
microwave oven at full power for 3 minutes. The product was extracted into DCM
and removal of the solvent under reduced pressure gave the imines/enamines in
75-98% yield. This approach eliminates the need for the large excess of support
usually employed in solid phase reactions and reduces considerably the longer times
and large quantities of aromatic solvents required in the conventional solution
phase chemistry which entails the azeotropic removal of water using Dean-Stark
apparatus. This method was also employed by Vass et al. [17] for the synthesis of
N-sulfonylimines 11 (Figure 4). The one-pot and high-yielding protocol for the
preparation of N-sulfonylimines from aryl aldehydes 9 and sulfonamides 10 pro-
vided a better alternative to the existing methods due to its shorter reaction time,
simple reaction procedure and the formation of cleaner products that can be used
for synthetic applications without further purification.
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Figure 4.
Microwave-assisted synthesis of N-sulfonylimines using calcium carbonate and K 10 clay.
R, NaHS0,.8i0, R,
=0 + H,N-R, =NR,
R, 3 MW, 320W R,
5 6 8

Figure 5.
Microwave-induced synthesis of imines using NaHSO,,.SiO, catalyst.

The synthesis of imines has been carried out efficiently using silica gel supported
sodium hydrogen sulfate (NaHSO,.Si0,), a non-toxic and inexpensive catalyst, as a
reusable heterogeneous catalyst in solvent-free conditions under microwave irradia-
tion [18]. Several substituted imines were prepared by this method (Figure 5). The
NaHSO,.SiO, catalyst can be reused by simple washing with diethyl ether after each
use followed by activation in an oven at 120°C for 1 h prior to use, thus rendering
the process more economical. This constitutes a green and efficient alternative to
the MW assisted method described by Varma et al. [11] using K-10 clay as catalyst
and the use of DCM or diethylether, which are the commonly used solvents for this
reaction. The use of NaHSO,.SiO, catalysed nucleophilic attack on the carbonyl group
by the amine and served as a dehydrating agent to facilitate the removal of water in
the final step. This eliminates the environmental disadvantages of using toxic drying
agents such as TiCl,.

Schmeyers et al. [12] reported the solid-state synthesis of various kinds of benyli-
deneaniline derivatives 14 without passing through liquid phases. The solid-solid
reactions were performed by grinding together equimolar mixture of the pure aniline
12 and aldehyde 13 in a mortar at room temperature for 2 h (Figure 6). Twenty
preparatively useful imines were quantitatively (100% yield at 100% conversion)
obtained as hydrates. The water produced in the reaction was removed at 80°C under
vacuum. These solid-solid condensations, unlike (acid catalysed) imine synthesis in
solution, proceed waste-free.

A mild and improved protocol for the preparation of imines by ultrasound irradia-
tion has been developed by Guzen et al. [15]. A wide range of aromatic and hetero-
aromatic aldehydes were employed and all imines were obtained in excellent yields.
The reaction was very efficient on a large scale, with the advantage of a very simple
work-up and short reaction time (10 min). However, the process involved the use of a
catalyst for activation and reaction solvent (Figure 7).

A new, simple, efficient, and environmentally benign method for the preparation
of substituted N-benzylideneaniline derivatives, via condensation of several benzal-
dehydes and anilines, by means of infrared irradiation under solvent-free conditions
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Figure7.
Formation of N-bengylideneanilines by IR irradiation.

has been developed [19]. The reactions proceeded with good yields and in consider-
ably shorter times than those previously reported under classical thermal conditions
with additional advantages of lower cost, ease of work-up, and the fact that activation
of the reaction by an acid catalyst was unnecessary.

The synthesis of various kinds of imines by a simple and green procedure was
reported by Tanaka and Shiraishi [13]. The process involved the condensation
reactions of aldehydes and amines in a water suspension medium at room temper-
ature. Water is a non-toxic, safe, and cheap medium. The use of water as solvent
allowed the formation of imines without the need for catalysis, the use of a large
excess of aromatic solvents, or the azeotropic removal of water. The reactions were
completed in short reaction times, high-yielding and the products were isolated
by filtration.

This procedure was also employed by Rao et al. [20] for the synthesis of Schiff
bases via the condensation of 1,2-diaminobenzene with various substituted
aromatic aldehydes in aqueous medium (Figure 8). The method was experimen-
tally simple, clean, high-yielding, with reduced reaction times. The product was
purified by simple filtration followed by washing with water and drying processes.

4. Synthesis of Schiff bases using natural catalysts

A green method for the synthesis of Schiff bases using natural acids found in
tamarind extract and lemon juice as a catalyst has been reported (Figure 9) [21]. The
condensation of benzaldehyde 23 with aniline 24 and with urea 26 gave benzylidene
aniline 25 and benzylidene urea 27 respectively. The products which were identified
by various spectroscopic techniques showed significant antimicrobial and antioxidant
activities. The role of tamarind extract and lemon juice as catalysts which are impor-
tant for the formation of these Schiff bases was observed in that the reaction carried
out in the absence of the catalysts gave no products. The method was economical and
gave high yield of product.
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Figure 8.
Synthesis of Schiff bases in aqueous medium.
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Figure 9.
Synthesis of Schiff bases catalysed by natural products.

5. Conclusion

Some non-conventional methods of preparation of Schiff bases have been exten-
sively discussed. These methods are environment friendly, free from organic solvents
and without the drawbacks of long reaction time, special apparatus and cost of
dehydrating agent.
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Chapter 4

Schiff Bases and Their Metal

Complexes: Synthesis, Structural
Characteristics and Applications
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and Nighat Fahmi

Abstract

The development of Schiff base was a major step forward in the area of
coordination chemistry. Schiff bases, a class of organic compounds, carry the imine
or azomethine (>C=N-) functional group. Schiff bases played an influencing role in
the development of coordination chemistry and were a key point in the development
of inorganic, bioinorganic chemistry and optical materials. Schiff bases, widely used
in inorganic, organic, and analytical chemistry, account for a significant portion of
the more commonly employed classes of organic molecules. The ability of Schiff
base ligands to form stable metal complexes with a wide range of transition and other
metal ions makes them extremely useful. Condensation of a primary amine with
an aldehyde or ketone yields a Schiff bases. In this chapter, we focused on introduc-
ing Schiff bases, classified them and their metal complexes, and discussed several
synthesis methods, including conventional and green approaches. This chapter also
elaborated on the industries’ applications, such as the food industry, agrochemical
industry, dye industry, analytical chemistry, catalysis, energy storage, environmental,
chemo-sensing, bio-sensing, and biomedical applications of novel Schiff bases and
their metal complexes.

Keywords: Schiff base, metal complexes, synthesis, structure, industrial and
biomedical applications

1. Introduction

Hugo Schiff, a German chemist, initially reported Schiff base in 1864 [1]. Schiff
bases are organic molecules formed via condensation reaction of carbonyl compounds
and primary amines [2]. The typical structure can be expressed as R’-CR = N-R”,
where R, R’ and R” might vary. R and R’ could be alkyl, aryl and heterocyclic struc-
tures with various substituents. The carbonyl group may be a constituent of an
aldehyde or a ketone (>C=0)). Because Schiff bases contain an azomethine (>C=N-))
group, they are also known as azomethine or imine. The Schiff bases derived from
aldehydes and ketones are known as aldimines and ketimines, respectively. A general
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Schiff base condensation reaction involving the amine and the carbonyl functional
group could be represented as follows (Figure 1).

When synthesizing Schiff bases, nucleophilic amines are used to attack elec-
trophilic carbonyl compounds via a nucleophilic addition process, forming a hemi-
aminal group, and then the hemi-aminal group is dehydrated to generate imine
compounds. In the first phase of the reaction, the amine reacts with the aldehyde
or ketone to generate the unstable addition product carbinolamine. Carbinolamine
undergoes acid- or base-catalyzed dehydration. Considering that carbinolamine is
an alcohol, it undergoes a dehydration reaction when subjected to an acid catalyst
(Figure 2). Reversible acid or base catalysis or heating often happens during the
production of a Schiff base from aldehydes or ketones. When the product is isolated
or water is evaporated, or both, the formation is pushed to completion. Hydrolysis of
various Schiff bases by an aqueous acid or base yields the corresponding aldehydes,
ketones, and amines.

Schiff bases with aryl substituents are significantly more stable and easier to
synthesize, but those with alkyl substituents are relatively unstable [3, 4]. Aliphatic
aldehyde Schiff bases are highly unstable and easily polymerizable, but aromatic
aldehyde Schiff bases with efficient conjugation are more stable. Because aldehydes
have less stearic hindrance than ketones, thus react faster. Extra carbon in ketones
makes them less electrophilic than aldehydes. Schiff bases have received a great deal
of attention due to their simplicity of synthesis, availability, and electronic charac-
teristics. There is great interest in developing a wide range of applications in organic
[5], inorganic [6, 7], coordination [8-10], bioinorganic [11, 12] and environmental
chemistry [13-16]. Schiff base derivatives have been utilized in medical, pharmaceu-
tical, metal refining, metallurgy, catalysis, food, sensing, filtration, environmental,
photography and diagnostic applications.

The discovery of Schiff base was a major step forward for the discipline of coordi-
nation chemistry. When combined with a variety of transition metal ions, Schiff base
ligands can generate stable metal complexes with a wide range of applications. The
Schiff base has remarkable chelating characteristics. The presence of hydroxyl and
thio-groups in azomethine groups may result in forming a penta or hexa ring struc-
ture with metal ions. Bidentate, tridentate, tetradentate, and polydentate Schiff bases
are also possible. Because of the availability of a lone pair on the nitrogen atom, the
Schiff base forms complexes with many metals. This lone pair aids in creating mono-
dentate complexes, while adding other groups, such as OH and SH, may result in the
formation of bidentate chelates. The azomethine nitrogen atom’s lone pair of electrons
and sp’ hybridized. As a result, it has substantial biological and chemical significance.
Because there are more donor atoms in heterocyclic rings containing Schiff bases,
they play a larger role in coordination chemistry [17-19].

Schiff bases show biological activities like nematicidal [20], insecticidal
[21], antibacterial [22], antifungal [23], antileukaemia [24], anti-inflammatory
[25], anti-HIV activity [26], antimycobacterial activity [27], antioxidant [28],

R'\ R'
€c=0 +NH,—R ———>»  ¢=N—R + H;0
RII RII

Figure 1.
General scheme of formation of Schiff bases.
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Figure 2.
Mechanistic explanation of the formation of Schiff base.

anticancer [29], and plant growth regulatory activity [30] among others. Besides
biological applications, Schiff base and their metal complexes have enormous
applications in analytical chemistry [31], dye industry [32], and corrosion
inhibitors [33]. Schiff base has attracted the attention of many experimental

and theoretical researchers due to their particular photo-luminescence [34] in

the visible range and at room temperature and so applied in many realms such

as microelectronics [35], optoelectronics [36] and biological sensors [37]. Schiff
base shows excellent catalytic activity in various reactions such as polymerization
reaction and reduction of thionyl chloride, reduction reaction of ketones, oxida-
tion of organic compounds, aldol reaction, epoxidation of alkenes, hydrosilylation
of ketones, Henry reaction, synthesis of bis (indolyl) methanes and Diels Alder
reaction [38-40]. Synthetic chemists have used Schiff bases and related complexes
for a wide variety of processes, including the oxidation of alkenes and the catalytic
transformation of hydrocarbons into useful oxygenated derivatives such alcohols,
aldehydes, and epoxides. A further area of intense curiosity is the catalysis of
alkene oxidation by soluble transition metal complexes. Schiff bases have a wide
range of donor sites, resulting in significant transition metal complexes. Schiff
base metal complexes have been used in biological applications, resulting in
important recent improvements in a variety of chemistry areas. Because of their
unique treatment method, metal-containing antibacterial compounds appear to
be promising candidates for brand-new antibiotic medications that restrict the
growth of bacterial strains. The characteristics of Schiff base metal complexes vary
depending on the ligands and the transition metal ion. Schiff bases have attracted a
lot of interest because of their various chemical and physical properties, as well as
their ease of production.
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2. Synthetic methods of Schiff bases

Schiff base ligands, a class of molecules having imine groups, have grown in
popularity due to their physiological and pharmacological properties. They are a
fascinating class of chelating agents capable of coordinating metal ions in a complex,
which is used to imitate biological processes. Many studies have been conducted on
synthesizing Schiff bases [41-43]. Schiff bases have been prepared using conven-
tional and green synthetic methods (Figure 3).

Heat is required in many condensation processes, and traditional reaction condi-
tions often involve heating the reactants in a metal, oil, or sand bath for hours or even
days. The conventional procedure involves refluxing or stirring different aldehydes
or ketones with various types of primary amines. Green chemistry refers to the tools
and procedures that provide considerable environmental and financial benefits over
conventional synthetic approaches. It depicts that the current in green chemistry
has triggered a new demand for organic synthesis in which distinct reaction envi-
ronments must be located, reducing the usage of harmful organic solvents or toxic
chemicals. Green approaches must improve selectivity, reduce reaction time, and
simplify product isolation over conventional methods. Microwave-assisted synthesis
of Schiff bases has been carried out without solvent or low-solvent conditions and
reduces reaction time significantly, improves conversion, and sometimes increases
selectivity. Since the development of solvent less microwave synthesis of Schiff bases,
it has become the most well-known and simple technique for these reactions and is
used in various applications. Many researchers reported using the microwave-assisted
synthesis of various types of Schiff bases and their derivatives.

The grindstone technique reaction creates local heat by grinding substrate crystals
and reagent with a mortar and pestle. Grinding starts reactions by transmitting a

Synthetic Methods of Schiff
Base

Magnetic Stirring Method | Microwave Method

Reflux Method ——  Grindstone Method

—  Ultrasonic Method

Figure 3.
Synthetic methods of Schiff bases.
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relatively small quantity of energy through friction. In some circumstances, a mixture
and reagents form a glassy substance. Such reactions are simple to handle, eliminate
pollutants, are relatively cheaper to operate, and may be considered more economical
and environmentally friendly in chemistry [18]. Because molecules in a crystal are
organized tightly and regularly, solid-state reactions are more efficient and selective
than solution reactions [19]. The synthesis of amino acid Schiff bases (3) in water by
the reaction of variously substituted aromatic aldehydes/heterocyclic aldehydes (2)
and dl -alanine amino acid (1) stirring at room temperature (method A) using grind-
stone chemistry (method B), microwave irradiation (method C), and conventional
heating (method D). Studies comparing the times required to synthesize four distinct
Schiff bases under four different conditions found that while method B (grindstone)
had a better product yield, it also took significantly longer than procedures A, C,

and D,, i.e., Product yields ranged from 72 to 78% after being subjected to grinding
for 30-35 minutes followed by leaving the reaction mixture overnight (8 h). Product
yields of 69-73% were achieved in 40-45 minutes when the reactants were stirred in
water at room temperature (15-20°C). Microwave irradiation (method C) and ordi-
nary heating (method D) were also used to synthesize compounds. In 5-6 minutes,
yields of 70-72% were achieved under microwave irradiation, which is much quicker
than grinding (method B). The highest yield and shortest reaction time were both
achieved by using Method C (Figure 4).

Sonication is the use of high power to excite particles for various purposes.
Ultrasonics with frequencies greater than 20 kHz is normally employed in a process
known as ultrasonication [45]. In the laboratory, it is typically used with an ultra-
sonic bath or probe; this apparatus is known as a sonicator. A new approach for
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Figure 4.
Synthesis of Schiff bases 3a—3f with different methods and comparisons [44].
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synthesizing Schiff bases under catalyst-free ultrasonic irradiation conditions has
been discovered, yielding 92% compared to the current method’s 84% yield [46].
They discovered an efficient and environmentally friendly method for Schiff base
synthesis in an aqueous solution using ultrasonic irradiation conditions and thus

no catalyst. Several research publications revealed how different green synthesis
techniques could cause a specific condensation process to occur preferentially. When
opposed to solution-based synthesis, mechanochemical synthesis has the advantage
of ease of set-up and high yields [47]. Most Schiff bases have reported more excellent
ligation with metal ions because of a lone pair of electrons in these compounds. The
number of transition and other metal ions complexes were synthesized by using novel

Schiff base ligands [17].

3. Classification of Schiff bases and their metal complexes

By coordinating the d-block metal ion with the electron-donating ligand atom, a
complex is created that modifies the metal’s steric and electrical properties. By doing
so, the metal ion’s reactivity is stabilized and regulated, which is especially helpful for
ions at higher oxidation states where they are less stable. Auxiliary ligands, or Schiff
bases, are compounds that modify the structure and reactivity of a transition metal
ion inside a complex. On the other hand, they do not incur any irreversible modifica-
tions, unlike reactive ligands. Atoms like nitrogen, sulfur, or oxygen can act as donors
in the coordination process.

3.1 Denticity of Schiff base ligands
Schiff bases are classified into bidentate, tridentate, tetradentate, and polyden-
tate ligands, which can form extremely stable complexes with transition metal ions

(Figure 5). Assume they have different functional groups such as -OH, -NH,, or -SH;
the resulting Schiff bases can act as mixed-donor ligands in bi-, tri-, tetra-, and higher

H
N S
N OH N OH
- O

\u W,
)

N
Bidentate Tridentate
/_ﬁ
OH HO
)

$5.24

Pentadentate Hexadentate

Tetradentate

Figure 5.
Classification of Schiff bases into bidentate, tridentate, tetradentate, and polydentate ligands.
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coordination modes [48-51]. Multivalent Schiff base ligands easily form complexes with
bidentate, tridentate, and tetra- or polydentate metal ions at different oxidation states.
Donor atoms (N, O, S) can be found in bidentate ligand (NN or ON), tridentate ligands
(NNN, ONO, NNS or ONS), and tetradentate ligands (ONNO, NNNN, NSNO).

3.2 Symmetrical and asymmetrical Schiff bases

The Schiff bases’ great affinity for chelation towards inner and non-inner transi-
tion metal ions is employed to produce stable complexes. Unsymmetrical ligands
do not have a rotation or mirror axis of symmetry and bind to a metal ion with two
groups, and symmetrical ligands have [52, 53]. It has been argued that unsymmetrical
Schiff base ligands are superior to their symmetrical counterparts due to their abil-
ity to more accurately predict the geometry of metal ion binding sites in biological
systems that contain metal ions and their ability to more easily combine natural and
synthetic structural components (Figure 6).

3.3 Homoleptic and heteroleptic Schiff base metal complexes

The primary distinction between homoleptic [54] and heteroleptic [55] com-
plexes is that homoleptic complexes have identical ligands linked to a metal centre.

L
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.
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>

Figure 6.
Symmetrical and asymmetrical salphen Schiff bases.
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Homoleptic and heteroleptic Schiff base metal complexes.
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Achiral, chiral, trans and cis Schiff base metal complexes [62—65].
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In contrast, heteroleptic complexes have at least one distinct ligand coupled to the
complex’s metal centre (Figure7).

3.4 Mononuclear and polynuclear Schiff base metal complexes

A single metal atom or ion is contained within the most basic type of Schiff base
metal complex, and it is surrounded by monodentate, bidentate, tridentate, and
polydentate ligands. Polynuclear Schiff base metal complexes are attributed to the
presence of two or more atoms of metal, or ions, co-ordinated within a single coor-
dination sphere. The two atoms may be linked together by direct metal-metal bonds,
bridging ligands, or all of these things. As versatile ligands, Schiff bases form various
polynuclear metal complexes such as homonuclear and heteronuclear. These flexible
ligands have the ability to act as monodentate, bidentate, or polydentate, and they
can be engineered to produce mononuclear, dinuclear, or polynuclear metal-organic
frameworks. It is possible to change the nuclearity of Schiff base complexes; for
example, it is possible to synthesize either mono- or dinuclear complexes using nearly
identical ligands and synthetic processes for both types of complexes (Figure 8).

3.5 Achiral and chiral Schiff base metal complexes

A chiral Schiff base metal complex is not superimposable with its own mirror
image because the two structures are not identical in all respects. The mirror image
of an achiral Schiff base metal complex is identical to the complex itself and can
be superimposed on it. The phenomena of optical activity have traditionally been
defined in terms of asymmetry and dissymmetry; however, the term chirality has
recently superseded these earlier classifications. Chiral entities exist as two species
with the same chemical constitution. The only way they are distinguishable from one
another is that they have the opposite configuration of an object and the mirror image
of that thing. Chemical compounds can be said to be stereoisomers if their chemical
constitutions are same but their spatial arrangements of their atoms are different.
Chiral refers to the property of molecules that prevents them from being brought into
coincidence with their mirror copies by the use of stiff motions (Figure 9).

4. Application of Schiff bases and its metal complexes

Schiff bases and their metal complexes find widespread use in various industries
and applications, including the food industry, the agrochemical industry, the dye
industry, analytical chemistry, catalysis, energy storage, environmental, chemo-
sensing, bio-sensing, nanotechnology, and biomedical applications.

4.1 Catalysis

Catalytic activity is enhanced in both homogeneous and heterogeneous reactions
by Schiff base metal complexes. The ligands, coordination sites, and metal ions
employed in a given compound determine its activity. Many different reactions,
such as polymerization, ring-opening polymerization, oxidation, epoxidation,
allylic alkylation, reduction of ketones, hydrazination of acetophenones, the
Michael addition reaction, the decomposition of hydrogen peroxide, the annula-
tion reaction, the Heck reaction, the carbonylation reaction, and the Diels-Alder
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reaction, have been used to critically evaluate the catalytic activity of metal com-
plexes. There is significant potential for Schiff base ligands to be used as metal
complexes in catalysis due to their simple synthesis method and heat stability.
The catalytic activity of Schiff base complexes differed greatly depending on the
structure and kind of ligands used [66, 67].

4.2 Dye industry

The dyeing technique employs a wide range of Schiff bases and complexes, many
of which have been synthesized, investigated, and employed as mordants [68]. Asa
dye, transition metal complexes such as iron (III), nickel (II), cobalt (II), and cop-
per (II) complexes, among others, have been prepared from a variety of Schiff bases
and employed to produce a variety of transition metal complexes. Aldehyde groups
that include azo dyestuff are known to synthesized many azomethine linkages that
contain azo dyes due to condensation with primer amines. The textile industry utilizes
these dyestuffs to color a variety of materials. Outside the textile sector, the field of
photochemistry places a significant emphasis on using azo dyes that include the amine
group. The Schiff base on fluorene showed desirable properties including sensitivity
to pH, as well as heat and color stability. For making a water-based ink, it showed
promise as a functional pigment material [69].

4.3 Food industry

Various research groups have recently concentrated on producing natural novel
and active materials for food packaging applications. Because of their antibacterial
action, chitosan-derived Schiff base films developed may not only boost the safety of
such foods and hence lengthen their shelf life, but also provide a flavor that is well-
accepted by the consumer. Schiffs base (SB) modified zirconium dioxide reinforced
PLA bio-composite film serves as an alternate packing material to replace single waste
synthetic manufactured materials that pollute the environment. For active packag-
ing applications, Schiff base (SB) modified polylactic acid (PLA) film can provide
improved barrier and antifungal qualities [70-72].

4.4 Agrochemical industry

Metal complexes with diverse Schiff base ligands have attracted the attention
of chemists in recent years due to their agricultural applications, such as pesticidal,
nematicidal, and insecticidal. Unsymmetrical Schiff bases glyoxal salicylaldehyde
succinic acid dihydrazide and its Ni(II), Co(II), Zn(II), and Cu(II) complexes have
been synthesized and studied; at greater concentrations, they display considerable
insecticidal action [73]. H2L [2, 2'-[(1E, 2E)-ethane-1,2- diylidenedi (E) azany-
lylidene] dibenzenethiol] and its new Zn(II), Ni(II) metal complexes have been
employed as insect repellent agents [74]. Coumarin-based Schiff base and its earth
metal complexes [75] have been used to treat pests (Tribolium castaneu) and worms
(Meloidogyne incognita).

4.5 Analytical applications

Schiff bases have been used as analytical probes or reagents by researchers. These
are used to analyze primary amines, carbonyl compounds, and functional groups. In
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complexes, azomethine bonds are formed through complex formation reactions or
changes in their spectroscopic properties caused by pH and solvent variations (pH

of solvent polarity indicators). Schiff bases are a great carrier for the selective and
efficient extraction of certain metal ions. They are well-known for their effective
chelating capabilities. Schiff bases extract metal ions, essential in regulating heavy
metal pollution. N, N -bis(3-methylsalicylidene)-ortho-phenylene diamine, Schiff
base used in spectrophotometric detection of nickel. The approach has been used
successfully to quantify trace quantities of nickel in natural food samples [76]. Schiff
bases are renowned for their ability to form complexes and serve as good chelating
ligands. They have been widely employed as analytical reagents due to their ligation
property. Schiff bases made of salicylaldehyde are employed in gravimetric and
spectrophotometric analyses. In addition, the same reagent was recently employed
for the spectrophotometric detection of Ni (II) at a trace level. Cu2* ions have been
detected using the fluorescent 4-(1-phenyl-1-methylcyclobutane3-yl)-2-(2-hydroxy-
5-bromobenzylidene) aminothiazole Schiff base. This chemical sensor operates in the
visible region, has a wide dynamic operating range, and may be used over a wide pH
range [77].

4.6 Energy storage

There is a resurgence of interest in the search for effective, clean, and sustainable
energy sources (like wind and solar) as well as cutting-edge energy conversion and
storage technologies as a result of the rapid growth of the world economy, the deple-
tion of fossil fuels, and rising environmental pollution. Energy storage technologies
are more important in our lives since the sun does not shine at night and the wind
does not blow all the time. Currently, there is a lot of interest in electrical energy
storage technologies including batteries and electrochemical capacitors (super-
capacitors). Recent research has shown that organic oligomeric Schiff bases and
electroactive polymeric (linear or hyperbranched) Schiff bases perform satisfactorily
as negative electrodes (anodes) in sodium-ion batteries [78]. Lithium-ion batter-
ies have also made use of nitrogen-rich carbon nanosheets produced by the Schiff
base reaction in a molten salt solution as anode materials [79]. The linear polymeric
Schiff bases developed by Armand et al. [80] as a consequence of the condensa-
tion of aromatic dialdehydes with aliphatic and aromatic diamines performed well
as anodes for sodium-ion batteries. Polymeric Schiff bases are also produced by
combining terephthalic-aldehyde, phenylenediamine, and polyether amine blocks,
resulting in polymers with high adhesive qualities that can be used as redox-active
binders for sodium-ion anodes. Similarly, Zhang et al. [81] developed another InCOF
(Imine bonds containing covalent organic frameworks) that performed again as an
anode material for lithium-ion batteries derived from 2,4,6-triaminopyrimidine and
terephthalaldehyde.

4.7 Environmental applications

Most firms worldwide need copper, silver, lead cadmium, aluminum and
cobalt. These metals can be present in nearly all dairy products. Their widespread
prevalence in industrial processes, chronic metal contamination from occupational
contact, and health risks associated with these metals necessitate their identification
and control in biological and dietary samples. Metals are used in electroplating, alloy
production, and battery manufacturing. As a result, excessive metal concentrations
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have been discovered in diverse water sources, soil, and plants. Products such as
cigarettes, beers, oils, and supplements necessitate metals monitoring and quality
control [82].

Metal corrosion has a tremendous impact on the national economy and critical
safety and pollution issues. Although many inhibitors have good inhibitory proper-
ties, they are insufficient for environmental protection and sustainable development
initiatives for various reasons (such as difficulty in degradation, toxicity or high-
temperature resistance). Stable, efficient, and ecologically friendly inhibitors are the
inhibitors of the future. Many inhibitors, including imidazolines, Mannich bases, and
Schiff bases, contain heteroatoms (N, S, O) or chemical interactions with electrons
(pbonds). N, O, and S heteroatoms, as well as unsaturated >C=N- bonds, can create
strong and durable corrosion-inhibiting adsorption films on metal surfaces, demon-
strating outstanding inhibitory effects. At the same time, Schiff base compounds are
attractive to researchers due to their inexpensive cost, ease of synthesis and purifica-
tion, strong water solubility, and low toxicity [83].

4.8 Chemo-sensing applications

Schiff base-based fluorescent probes have recently been invented for detecting
and monitoring numerous hazardous analytes in biological systems. Schiff base
compounds with nitrogen-oxygen-rich coordination as a receptor site provide a stable
platform for fluorescence sensing with significant, visible color shifts. Detecting
metal ions with diverse mechanisms in an accurate sample using Schiff base-based
sensors is appealing currently. In the recent decade, Schiff base probes based on
fluorescence live-cell imaging have been used to detect metal ions such as Co2*, Cu2°,
Zn2*, Hg2", Ag", Al3", and ClO™ ions [84-86].

4.9 Bio-sensing applications

Within cells, Schiff base compounds have been used as biosensors for H,0,,
glucose, and Oncomarker CA-125 [87]. Evaluation of the sensitivity and specificity of
the gold Schiff base complex-doped sol gel nano optical sensor for the detection of CA-125
in ovarian cancer patient samples was performed and compared to results obtained
from samples taken from healthy women serving as a control group [88]. Sheta M.
Sheta et al. created an ultrasensitive method of detecting human creatinine using a
cerium(III)-isatin Schiff base complex as an optical sensor [89].

4.10 Biomedical applications

Schiff bases and their metal complexes have numerous applications in various
biomedical pharmaceuticals such as antimicrobial, anti-malarial, anticancer, antivi-
ral, anti-inflammatory, antioxidant, anticonvulsant, anti-anthelmintic, bioprinting,
tissue regenerating, enzyme inhibition and drug delivery. In biological systems, the
azomethine nitrogen of Schiff bases serves as a binding site for metal ions to attach
to diverse biomolecules such as proteins and amino acids for anti-germ activity. Our
bodies’ Schiff bases catalyzed many metabolic events in the form of enzymes that are
active against certain bacteria. Several studies have been conducted to improve the
bio-functions of Schiff bases and their metal complexes. Schiff bases can fight cancer,
fungus, germs, ulcers, and viruses, depending on which transition metal ions they
contain [90-92].
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5. Conclusion

Schiff bases and their metal complexes formed are the essential components
of coordination and bioinorganic chemistry. The food industry, the agrochemical
industry, the dye industry, analytical chemistry, catalysis, energy storage, the envi-
ronmental field, chemo-sensing, bio-sensing, and the biomedical sector are some of
the domains in which these have been used. This chapter discusses the conventional
synthesis and environmentally friendly synthesis, as well as the categorization of
Schiff bases and their metal complexes. Research into its applications in other fields
of interest, such as catalysis, metal ion sensing, and cell imaging, makes its study
relevant and worthy of being pursued.
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Chapter 5

Some Aromatic Schiff Bases
and Their Metal Complexes

Mirjana M. Radanovic and Berta Barta Hollé

Abstract

Schiff bases represent a widely studied group of compounds, interesting from the
synthetic and structural, but also applicational point of view. Among these, aromatic
Schiff bases stand out due to their stability and possible application as safer thera-
peutic agents. Since the presence of the phenolic group and the heteroatom in the
benzene ring seems to be of interest for the biological activity of Schiff bases, imine
derivatives of some dihydroxybenzaldehydes, 2-acetylpyridine, and 2,6-diacetylpyri-
dine are chosen to be described here. The syntheses, structural features, as well as
investigations of possible application of Schiff bases themselves, but also their metal
complexes are described. The Cambridge Structural Database has been searched to
obtain a better knowledge of the structures of these Schiff bases and their metal com-
plexes, structural changes upon coordination, and the most common and interesting
modes of coordination. The main accent is given to those compounds that are prom-
ising candidates for medicinal and pharmaceutical use, but some of the described
complexes are good as catalysts, optical materials, sensors, analytical reagents, etc.

Keywords: dihydroxybenzaldehydes, 2-acetylpyridine, 2,6-diacetylpyridine, imine
derivative, metal complexes, synthesis, crystal structure, CSD search

1. Introduction

Nowadays, one of the greatest imperatives is the synthesis and characterization
of new drugs with enhanced activity and safer application [1]. One of the promis-
ing groups of compounds in this field is undoubtedly Schiff bases and their metal
complexes, due to the ease of synthesis, interesting coordination properties, and
wide range of possible applications [2-4]. Research has shown that aromatic carbonyl
compounds form stable Schiff bases, while those with aliphatic compounds are prone
to polymerization. Also, aromatic derivatives of some therapeutic agents were shown
to be safer to use [5].

Having in mind the bond between biological activity and complexation ability [2],
thorough examinations have been done to explore the possibilities of syntheses of
metal complexes with aromatic Schiff bases, as well as the properties of the obtained
compounds. The overview, synthesis, and comparison of some structural features of
all so far known metal complexes with selected Schiff bases of some dihydroxybenz-
aldehydes, 2-acetylpyridine, and 2,6-diacetylpyridine are presented.
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2. Schiff bases of dihydroxybenzaldehydes

In this part, the significance, structure, and potential application of the Schiff
bases of 2,3-; 2,4-; and 2,5-dihydroxybenzaldehyde (Figure 1) and their metal
complexes will be presented.

Since the knowledge about the structure of compounds leads to better insight into
the mechanism of their activities, thus the prediction of improvements, the search of
Cambridge Structural Database (CSD) [6] about the number and structural features
of these Schiff bases and their metal complexes has been made. The comparative
analysis of structural properties of free Schiff bases and coordinated ones is very
important for their future applications.

Imine derivatives of 2,3-; 2,4-; and 2,5-dihydroxybenyzaldehyde are part of the
larger group of 0-hydroxy Schiff bases. These compounds are interesting from the
structural point of view, due to their ability to form intramolecular H-bonds. Also,
metal complexes with Schiff bases containing phenol group through which the coor-
dination is realized are considered models for important biological reactions, which
mimic catalytic behavior of metalloenzymes [7]. Macrocyclic derivatives of these
Schiff bases are the basis for the investigation of many biological processes, such as
photosynthesis and oxygen metabolism [8].

However, their existence in two different tautomeric forms, that is, phenol-imines
and keto-amines (Figure 2), is one of the crucial factors in the determination of their
photochromic and thermochromic properties [9]. Based on the tautomeric form,
two types of intramolecular H-bonds could be formed: O—H--N in phenol-imines
and N—H--O in keto-amines [9-11]. Another form of Schiff bases is zwitterionic
tautomer, which is rather rare compared with the previously described [12]. This is in
accordance with our findings based on the search of CSD.

Another interesting feature of dihydroxybenzaldehydes is the presence of another
OH-group, which enables the formation of more H-bonds, but also the additional
coordination via another oxygen atom (vide infra).

The CSD search has shown that 75 mono-condensed, 18 bi-condensed, two tri-
condensed, and two tetra-condensed Shiff bases of 2,3-dihydroxybenzaldehyde have
been structurally characterized. The number of structures of the Schiff bases with
2,4-dihydroxybenzaldehyde is similar (79 mono-condensed and 8 bi-condensed),
while the number of imine derivatives of 2,5-dihydroxybenzaldehyde is significantly
lower—27 structures of mono-condensed and only one structure of bi-condensed
Schiff bases. In all of those structures, dihydroxybenzaldehyde fragment is present
in its neutral form. As it is said before, the zwitterionic form is rare—29 structures
of Schiff bases of 2,3-DHBA, but only 9 and 4 structures of Schiff bases of 2,4- and
2,5-DHBA, respectively. However, there is a certain number of structures in which

OH

OH HO. OH OH

CHO CHO HO CHO

(@) (b) ()

Figure 1.
Structural formulas of 2,3- (a), 2,4~ (b), and 2,5-DHBA (c).
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Rz

phenol-imine form keto-amine form zwillerionic form

Ry= amino precursor residue
R, = H or alkyl group

Figure 2.
Tautomerism in o-hydroxy Schiff bases.

two dihydroxybenzaldehyde moieties are present, that isthat is, one in neutral form
and the other one in its monodeprotonated form. In the latter, the migration of
H-atom from hydroxy-group in position 2 to azomethine nitrogen atom takes place
and results in the formation of zwitterion of the Schiff base. This leads to changes in
bond lengths, that is, the shortening of the C—O bond for ca. 0.06-0.07 A, and the
elongation of the C—N bond for ca. 0.02 A.

One of the main areas of possible applications of Schiff bases, in general, is
medicine or pharmacology. From this point of view, the most important characteristic
of Schiff bases and an essential structural requirement for biological activity is their
ability to cleave DNA [13]. The condensation of 2,3-, and 2,4-DHBA with tert-butyl-
amine described in [14] gave two types of compounds. The analysis of the binding
of these two ligands to human serum albumin (HSA) indicates the dominance of the
latter. H-bonds stabilize the albumin-ligand system and have the main role in this type
of binding.

Almost half a century ago, attempts for finding a cure for sickle cell anemia
included the investigation of Schiff bases formed by amino groups of intracellular
hemoglobin with aromatic aldehydes, such as 2,3-DHBA. Hydroxyl group as a sub-
stituent can lead 2,3-DHBA to specific hemoglobin sites, important for oxy-deoxy
equilibrium. In this way, the affinity of sickle cells toward oxygen is increased, thus
can lead to the mitigation of the effects of this disease [15].

The search of CSD revealed 136 structures of complex compounds with Schiff
bases of 2,3-DHBA with 3d-, 4d-, 4f-, and s-metals, as well as uranium and organotin
compounds. In the largest number of these complexes, Schiff bases have the role of
tridentate (33 structures) (Figure 3a) and tetradentate ligand (Figure 4a and b)

(20 structures). Significantly less common are bidentate (9 structures), pentadentate
(2 structures), and hexadentate (2 structures) coordination of a chelating ligand.
Due to the existence of two neighboring hydroxy groups, the coordination modes of
these ligands could be described as versatile. In ca. 50 structures, additional bridging
coordination of oxygen atom of one or both hydroxy groups is found (Figure 3e).
Structures of numerous mixed complexes with these ligands containing 4f-metal
centers are determined. A series of four mixed complexes with palladium and
4f-metals stands out. In these complexes besides the tetradentate ONNO coordination
of the Schiff base, four oxygen donors of the neighboring OH-groups are coordi-
nated to another metal center (Figure 4d). Also, one organometallic compound of
palladium(II) is structurally characterized [16].

Complexes of 2,4-DHBA Schiff bases containing 3d-, 4d-metals, organotin
compounds, lead and uranium are structurally characterized. The most common
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Figure 3.
The most common modes of tridentate (a) and additional bridging coordination (b-e) of Schiff bases of 2,3-
DHBA (R, = OH, R, = R; = H), 2,4-DHBA (R, = OH, R, = R; = H), and 2,5-DHBA (R; = OH, R, = R, = H).

coordination modes are ONX (X = O, N, S) tridentate (43 structures) (Figure 3a)
and ONNO, ONNN, and ONOO tetradentate (42 structures). Unlike those, there
are only 11 and 14 structures with bidentate and hexadentate coordination of these
ligands, respectively. In a certain number of structures, bridging coordination of
these Schiff bases is found, that is, in 8 structures besides the three donor atoms, an
additional coordination bond is realized through some atom of the imine residue
(Figure 3c and d), while in the other 8 structures, the bridging atom is deprotonated
phenolic oxygen from the position 2 (Figure 3b). In the other 8 structures, both of
those bridging coordination modes are proven. Finally, there are 5 structures with
tetradentate and additional bridging coordination of another donor atom, as well
as two structures with bidentate coordinated Schiff base and bridging of an oxygen
atom from position 2 of the 2,4-DHBA moiety.

On the contrary, there are far fewer structures of the complexes with Schiff basses
of 2,5-DHBA—only 12 complexes with 3d-metals and organotin. Nevertheless, the
coordination modes of these ligands are numerous—in two structures bidentate
coordination mode is found, in three structures—tridentate, in four structures—
tetradentate, and in three structures additional bridging coordination of phenolic
oxygen atom and/or another donor atom of imine residue (Figure 3c-e).

Unlike OH-group from position 3 in 2,3-DHBA residue, in Schiff bases of 2,4-
DHBA and 2,5-DHBA additional hydroxy groups (from positions 4 and 5, respec-
tively) do not take part in coordination.

In the silver(I) complex (Ref. code MICVUS) [17] the organic ligand is coordi-
nated in an exotridentate manner to three metal ions (Figure 5). It is interesting
to note that the protonated hydroxy group of 2,4-DHBA residue is involved in
coordination.
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Figure 4.
The most common modes of tetradentate (a-c) and additional bridging coordination (d) of Schiff bases of 2,3-
DHBA (R, = OH, R, = R; = H), 2,4-DHBA (R, = OH, R, = R, = H), and 2,5-DHBA (R, = OH, R, = R, = H).
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Figure 5.
Molecular structure of Ag(I) complex with the Schiff base of 2,4-DHBA.

Dihydroxybenzaldehyde residue does not take part in coordination in two fer-
rocene derivatives (Ref. codes OWUXUB [18] and RUTYIP [19]), as well as in three
Cu(I) complexes (Ref. codes VAHHUL, VAH]JIB, and VAHKIC) [20] and one silicone
complex (Ref. code XOSMOJ) in which the coordination is realized through the
residue of the imine ligand precursor [21].

Besides, in one cadmium(II) complex (Ref. code QEWFUW) [22], the Schiff base
of 2,4-DHBA is present in its neutral form but is not involved in coordination. Also,
in two complexes of potassium and calcium (Ref. codes MAVNEE and MAVNII) [23]
coordination is accomplished via sulfonato oxygen atoms, without the involvement
of a2,4-DHBA fragment. This is a good example of Pearson’s theory of hard and soft
acids and bases.

Schiff bases of 2,3-DHBA and their metal complexes showed to be important in
the area of supramolecular chemistry, as precursors for obtaining octanuclear cluster
compounds of zinc(II) [24], and some of them show significant photoluminescence
[25]. Bidentate Schiff base of 2,3-DHBA and alkylamines is reported to be a good
chelating ligand with significant selectivity and sensitivity for Co(II), Cu(II), and
Fe(II) ions [26]. The asymmetric Schiff base obtained by condensation of allylamine
has good antimicrobe activity, even better than its complex with Mo(VI) [27].

Octahedral complexes of chromium(III) with Schiff bases of metformin and 2,3-
DHBA, 2,4-DHBA, 2,5-DHBA, and 3,4-DHBA are obtained by template reactions. For
the complex with 2,4-DHBA Schiff base, [CrLCI(H,0),]-3H,O0, the research revealed
the potential effect in lowering blood glucose levels [28].

A structurally interesting compound is the complex of zinc(II) with the Schiff
base of 2,3-DHBA and aminoguanidine, of the formula [Zn,L(CH;C0O0);],+2MeCN
(Figure 6). The asymmetric unit consists of the dianion of the chelating ligand,
which is in an ONN tridentate manner coordinated to one metal center, and in a
monodentate manner (via the oxygen atom of the deprotonated hydroxy group from
position 3) to another zinc(II) ion, two acetate ions that have a bridging role, and one
solvent molecule [29].

The research has shown that the tridentate Schiff base of 2,4-DHBA and amino-
guanidine expresses antioxidative and antiglycation effects, similar to the Schiff base
of pyridoxal and aminoguanidine. However, the Schiff base with 2,4-DHBA had a
better in vivo antithrombic effect and thus could be useful in the treatment of diabetic
complications [30]. One square-planar complex of copper(II) with this Schiff base
has been synthesized and structurally characterized (Figure 7). In this complex, the
chelating ligand is coordinated through the oxygen atom of the deprotonated hydroxy
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Figure 6.
Molecular structure of [Zn,L(CH;COOQ),],-2MeCN.

Figure7.
Molecular structure of the complex [Cu(L-H)Cl]-nH,O (n = 4) (water molecules are not shown,).

group from position 2, the nitrogen atom of the azomethine group, and the nitrogen
atom of the imine group of the aminoguanidine fragment [31].

3. Schiff bases of 2-acetylpyridine
3.1 Significance and application

Schiff bases containing N donors and their metal complexes showed to be
promising candidates for fighting against drug resistance, which many microorgan-
isms have developed toward the drugs used [32, 33]. One of the good precursors for
the synthesis of potentially biologically active imine derivatives is 2-acetylpyridine.
Besides the potential for medicinal application, Schiff bases of this ketone have a
wide range of other uses, such as fluorescent and luminescent probes [34, 35], optical
sensors for determination of cadmium (II) in natural water and art-paint samples
[36], effective catalysts [37], etc. The research has shown that imine derivatives
of 2-acetylpyridine and their metal complexes express substantial in vitro activity
against various human tumor lines [38, 39] and significant cytotoxicity against some
solid tumors and leukemia cells [40].

Some cobalt(III) complexes with cytotoxic 2-acetylpyridine-derived hydrazones
can release the bioactive ligand upon reduction. Also, these complexes interacted with
HSA, indicating that they could be transported by this protein [40].
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Complexation of N(4)-tolyl-2-acetylpyridine-derived thiosemicarbazones to
gold(III), platinum(II), and platinum(IV) enhanced cytotoxic activity of the Schiff
base [41]. Research also showed that bismuth(III), antimony(III), gallium(III),
palladium(II), platinum(II), and tin(IV) complexes with 2-acetylpyridine-N(4)-
ortho-chlorophenylthiosemicarbazone express cytotoxic activity to some solid tumor
cells and that gallium(III), bismuth(III) and rhenium(I) complexes with 2-acetyl-
pyridine- and 2-benzoylpyridine-derived hydrazones express cytotoxic effects against
solid tumor and leukemia cells [42].

Recently, some lanthanide(III) complexes with 2-acetylpyridine derivatives were
suggested to have great potential in biomedical application, due to their ability to
inhibit proliferation and induce apoptosis in human lung and gastric cancer cell lines,
thus good antitumor activities [43].

Due to the possible biologic activity of Schiff bases of amino acids and their
metal complexes, it is not surprising that they represent a very interesting field of
investigation [44]. Some copper(II) complexes with Schiff base of 2-acetylpyridine
and leucine showed significant analgesic and antirheumatic effects, while the Schiff
base with L-tryptophan forms 3D coordination polymers with copper (II), zinc(II),
and cadmium(II) that express antitumor activity toward breast cancer cells [45].
Interestingly, the most promising of those is the cadmium complex, which showed the
highest antiproliferative activity and potential to inhibit proteasomal chymotrypsin-
like activity and induce apoptosis of human breast cancer cell lines.

In [2] some 3d-metal complexes are described as potential antibacterial drugs that
could be used to control some Gram+ bacteria nosocomial infections in the hospital.
Another series of 3d-metal complexes of Schiff base of 2-acetylpyridine and 4,4-oxy-
dianniline express not only antibacterial but also anticorrosion behavior [46].

Some 2-acetylpyridine derivatives and their gallium(III) complexes were proposed
to be good antitumor drug candidates to treat brain tumors [47].

The most recent research [48] describes synthesis and structure of dinuclear
silver(I) complex with selective anticancer activity. This compound inhibits the
growth of cancer cells, while it does not make adverse effects on normal cells.

Since the biological activity is in the narrow bond with the structure of the
compounds, some biologically active and, at the same time, structurally interesting
complexes will be described in the following section.

3.2 Coordination behavior

The survey of CSD revealed 132 structures of free Schiff bases of 2-acetylpyridine.
Most of these compounds are neutral, and only the sixth part of the total number
has protonated pyridine nitrogen atom, thus exists in the form of salts or zwit-
terionic form. The number of complexes with 2-acetylpyridine imine derivatives is
significantly larger, that is, almost 1400 structures. Analysis of these data leads to the
conclusion that the denticity of those compounds varies from monodentate to hep-
tadentate ligands. There are examples of structures in which pyridine or azomethine
nitrogen atoms do not take part in coordination. However, monodentate mode always
includes coordination of donor atom of amine precursor residue, usually sulfur.

It is interesting to mention that there are complexes in which two moieties of the
Schiff base are coordinated differently. For example, in Pt(II) complex with 2-acetyl-
pyridine-4 N-ethyl thiosemicarbazone (Figure 8, Ref. code ESAZIH) one ligand
moiety is coordinated as NNS tridentate, while the other one achieves coordination
via sulfur atom of thiosemicarbazide residue [49]. In this complex, the tridentate
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Figure 8.
Molecular structure of Pt(II) complex with 2-acetylpyridine-4N-ethyl thiosemicarbazone.

ligand shows a Z, E, Z configuration about the C1—C6, C6—N2, and N3—C8 bonds
for the two nitrogen and one sulfur donor atoms, while the monodentate ligand shows
an E, E, Z configuration for the same atoms.

The described mode of coordination could be governed by many factors, such as
rigid ligands, preferences of the metal toward the sulfur as softer base over nitrogen,
stability of the tricyclic ring system, as well as preferences of Pt(II) to be in square-
planar environments [49]. This complex is synthesized as a part of a series of Pt(II)
and Pd(II) complexes, which showed to be promising candidates to overcome cis-
platin resistance. The same coordination modes, as well as the same configuration of
ligands, were found in other two Pd(II) complexes (Ref. codes MUSVOL, TEWZOK)
with imine derivatives of 2-acetylpyridine, one of which was investigated as an
antitumor agent [50]. The other example consists of two structures of Ag(I) (Ref.
codes LAPCIR and YIMCAZ) and one structure of Cu(II) (Ref. code NEMCIR) in
which one Schiff base moiety has the role of bidentate, while the other one acts asa
tridentate ligand [51-53].

In two complexes — one complex of Cu(II) (Ref. code BABFET) and one of In(III)
(Ref. code NAQFEQ) one Schiff base ligand is coordinated, while the other one hasa
role of counterion, with protonated pyridine nitrogen atom [54, 55].

Besides, there are four complexes in which Schiff base has exclusively the role of
the counter ion—one complex of thorium(IV) (Ref. code BEQVAU) [56] and one
complex of uranium(VI) (Ref. code MOYRIB) [57] with nitrates as ligands, and one
complex of zinc(II) (Ref. code QELKOK) and one complex of cadmium(II) (Ref.
code QELLAX) with chlorides as ligands [58]. Here, the synthetic routes should be
mentioned, that is, in the presence of the deprotonating agent the coordination of the
Schiff base will take place, whereas in the absence of an agent for deprotonation the
Schiff base will be present in its protonated form and have a role of a counterion.

Recently, a series of copper(II) complexes with 2-acetylpyridine-aminoguanidine
have been synthesized and structurally characterized and their interactions with the
chemotherapeutical drug, cisplatin, were investigated [1, 59].

3.3 2-acetylpyridine-aminoguanidine as ligand

Synthesis of the titled Schiff base was described back in 1999 [60]. The reaction
of aminoguanidine hydrogen carbonate and 2-acetylpyridine in acidic medium was
refluxed to give microcrystals of the Schiff base. Recently, due to slight modification
of the synthetic procedure, the chloride and sulfate salts (Figure 9) of this ligand
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were obtained in the form of white prismatic single crystals [59]. Besides, the thiocya-
nate ligand salt was obtained by the reaction of chloride ligand salt with ammonium-
thiocyanate [61]. In this double-protonated form of the Schiff base, both pyridine and
imino nitrogen atoms of the aminoguanidine residue are protonated. These results
enabled detailed structural comparison of the free ligand in its cationic form (Figure 9)
and its coordinated forms.

Investigation of the coordination behavior of 2-acetylpyridine-aminoguanidine
revealed that, due to the pronounced alkalinity of aminoguanidine residue nitrogen
atoms, spontaneous deprotonation of the ligand is unlikely, thus the role of Schiff
base in the formed complexes (ligand or counterion) should be defined by the pres-
ence (or the absence) of deprotonating agents. In the reaction of ZnCl, or CdCl,
with chloride ligand salt, in the presence of LiOAc complexes of the formula
[M(L)ClL,]#H,0 (n = 0, 1) are formed, while the same reactants in the absence of
LiOAc give complexes in which coordination of Schiff base did not take place, thus it
is double protonated and has a role of counterion (Figure 10) [58].

Upon coordination, the Schiff base retains a high degree of planarity and the
same E-configuration at C2—N3 bond as observed for the protonated ligand.
Deprotonation of the AG residue leads to shortening of the C1—N1 bond and elon-
gation of the C1—N2 bond, while coordination of the ligand causes changes of the
angles in aminoguanidine residue which bring N1 and N5 donors closer.

S N N
. |l
/ I:‘IH EHZ

Figure 9.
Structural formula of the cation of 2-acetylpyridine-aminoguanidine.

Figure 10.
Molecular structures of the complexes [Zn(L)CL,]-H,0 (a), [Cd(L)CL,] (b), [H,L][ZnCl,]-H,O (c), and [H,L],
[Cd,Cly(H,0),] (d).
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So far, with this ligand, five copper(II) complexes [59], three complexes of
zinc(II) and cadmium(II) each [58, 61, 62], two complexes of iron(III) [63, 64], and
one complex of cobalt(IIl) [63] were synthesized and structurally characterized.

In most of these complexes, Schiff base is coordinated in its neutral form, in
the NNN tridentate manner, via pyridine, azomethine, and the nitrogen atom of the
aminoguanidine residue. Monodeprotonated form of this ligand is realized by the
deprotonation of the hydrazine nitrogen atom, and this form is achieved only in two
iron(IIT) complexes.

In four complexes Schiff base is fully protonated and acts as a counterion, while
there is only one complex in which monocation of the Schiff base is coordinated in a
bidentate manner, while another cation of the Schiff base is neutralizing the charge
of the complex anion. This is an interesting structure as the Cd(II) is situated in
distorted octahedral environments, with two axial sites occupied by NCS™ ions, two
equatorial sites occupied by bidentate coordinated organic ligand, and the remaining
two equatorial sites (X, and Y) occupied by CI"/Br™ and Br"/SCN" ions, respectively.
This means that the crystal structure contains four different anions: [Cd(HL)
(NCS),Br(SCN)]" (ca. 61%), [CA(HL) (NCS),CI(SCN)]" (ca. 35%), [Cd(HL)
(NCS),Br,]™ (ca. 3%), and [Cd(HL) (NCS),CIBr] ~ (ca. 1%).

4. Schiff bases of 2,6-diacetylpyridine

In this part, we will present the most common and interesting coordination modes,
structural properties, and arrangement of Schiff bases of 2,6-diacetylpyridine (DAP)
in their coordination complexes. The disubstituted pyridines show different proper-
ties, such as antimicrobial [65], anti-inflammatory, antitumor, analgetic [66], etc.
activities. Some pyridine derivatives were used to prepare sensor membranes [67, 68],
catalysts [69, 70], and ionophores for metal ion catching. Between them, a very impor-
tant class is the 2,6-disubstituted pyridines, which are generally prepared by deriving
DAP. The development of the one-pot-synthesis of DAP contributes to increase of
its significance as a precursor for further syntheses [71]. Symmetrical disubstituted
derivatives of DAP were obtained with different potential applicability, but mostly
with significant biological activity [72]. The very important classes of DAPs are their
thiosemicarbazones, hydrazones, and macrocyclic derivatives with promising biologi-
cal activities. From the structural point of view, the symmetrically substituted DAPs
can act as tri-, tetra-, or pentadentate ligands. On the other hand, the asymmetrical
DAP derivatives characterize a smaller number of coordinative bonds (Figure 11). Both
symmetrical and asymmetrical DAPs may coordinate as bridging or chelating ligands.

Figure 11.
Molecular structure of [HL][Cd(HL)(NCS),XY]-H,O, X = ClI"/Br” (teal ball), andY = Br"/SCN~ (green ball).
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Figure 12.
Coordination modes of hydrazone-type Schiff bases of DAP - pentadentate (a), tetradentate (b and c), symmetric
tridentate (d) and asymmetric tridentate (e).

The first is more characteristic for asymmetrical, while the last one is for symmetrical
DAPs. The most common coordination modes of symmetric DAP-type Schiff bases
are presented in Figure 12. Since DAP thiosemicarbazones are the focus of numerous
studies [73-76], they would be described in the first subclass of DAPs.
Thiosemicarbazide (TSC) is known as a chemical precursor/intermediate during
syntheses, reagent for ketones, and detection of certain metals [77-79]. Based on
literature data, it was used in photography and as a rodenticide, herbicide, etc. [80].
The thiosemicarbazones of DAP (DAP-TSCs) may be synthesized easily by direct
method or in the presence of a metal template. Numerous examples of DAP-TSCs with
d-metals are given in the papers [76, 81-84]. In [76] a dimeric compound is presented.
The ligand is a common DAP-TSC without additional substituents, formed from
DAP and two TSCs in the presence of LaCl;. In the dimeric complex, described in
[76], DAP-TSC forms five coplanar coordinative bonds with zinc(II). Two additional
axial coordination bonds are also determined with bromide or hydroxide, and with
the sulfur of the nearby complex unit. The sulfur atom from one TSC fragment from
each DAP-TSC ligand coordinates to both metal centers of the dimer forming a bridge
between them. The central atoms and the sulfur bridges are in the same plane, which
is not completely normal (85.61°) for the plane of the DAP-TSC ligand [76]. In another
paper a complex of Pt(II) with 2,6-diacetylpyridine bis(*N- tolylthiosemicarbazone)
(DAP-TTSC) is described [81]. Before the complexation reaction, DAP-TTSC was
prepared by direct synthesis. In the coordination compound, the Pt(II) is placed
in the center of a square planar coordination polyhedron. The ligand’s donor atoms
are the hydrazine N, the pyridine, and the azomethine N atoms. The fourth position
in the square planar arrangement is occupied by the S atom of the TTSC arm. The
free ligand is symmetric as can be expected. During the reaction with K,PtCL, one
of the two tolyl rings is reduced and became cyclohexyl [81]. In the continuation of
this study, Pt(II) Pd(II) compounds with 2,6-diacetylpyridine bis (4N-tolylthiosemi-
carbazones) were characterized and tested against several cancer cell lines [84]. The
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metal ions, Pt(II) and Pd(II) in these compounds are in a square-planar environment
and the p-tolyl substituted DAP-TTSC ligand coordinates to them asymmetrically.
Namely, besides the pyridine N atom, donor atoms are the azomethine N and the S
atom from the same TTSC arm. The other TSC arm coordinates to the metal center
only through the azomethine N atom. This way of coordination results in thiol forma-
tion on the second TTSC arm. The DAP-TSC type ligands usually coordinate through
pyridine and azomethine N atoms [65, 76, 85-89]. The coordination through hydra-
zine N is less common but also found, mostly in asymmetric complex compounds

[81, 82, 84]. Due to the generally good biological activity of thiosemicarbazones,
several papers address syntheses, spectral, and magnetic characterization, and tests
of biological activity. Usually, antimicrobial, antifungal, or antiproliferative activ-

ity is tested on different cell lines. Such an example is [90] in which the procedure

of synthesis of 2,6-diacetylpyridine bis(thiocarbohydrazone), 4-amino substituted
thiocarbazone, and its reaction with Mn(II), Co(II) and Cu(II) nitrates, and acetates
is described. The compounds were characterized by spectroscopic techniques [90].

It is supposed that the described compounds coordinate in a pentadentate manner
and gives a positively charged complex unit. The antifungal and antibacterial tests
have proved that the complex compounds are more active than the free ligand but less
active than the reference substances against fungi and bacteria. Between them, the
highest antifungal and antibacterial impact were shown by Cu(II) compounds.

The slightly modified thiosemicarbazides with DAP give symmetric
bis(thiosemicarbazone) 2,6-diacetylpyridines under mild conditions, as described
in [91]. They synthesized three monoligand coordination complexes of indium (III)
with pentadentate DAP-TSCs and one binuclear compound. The ligands were
prepared by direct synthesis from mixtures of DAP and thiosemicarbazide (TSC);
4-methyl-3-thiosemicarbazide (MTSC); 4,4-dimethyl-3-thiosemicarbazide (DTSC);
and 4-phenyl-3-thiosemicarbazide (PTSC). The first three thiosemicarbazone-type
ligands coordinate as pentadentate with the SNNNS donor set. The coordination is
realized through the S atom of thiosemicarbazide fragments, the azomethine N, and
the N atom from the pyridine ring. The ligands even during coordination kept their
planar structure and the In(III) ion in the obtained coordination complexes with
DAP-TSC, DAP-MTSC, and DAP-DTSC is placed in the center of a pentagonal bipy-
ramidal coordination polyhedron. The equatorial plane is occupied by the DAP-TSC
moiety, while the axial positions are saturated by chlorides from the starting InCls.
Differently, the DAP-PTSC coordinates as a hexadentate. Namely, it is bonded as a
pentadentate to the central In(III) ion like in the previous compounds, but a sulfur
atom of one of the two thiosemicarbazone moieties from the ligand coordinates to the
neighbor indium(III) ion, too, and vice versa. This In-S-In-S plane is analog to Zn-S-
Zn-S moiety presented in [76]. The DAP moiety of the ligand occupies the equatorial
plane of the pentagonal bipyramidal coordination polyhedron. However, this plane is
more distorted than in the monomeric complexes. The bridging S atom occupies one
of the two axial positions of the next In(III) and only one axially bonded chloride is
involved in the complex formation (Figure 13).

The bridging sulfur atoms with the In(III) ions define a plane that is almost
normal to the equatorial planes of the compound. The angle between the two planes
is 85.50°. The lipophilic character of the thiosemicarbazone fragments of the ligand
determines its anticancer activity. Compounds with higher lipophilicity are more
active (more toxic) against cancer cells [91]. Despite the voluminous 4-phenyl
substituted thiosemicarbazides and dimeric structure of its complex (Figure 13),
the most lipophilic compound is the complex of DAP-DTSC. Another group of
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Figure 13.
The structure of the dimeric complex with the In-S-In-S plane.

authors describes a structurally very intriguing Bi(III) compound with promising
anticancer and antimicrobial properties [87]. For ligand preparation besides DAP,
*N-methylthiosemicarbazide was used and 2,6-diacetylpyridine bis(4-methylthios-
emicarbazone) (DAP-MTSC) was obtained. This ligand reacts with Bi(NO;); under
reflux for 1 h. The result of the reaction is a nine-coordinated Bi(III) compound.

The DAP-MTSC ligand coordinates similarly to the complexes of indium (III) [91]

in a pentadentate manner through its N3S, donor set. The relatively rigid ligand has a
distorted planar geometry after the coordination to Bi(III). The planarity is disturbed
by the repulsion between the two sulfur atoms, which are placed slightly above and
below the ligands plane. The probably most interesting detail in this structure is the
bidentate coordination of two nitrates. Despite the weak coordination ability, in this
complex two nitrates give in summary four Bi—O coordination bonds. The Bi—N
and Bi—S bonds are not equal in length as was expected. Due to the different bond
lengths, the coordination polyhedron around Bi(III) is distorted with the largest
distance between the two S donor atoms. The thiosemicarbazone-type ligand coordi-
nates through azomethine-, and pyridine N atoms as well as by sulfur atoms.

Due to the physiological significance and promising anticancer activity of Zn
compounds and the significant biological activity of thiosemicarbazone-type Schiff
bases, a series of Zn complexes with thiosemicarbazone-type ligands is synthesized
to get a more potent multi-targeted anticancer drug [92]. The synthesis, structure,
and mechanism of the anticancer effect of five Zn complexes with thiosemicarba-
zone moieties substituted differently in the *N position are given. Only one of the
presented five complexes is monomeric with the 2,6-diacetylpyridine bis(4-phenyl-
thiosemicarbazone) (DAP-PTSC) ligand. In this compound, the Schiff base ligand is
coordinated as a pentadentate in a monodeprotonated form. The sixth coordination
position is occupied by chloride. For Zn(II) ions the tetrahedral coordination geom-
etry is the most favorable, but an octahedral arrangement is also acceptable. Since
the ligand is pentadentate and relatively rigid, it cannot give a regular coordination
polyhedron. Therefore, the compound presented in [92] is very distorted and fits nei-
ther in a tetragonal bipyramid (octahedron) nor in a pentagonal pyramid. The other
four compounds with DAP-TSC type ligands prepared from thiosemicarbazide (TSC),
N,N-diethylthiosemicarbazide (ETSC), N-methylthiosemicarbazide (MTSC), and
N-tert(butyl)thiosemicarbazide (BTSC), are dimeric. In all complexes, one of the two
thiosemicarbazone moieties of the ligand molecule is coordinated to one Zn(II), while
the other moiety is coordinated to the other Zn(II) and vice versa. In the compound
with DAP-TSC pyridine N atoms from both ligands are coordinated to the same Zn(II)
ion, so that is hexacoordinated. To the other Zn(II) center only the TSC fragmentsin a
tetrahedral arrangement are coordinated. The compound of DAP-ETSC is symmetri-
cal and both Zn(II) centers are in a distorted trigonal bipyramidal environment with
a coordinated NNS donor set from one of the DAP-ETSC ligands and an NS set from
another one. The same coordination characteristics are observed in the case of the

84



Some Aromatic Schiff Bases and Their Metal Complexes
DOI: http://dx.doi.org/10.5772/intechopen.107405

DAP-BTSC complex. DAP-MTSC ligand with Zn(II) gives two different molecules per
asymmetric unit. Namely, in one of these two molecules both Zn(II) are in the same
distorted trigonal bipyramidal environment with NNS and NS donor sets from the
two ligand molecules. In the other dimeric unit, one of the zinc(II) ions is coordinated
in a distorted octahedral manner. To this metal center, N atoms of both ligands are
bonded. The other Zn center is surrounded by tetrahedrally arranged NS donors of
the ligand molecules. However, the focus of the paper [92] is on the mechanism of its
anticancer activity, but the examined compounds are interesting from a structural
aspect also. An explicit relationship between structure and anticancer activity is also
found. The dimeric complexes with two Zn centers per complex molecule are more
active against tumor cells than the monomeric compound. Another example of thi-
osemicarbazone type Schiff base is given in the paper [74]. This compound expresses
good antioxidant activity, and additionally, easily reacts with transition metal ions,
such as Ni(II) and Cu(II). The spectral studies have shown that both Cu(II) and
Ni(II) are in an octahedral environment. From these data it may be concluded that the
Schiff base ligand is coordinated as a tetradentate and in the axial positions are the
chlorides from the starting metal salts. The complexes unfortunately show only minor
antioxidant activity.

In addition, some compounds with S-substituted thiosemicarbazones are also
published. Due to good coordination abilities and tunable biological activity, the
S-methylisothiosemicarbazides (ITSC) have been a longer in focus of coordination
chemistry studies. They can easily condense with carbonyl groups and give Schiff
bases. Such a condensate is 2,6-diacetylpyridine bis(S-methylisothiosemicarbazone)
(DAP-ITSC). With this ligand syntheses and physicochemical characterization of
Mn(II), Co(II), Ni(II), and Zn(II) compounds are described [93]. The composition
and most probable coordination of the ligand is supposed. Based on elemental analy-
sis, conductometric data, and IR spectra one can conclude that the metal templated
synthesis of the ligand was successful and resulted in complex formation. The IR
spectra of Mn(II), Co(II), and Zn(II) complexes suggest the pentadentate coordina-
tion of the ligand through the 5N donor set. The two axial positions are most probably
occupied by iodide and/or methanol and the final geometry is pentagonal bipyrami-
dal. Differently, the collected data suggest that the Ni(II) complexes are cationic with
pentadentate DAP-ITSC ligand, which is arranged in a helical trigonal bipyramidal
geometry around Ni(II) ion. Neither the I" nor the NCS™ ion is coordinated to Ni(II).
These anions are counter ions in the outer coordination sphere. In the paper [94], a
Ni(II) compound with the previous ligand is described. In the presented complex the
DAP-ITSC ligand coordinates asymmetrically through the pyridine N; amino N and
azomethine N from one ITSC arm, and hydrazine N atom from the other ITSC arm
(Figure 12c). In this way, 4 N tetradentate coordination is achieved. Besides, an iodide
is coordinated to Ni(II) in the apical position. The S-methyl substituents disturb the
planarity of DAP-ITSC and the overall geometry of the compound is distorted square-
pyramidal. An analogous compound with pyridine-2,6-dicarbaldehide and ITSC was
synthesized and described in [95]. The dicarbaladehide-type ligand coordinates like
the analog DAP derivative. One of the ITSC arms is deprotonated and coordinated
as a bidentate to Ni(II), while the amino group of the other one is protonated and
this one is coordinated as a monodentate. Together with the pyridine N, the ligand is
coordinated by the 4 N donor set. By comparing the planarity of the same ligand in
two complexes with Ni(II) [94] and Fe(III) [96] it is clear that the same DAP-ITSC
ligand with different metal ions and in the presence of different anions is arranged
differently in the coordination polyhedron.

85



Schiff Base in Organic, Inorganic and Physical Chemistry

Besides the thiosemicarbazones of 2,6-diacetylpyridine different carbazones
and hydrazones of DAP are also significant in structural and antimicrobial aspects.
Hydrazones are usually obtained by condensation of different hydrazines with DAP.
The condensation reaction is relatively simple and can be carried out easily. By the
procedure described in [97], three 2,6-diacetylpyridine bis(benzoylhydrazones)
(DAP-BH) with R = H, Cl, and NO, substituents in the para position on the ring of
the benzoyl moiety were prepared [98]. The authors have found that coordination
complexes of such DAP-BH Schiff bases with Sb(III) and Bi(III) show activity against
selected bacteria and tumor cell lines. The bismuth(III) compounds are more potent
antibacterial and anticancer agents than the Sb(III) analogs. The DAP-BH type
ligand coordinates symmetrical as a pentadentate through its ONNNO donor set. The
[2,6-diacetylpyridine bis(p-chlorbenzoylhydrazone)]chlorido-antimony(III) has a
distorted pentagonal pyramidal structure. Interestingly the otherwise planar DAP-BH
in the basal plane of this complex bends toward the chloride apex of the pyramid,
like an umbrella. The authors explained it with the lone electron pair of Sb(III) [98].
The Bi(III) complex beside the DAP-BH ligand and chloride contains a coordinated
dimethyl sulfoxide (DMSO) in the other apex of the pentagonal bipyramid. The
coordination geometry of this compound is also distorted like that in Sb(III) complex.
Compounds of Ag(I) with the previous DAP-BHs, which express promising antifun-
gal activity, were prepared and investigated also [99]. The pentadentate DAP-BH type
Schiff bases can coordinate with lanthanides, such as Gd(III), Tb(III), Dy(III), and
Er(III), too, and give stable single molecule- and single chain magnets [100-102],
which keep their magnetism even after removal of the external magnetic field. The
cobalt(II) compounds of 2,6-diacetylpyridine bis(4-hydroxybenzoylhydrazone)
have an analogous structure to the previous DAP-BH complexes. It is coordinated as
a planar pentadentate ligand. In the reference [103], the structure of a [Co(DAP-BH)
(NSC),] is presented together with significant DNA binding and cleavage activity.
The condensation of DAP with benzoyl or isonicotinoyl hydrazides can be carried
out by direct synthesis. The condensation and hydrazone formation is also successful
in the presence of Ni(II) ion. This metal-templated reaction gives positively charged
complex ions [104]. These hydrazones depending on the extent of deprotonation
can form mononuclear complexes in which they act as tri-, tetra-, or pentadentate
ligands. They also can be at the same time chelating and bridging ligands that form
binuclear dimeric coordination compounds [104]. The nicotinoyl- and isonicotinoyl
hydrazone (DAP-NH and DAP-INH) analogs of previous benzoylhydrazone type
Schiff bases are presented in [105]. The coordination of DAP-INH is analogous to
the previous hydrazone type ligand with the ONNNO donor set. The apices of the
coordination polyhedron are occupied by ethyl groups. This coordination complex is
cationic with a 2+ charge. The anions necessary for electroneutrality are chlorides and
a diethyltrichloridostanate(II) ion. Recently 2D coordination polymers were prepared
from the same DAP-NH and DAP-INH ligands and Mn(II). The final composition
as well as the discrete or polymeric structure of the compounds depends on reaction
conditions [106]. By template synthesis in the presence of KNCS both MnCl, and
Mn(NOs),, give discrete coordination complexes. Differently, by direct solvothermal
synthesis 2D polymers were obtained. In these polymeric chains, the DAP-NH and
DAP-INH ligands are coordinated pentadentately as previously (in one plane), and
the N atoms of the neighbor nicotinoyl/isonicotinoyl moieties coordinate to Mn(II)
below and above the DAP-NH/DAP-INH plane, apically. By solvothermal method
of synthesis, homo- and heterometallic coordination polymers with DAP-NH Schiff
base were obtained and described [107]. The 2D coordination polymers presented in
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Figure 14.
Coordination modes of DAP-NH Schiff base in a 2D coordination polymer.

Ref. [107] due to the free space in their crystal lattices may adsorb solvent molecules
and accommodate them until relatively high temperatures. In these polymers, the
DAP-NH ligand is coordinated as a pentadentate for one metal center and at the same
time is coordinated through one or both of its nicotinoic N atoms to the neighbor
metal ion/ions. The pentadentate DAP-hydrazone moiety gives the equatorial plane
of the pentagonal bipyramid coordination polyhedron around the metal center. The
nicotinoyl rings coordinate in the apical positions of the neighbor metal ions, forming
chains in such a way (Figure 14).

A characteristic hydrazide that easily can react with DAP is trimethylammo-
nium acetohydrazide, known as Girard’s T reagent. The preparation procedure of
2,6-diacetylpyridine bis(trimehylammoniumacetohydrazone) (DAP-GT) at first was
published in a study by Main and Fritz [108]. Later this procedure was improved,
and the same Schiff base somewhat easier and faster was got [109]. The structure of
the coordination complex of DAP-GT with Mn(II) is pentagonal bipyramidal as the
other 2,6-diacetylpyridine bis(hydrazones) with ONNNO donor set in the equato-
rial plane and the N ends of thiocyanates coordinated in axial positions. Beside
Mn(II), with the same ligands were prepared coordination complexes of Co(II),
Ni(II) [88], Zn(II), Cd(II) [110], and Fe(III) [111]. A group of 2,6-diacetylpyridine
bis(benzenesulfonohydrazones) (DAP-BS) was synthesized by reflux of acidic
reaction mixtures of DAP with benzenesulfonohydrazide (BS), 4-methylbenzenesul-
fonohydrazide (MBS), and 4- methoxybenzenesulfonohydrazide (OBS) [112]. The
Cu(II) complexes of the DAP-BSs show significant inhibition of Methicillin-resistant
strains of Staphylococcus aureus. From the prepared Schiff bases and copper(II)
complexes, only one coordination complex was precipitated as a single crystal, with
2,6-diacetylpyridine bis(4-methoxybenzenesulfonohydrazone) (DAP-OBS). In this
compound, the Schiff base ligand is coordinated as a tetradentate with an NNNO
donor set (Figure 12c). Besides the pyridine and two azomethine N atoms, an O from
one sulfonyl group is the fourth coordinating atom. Additionally, one pyridine is also
coordinated and a distorted tetragonal pyramidal geometry is formed around Cu(II).
Because of the geometry of sulfonyl groups, the benzene rings are displaced from the
basal plane of the coordination polyhedron. Interestingly, the apical pyridine ligand
and the ring of the coordinated benzenesulfonyl moiety are oriented similarly, very
close to being parallel. In another paper of the same group, the molecular structure
of unsubstituted DAP-BS and its Zn complex is determined [113]. In the Zn(II)
compound, the Schiff base ligand is coordinated as a pentadentate through pyridine
and two azomethine N atoms and oxygens from both benzenesulfonyl groups.
Additionally, two DMSO molecules are coordinated to Zn(II) apically. The ligands
together form a pentagonal bipyramidal surrounding of Zn(II). Recently the crystal
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structure of 2,6-diacetylpyridine bis(phenylhydrazone) (DAP-PH) and its mixed-
valence copper complex is published [114]. In the described compound two DAP-PH
Schiff bases coordinate to Cu(II) and give a bis(ligand) complex cation. DAP-PH
coordinates as a tridentate with the NNN donor set. The counter ion consists of two
Cu(I) bridged by two bromides and with a terminal bromide bonded to each Cu(I).

An interesting group of DAP hydrazones is prepared from biologically active
compounds. Copper(II) complex of condensed 2,3-diamino-1,4-naphthoquinone
with DAP shows inhibition of S. aureus comparable with inhibition of penicillin [115].
With glucosamine and ethanolamine, DAP also may give adducts. The reaction is
Fe(III)-templated [116]. The authors give data about the antibacterial and radical
scavenging activity of the compounds. The crystal structures of transition metal com-
plexes with the antihypertensive phtalazine-1-hydrazones, also known as hydralazine
(HZ) were published in [117-119]. It was found that the Schiff base 2,6-diacetylpyri-
dine bis(phtalazine-1-hydrazone) (DAP-HZ) is a good ligand for the formation of
binuclear complexes [117]. Nickel(II) gives a binuclear compound with DAP-HZ in
which the Schiff base DAP-HZ acts as a hexadentate bridging ligand. Namely, one
of the arms of DAP-HZ coordinates through pyridine N, azomethine N, and N atom
from the hydralazine moiety to the first Ni(II) center, while the other arm through the
analogous atoms to the second Ni(II) center. The pyridine N atom is coordinated with
both Ni(II) ions. The other DAP-HZ coordinates with these two Ni(II) in the same
way and forms a binuclear coordination compound with octahedral coordination
geometry around both nuclei (Figure 15).

About 20 years later the structures, detailed characterization, and antimicrobial
activity of mononuclear transition metal (Co(III), Ni(II), and Cu(II)) complexes of
DAP-HZ were described in Ref. [119]. In the discussed compounds DAP-HZ acts as
a monodeprotonated tetradentate ligand with a 4 N donor set. It gives the equatorial
or basal plane of the complexes. One of the hydralazine moieties is not coordinated
and bends out of the plane of the rest of the molecule. The electroneutrality of the
compounds is achieved with chlorides. Accordingly, Co(III) are bonded two chlo-
rides in the axial positions, and an octahedral complex is formed. The square planar
geometry, characteristic of Ni(II), is realized by coordination only of DAP-HZ.

Since the Schiff base is 1- charged, the other necessary negative charge ensured the
chloride as a counter ion. The Cu(II) is in a tetragonal pyramidal environment with
the chloride coordinated to the Cu(II) center in the apical position. In the reaction
with Zn(II), DAP-HZ is additionally deprotonated and as a bianionic ligand gives a
neutral complex. The influence of these compounds and some other aromatic Schiff

Figure 15.
Coordination mode of DAP-HZ in the binuclear Ni(II) compound.
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bases on the anticancer activity of cisplatin is described in [1]. Another biologically
active aromatic compound with a functional group analogous to HZ is 3-chloro-6-hy-
drazinopyridazine (HP). The corresponding pyridazone analog of DAP was prepared
by direct synthesis. The coordination ability of obtained 2,6-diacetylpyridine bis(3-
chloropyridazine-6-hydrazone) (DAP-HP) was investigated in reaction with Co(II),
Ni(II), Cu(II), and Zn(II) [118]. DAP-HP deprotonates during complex formation
and gives neutral coordination complexes with the metal ions. In the reaction of
cobalt(II) acetate with DAP-HP, in the presence of methanol, Co(II) is oxidized to
Co(III) and a binuclear compound is formed. One of the arms of DAP-HP coordinates
as a tridentate to one Co(III) center through pyridine, azomethine, and pyridazine

N atoms, while to the other Co(III) center as a bidentate through azomethine and
pyridazine N atoms of the other arm. The other DAP-HP ligand coordinates in the
opposite way. The sixth coordination position of both Co(III) centers is occupied by
a peroxide bridge. Based on IR, Raman, molar conductivity, and thermal data, the
Ni(II), Cu(II), and Zn(II) complexes are mononuclear with a square-planar arrange-
ment of the tetradentate DAP-HP ligand.

Besides different carbazones and hydrazones, DAP can give Schiff base-type mac-
rocyclic compounds. Some macrocyclic compounds show significant biological activ-
ity. Such compounds were described in [66]. The obtained semicarbazide pyridine
derivative showed slight anticonvulsant and analgetic activity. Differently, 2,6-bis-

[B- (2-thienyl)acryloylphenylsemicarbazide]-pyridine derivative showed activity
comparable with referent drugs [66]. The macrocyclic compounds may also act as
ligands for coordination compounds. The template synthesis of Mn(II), Zn(II), and
Cd(II) complexes of a DAP derivative macrocyclic ligand is given in [120]. The Zn(II)
compound is active against some bacteria and cell lines, while the antioxidant activity
of the Mn(II) compound is similar to that of the reference substance. The macrocyclic
ligands DAP moiety coordinates to the metal center similarly to the earlier compounds
as a tridentate. The piperazine moiety forms two additional coordination bonds with
the central atom through N atoms of the piperazine ring.

5. Conclusion

The significance, syntheses, structural properties, and potential or real applica-
tion of the dihydroxybenzaldehide, 2-acetylpyridine, and 2,6-diacetylpyridine Schiff
bases are described. Besides, for the first two groups of compounds, the search for
CSD was made and the number and the frequency of certain coordination modes
were investigated. Some interesting examples with mostly biological activity are col-
lected with an accent on their structure and the coordination modes of DAP in them.
There are many more Schiff bases of these compounds, than those presented in this
summary with different potential or real applications. This shows the importance of
future research in the field of Schiff bases and their metal complexes.
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Abstract

Schiff bases are the condensation products of primary amines and carbonyl
compounds, which are becoming more and more significant. Schiff bases are imine or
azomethine (-C=N-) functional group containing compounds that are produced
through a nucleophile addition process. Excellent chelators called Schiff bases have a
place in both qualitative and quantitative analysis of metals in aqueous media. Schiff
bases were discovered to be auxiliary scaffolds and adaptable pharmacophore for the
creation and production of numerous bioactive leads compounds, and this special
quality made them accessible for a wide range of biological applications. Schiff bases
exhibit significant biological properties including analgesic, anti-inflammatory,
antibacterial, anticonvulsant, anti-tubercular, anticancer, antioxidant, anthelmintic
antiglycation, and antidepressant activities. In situ cross-linked hydrogel systems are
created using the Schiff bases, which are frequently utilized in coordination, organo-
metallic chemistry, and tissue engineering applications. The role of Schiff bases to the
design and creation of new lead with potential biological functions is highlighted in
this chapter. Researchers’ interest in obtaining the most conclusive and suggestive
information on the numerous Schiff bases that have been important for therapeutic
purposes over the last few decades and their use in coordination complexes has been
maintained by this bioactive core.

Keywords: Schiff bases, azomethine, pharmacophore, coordination complexes,
biological

1. Introduction

Schiff bases derivatives are novel approaches to researchers for designing heterocy-
clic/aryl compounds for emergence of new-fangled nature-friendly technology [1].
Schiff bases have been employed as synthons in the generation of various industrial and
biological active compounds such as formazans, 4-thiazolidines, benzoxazines, and so
on, namely ring closure, cycloaddition, and replacement reactions [2]. It has played an
important role in the development of coordination chemistry and was included as key
point in the progression of inorganic biochemistry and optical materials [3].
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Basically, Schiff bases are the novel approach compounds that possess imine or
azomethine (-C=N-) functional group. Hugo Schiff et al. had first reported that Schiff
bases are the condensed product of primary amines and carbonyl compounds [4-7]. In
coordination chemistry, Schiff bases are most important class of the widely used
organic compounds and have widely application in several fields including inorganic,
biological, and analytical chemistry. Schiff bases are important in the therapeutic
purposes in medicinal and pharmaceutical field due to its broadly biological activity
such as analgesic [8-10], anti-inflammatory [11], anticancer [12, 13], antioxidant [14],
anthelmintic [15], antimicrobial [16, 17], anticonvulsant [18], antitubercular [19], and
so on. The presence of N atom of azomethine that involved to form of H-bond with
active residue of the protein in the cell and influences cellular mechanisms [20, 21].
Moreover, Schiff bases also play an intermediately role in synthesis of organic com-
pounds, pigments, dyes, polymer stabilizers [7], and for corrosion inhibitors [22].
However, studies revealed that metal complexes of Schiff bases depict more biological
activity than free organic compounds [23]. Abdel-Rahman et al. [24] have testified
numerous transition metal complexes of Schiff bases as ligands that must be different
biological activities, likewise antifungal, anticancer, antibacterial, and so on. As
example, Fe (II) complexes have been designed, developed, and synthesized using
different Schiff bases ligands that derived from 5- bromosalicylaldehyde and variety
of alpha-amino acids such as L-arginine, L-histidine, L-phenylalanine, L-aspartic acid,
and L-alanine. Although, these complexes are tested for their antimicrobial activity
against various bacterial species such as Escherichia coli, Pseudomonas aeruginosa,
and Bacillus cereus. Therefore, it is found that Fe (II) complexes unveiled strong
antibacterial activities as compared with amino acid Schiff bases ligands. Moreover,
Fe (II) complexes were well interacted with calf thymus DNA using UV-visible
spectroscopy, and agarose gel electrophoresis measurement at pH = 7.2. As a result,
these complexes showed constant binding with different DNA [25]. However, com-
plexes of Schiff base ligand 2-[(2-Hydroxy-3-methoxy-benzylidene)-amino]pyridin-
3-ol obtained from 2-amino-3-hydroxy-pyridine and 3- methoxysalicylaldehyde with
nanosized Fe(II), Cd(II), and Zn(II) metals have been synthesized by sonication
method, and all complexes examined for antimicrobial activity against various bacte-
rial species [26]. Recent study revealed that some metal complexes of Schiff bases
have greater cytotoxic activity against colon cancerous cell (HCT-116 cell line). Since
the middle of the nineteenth century, metal Schiff base complexes have been recog-
nized. Their usage as Schiff base ligands, which are typically monodentate, bidentate,
tridentate, tetradentate, etc., and depend on the presence of donor atoms, has been
noted in a significant amount of literature. Because they can create stable compounds
with transition metals, they are widely used in coordination chemistry [27].

Researchers have focused their research on the chemistry of metal Schiff base
complexes with nitrogen and other donor atoms because of their numerous applications
in dyes, polymers, enzyme preparation, as well as used as catalyst in various biological
systems. This is due to the stability of Schiff base metal complexes as well as biological
activity [28], electrochemistry [29], and potential applications in oxidation catalysis
[30]. Due to their selectivity, sensitivity, and synthetic flexibility to the central metal
atom and the presence of an azomethine group, which aids in elucidating the biological
transformation reaction’s mechanism, Schiff bases are widely investigated [31].

Some Cu (II), Co (II), and Ni (II) complexes have been described employing Schiff
base ligands generated from 2-amino-3-hydroxypyridine and 3-methoxysalicy-
laldehyde, and their in vitro antibacterial properties against many bacteria and fungi
have been examined. These complexes were further examined for DNA binding, and
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it was discovered that they could attach to DNA in an intercalative way. However,
when compared with the clinically used vinblastine standard, the cytotoxicity of these
metal Schiff base complexes on different cell lines such as human colon carcinoma
cells (HCT-116 cell line) and breast carcinoma cells (MCF-7 cell line) demonstrated
effective cytotoxicity against the growth of carcinoma cells [32]. Che et al. [33] stated
that complexes of Pt (II) with Schiff base ligands N,NO-bis(salicylidene)-1,2-
ethylenediamine (L1), N,NO- bis(salicylidene)-1,3-propanediamine (L2), and N,NO-
bis(salicylidene)- 1,1,2,2-tetramethylethylenediamine (L3) revealed the use of vapor-
deposited Pt (II)-salen (11) triplet emitters as for efficient electrophosphorescent dyes
in multilayer organic light-emitting diode (OLED) devices with a maximum luminous
efficiency of 31 Cd A™". They discovered that the performance of OLEDs utilizing the
Schiff base dopant L3 outperforms that of previously reported Pt (II) emitters.

The majority of Schiff bases are created by condensing salicylaldehyde with both
aliphatic and aromatic amines. By using the condensation process of salicylaldehyde
with substituted anilines and other aromatic amines, Calvin and Bailes [34] described
a number of imines.

These compounds’ intriguing electronic characteristics were discovered through
spectroscopic research. According to reports, the existence of a lone pair of electrons
in these compounds may explain why there is a stronger ligation with metal ions. In
the most recent years, several such azomethines and their complexes with various
transition metals have been recorded in review papers [35, 36].

Similarly, Gao and Zheung [37] synthesized Schiff base ligands by condensation of
2-hydroxyacetophenone with various chiral diamines such as 1,2-diamino-
cyclohexane, 1,2-diphenylethylenediamine, and 2,20-diamino- 1,10-binaphthalene,
respectively, to investigate the steric, electronic, and geometric effect of a methyl
(-CH3) group on an azomethine carbon in asymmetric catalytic reaction. Because of
the impact of p-conjugation in such luminous complexes, More et al. [37] identified
Ni (II) and Zn (II) salophen complexes as potential nonlinear optical materials. A
considerable number of Schiff base metal complexes have been shown to be relatively
good biological compound models [38].

Schiff bases have played an important part in the advancement of contemporary
coordination chemistry, as well as in the advancement of inorganic biochemistry,
catalysis, and valuable materials due to optical and magnetic characteristics [39]. In
recent years, light emission or charge transport capacity technology has piqued the
interest of electronic devices such as solar cells and active components for image and
data treatment storage [40]. Metal complexes of Schiff bases contain distinct metals
(paramagnetic) groups ascribed to magnetism [41].

2. Synthetic approach for Schiff base

Any primary amine can react with an aldehyde or a ketone under appropriate
circumstances to produce Schiff bases. Hugo Schiff (1834-1915), a great chemist who
was honored by having Schiff base named in his honor, was born in Frankfurt/Main,
Germany’s thriving Jewish community. The Schiff base generally has the following
common structure (Figure 1). A Schiff base is a nitrogen analog of an aldehyde or
ketone in which the carbonyl group (CO) has been replaced by an imine or
azomethine group. It is also known as an imine or an azomethine [42].

The library of organic chemistry has a number of amines and carbonyl compounds
that make it possible to create Schiff bases with a variety of structural characteristics.
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Figure 1.
General structure of Schiff Base (R and R? both would be hydrogens. Alkyl or aryl members made up R>.)
[https://en.wikipedia.org/wiki/Schiff_base].
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Figure 2.
Schiff base formation reaction scheme [45].

The basic carbonyl group for the production of Schiff bases can be an aldehyde
(aromatic or aliphatic) or a ketone [43, 44]. The presence of substituent groups
connected to the (>C=N) linkage regulates the stability of the imine group. The
general reaction for the synthesis of the Schiff base is shown in (Figure 2) where R
denotes an alkyl, aryl, cycloalkyl, or heterocyclic group, which might be variably
substituted, and R1 may be an alkyl, aryl group, or H atom [46]. Refluxing the
mixture under neutral conditions or with acid or basic catalysts usually causes the
Schiff base to develop, which is a reversible process. Usually, the product separation
or water removal is what brings the formation to completion [47].

Schiff bases are still synthesized by chemists, and today, active and well-designed
Schiff base ligands are referred to as “privileged ligands.” The bridging Schiff’s bases
have the following structure, which has a variety of functional groups that can be
altered to suit different needs. R” is phenyl or a substituted phenyl, H is an alkyl or
aryl group, and X is a phenyl or substituted phenyl group. In fact, Schiff bases have
the ability to stable a wide range of metals in a variety of oxidation states, regulating
the performance of metals in a wide range of advantageous catalytic transformations.
The oxygen atoms in Schiff bases can be changed to sulfur, nitrogen, or selenium
atoms; however, NO or N,O,-donor groups are the most frequent donor groups [48].

The mechanism of forming a Schiff base (Figure 3) is an additional application of
the nucleophilic addition to the carbonyl group. The amine is the nucleophile in this
situation. The amine interacts with the aldehyde or ketone in the first step of the
process to produce carbinolamine, an unstable addition product. By bases or acids
catalyzing the process, the carbinolamine loses water. The dehydration of the
carbinolamine is acid-catalyzed because it is an alcohol. The reaction is typically
catalyzed by acids because the dehydration of the carbinolamine is the rate-
determining step in the production of the Schiff base. However, because amines are
basic molecules, the acid concentration cannot be too high. The equilibrium is pulled
to the left, and carbinolamine production is prevented if the amine is protonated and
turns non-nucleophilic. As a result, low acidity is preferred for many Schiff base
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Figure 3.
Mechanism of Schiff base formation [48].

synthess. Base can also catalyze the dehydration of carbinolamines. Despite not being
a concerted reaction, this reaction is somewhat comparable to the E2 elimination of
alkyl halides. Through an anionic intermediate, it moves forward in two steps. The
process of creating a Schiff base actually involves two different types of reactions,
addition and elimination [48, 49].

In the meantime, a number of methods and systems for the synthesis of Schiff base
have been described, including NaHCOj; [44], CuSO, [46], P,0s/Al,03 [47], MgCIO,
[45], ZnCl, [50], and MgSO4-PPTS [51]. In these systems, metal species act as Lewis
acids to activate the carbonyl group and facilitate the removal of water. A few devel-
opments have been reported in recent years due to the advancement of experimental
procedures, such as solid-state synthesis [52], solvent-free/clay/microwave irradiation
[53], water suspension medium [54], reflux/solvent [55], infrared irradiation/no sol-
vent [56], and K-10/microwave. The mentioned methods/systems revealed some
drawbacks, including the need for high reaction temperatures, prolonged reaction
times, and moisture-sensitive catalysts, huge amounts of aromatic solvents, expensive
dehydrating reagents/catalysts, and specialized equipment [57]. NaHSO,4.5i0,/
microwave/solvent-free [58], dirhodium caprolactamate [59], [bmim] BF4/molecular
sieves [60], silica/ultrasound irradiation [61], silica/microwave [19], and
silica/solvent-free [62].

Conventional Method for synthesis of Schiff Base: In order to make Schiff
bases, aldehyde (0.004 mol) and different aromatic amines (2a-e) (0.004 mol) were
condensed in water (10 ml) and agitated at room temperature. TLC has taken note of
the reaction’s progression. After the reaction was complete, a yellow-color, amorphous
product was left behind. This product was filtered, dried, and then recrystallized from
methanol [48].

Microwave synthesis for Schiff Base: A mixture of aldehyde (0.004 mol) and
substituted aromatic amines (0.004 mol) in water (1 ml) was added and microwaved
at 200 W for 30-60 seconds. TLC made note of how the reaction was progressing.
Following the completion of the reaction, the reaction mixture contained a solid
product, which was filtered and recondensed with methanol [48].
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3. Spectroscopic analysis of Schiff base

A Schiff base is a compound with the general structure R;R,C=NR’. They can be
considered a subclass of imines, which is also synonymous with azomethine [63]. In
order to investigate hybrid composites, spectroscopic analysis is used. The analysis
reveals useful details such as elemental type, chemical composition, optical and elec-
tronic properties, and crystallinity. Ultraviolet and visible light (UV-vis) spectros-
copy, elemental analysis, differential scanning calorimetric (DSC), hydrogen nuclear
magnetic resonance (1IH NMR), and Fourier transform infrared (FTIR) studies are
used to evaluate these Schiff bases [64].

In the IR spectra, C=N is most commonly reported in the 1690-1640 cm ™" region
as a strong and a sharp band at somewhat lower frequencies than the bands of C=0
groups and close to C=C stretching frequencies. With angle strain, steric repulsion,
other complicated local factors, solution concentration and nature of solvent, the
stretching frequency of C=N is found to be at 1670 cm ™. The frequency is usually
lowered in the absence of one or more groups in conjugation with the C=N [65]. The
multinuclear ("H and *C) NMR spectral analyses are helpful to characterize and
confirm the structure of Schiff bases. The upfield and downfield shifting of the signal
is dependent upon the substituents present over the Schiff bases. In the CHN analysis
of the Schiff bases, the elemental and sometimes isotopic compositions were found
out for the confirmation of the structure of the synthesized derivatives.

It is important to note that the nitrogen atom in the Schiff base has a lone pair,
which gives it the characteristics of a Lewis base and allows it to participate in the
creation of hydrogen bonds, either intramolecularly or with polar molecules. This
characteristic encourages the development of intramolecular hydrogen bonding, par-
ticularly when suitable non-polar solvents are present [66].

4. Schiff-base metal complexes

Schiff-base metal complexes have been considered the active topic of research in
coordination chemistry during a few decades of extensive research on metal-based
pharmaceuticals, owing to their useful applications in numerous disciplines of science.
They have potential therapeutic applications as antibiotics, antimicrobials, antitumors,
antivirals, anti-inflammatory medicines, analgesics, antifungals, and many others [47].
Schiff bases are versatile pharmacophores that trap in metal ions within their structural
units due to the presence of multiple donor atoms [67]. Schiff bases (azomethines) are
formed by combining amino and carbonyl groups with multidentate ligands and
forming highly significant complexes with metal ions. By using azomethine nitrogen,
they can coordinate with metal ions. In organic synthesis, the Schiff base reaction is
fundamental for the synthesis of C-N bonds. (Figure 4) They exhibit chelation property
with O, N, and S donors, and metal complexes have a diverse biological action against
many infections and cancers. Schiff base complexes with multidentate ligands are
capable of chelating any metal ions. These ligands are effective in the exciting unique
therapeutic approach to better understanding diseases and their therapy. The complexes
of Schiff base of both transition metal ions (i.e., inner and outer) containing NO or NOS
donor atoms were described as playing a significant role in biological activities. Because
they are colorful and very stable for biological activities, certain of these metal com-
plexes have attractive physical and chemical properties [69]. Some of the recently
synthesized Schiff-base metal complexes are enlisted in Table 1.
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Figure 4.
Formation of Schiff-base metal complexes [68, 69].

5. Schiff base biological activity

Bacteria that display multiple antibiotic resistance [77] are closely linked to the rise
in the mortality rate of infectious illnesses [78]. The main reason for this issue is the
lack of efficient therapies. There is unquestionably an urgent medical need for the
creation of new antibacterial drugs with inventive and more effective modes of action.
Hence, Schiff bases called azomethines containing nitrogenous analogue of carbonyl
compound changed by imine group are used. For antimicrobial activity, these bases
produce excellent activity [79]. Aside from natural and synthetic molecules, biomole-
cules, sulfonamides, coumarins, aminothiazolyl, bromocoumarins, O-phthaldehyde,
or 2-aminophenol, and 1, 2, 4-triazoles are other molecules that can be used as plat-
forms to create Schiff bases for antibacterial activities [80].

As malaria is a disorder associated with severe health problems of public and
globally its cases are increasing. Hence, various authors synthesized antimalarial
Schiff base derivatives for prominent activity [81]. Also these bases have maximum
activity for fungal infection due to its structure. In case of viral disorder, in the
market there are numbers of drugs, but they are not fully active due to mutations in
viruses. To overcome these problems, Schiff base derivatives are synthesized as an
antiviral agent [82]. Different biological activities of Schiff bases are shown in
Table 2.

6. Schiffs base abiological activity

Schiff base possesses various medicinal activities. In addition to the same, they are
now being used in diagnostics also. Some of the abioloical applications of Schiff’s base
are mentioned in this section.
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Sr.
no.

Schiff base metal complexes

Work done / Scheme

References

Influence of co-ligand on the
biological properties of Schiff base
metal complexes: Synthesis,
characterization, cytotoxicity, and
antimicrobial studies.

In this work, six new mixed ligand Schiff base
metal complexes of [M,(LY) (X),CL] type,
(where, M = Co', Ni%}, Cu"t, L! = Schiff base
ligand derived from 1-pyrenecarboxaldehyde
and 1,4-bis[3-aminopropyl] piperazine and

X = pyrazine-2-carboxylic acid or 2,2'-
biimidazole) were synthesized

[70]

Synthesis, characterization, design,
molecular docking, anti COVID-19
activity, DFT calculations of novel
Schiff base with some transition
metal complexes

M ColI1) v i) =2 CullT) (0

nHd)

[71]

Synthesis, molecular docking,
molecular dynamic, quantum
calculation, and antibacterial
activity of new Schiff base-metal
complexes

Synthesis of Schiff base compounds Ligands (L1
and L2) synthesized from the condensation of
Nicotinic acid carbohydrazide with vanillin or
2-chloroquinoline-3-carbaldehyde.

The transition metal Co(II) and Cu(II)

afforded the Schiff base-metal complexes by
metalation.

[72]

Synthesis, Spectroscopic
Characterization and Biological
Studies of Mn(II), Cu(II), Ni(II),
Co(II) and Zn(II) Complexes with
New Schiff Base of 2-((Pyrazine-2-
ylimino) methyl)phenol

[73]

Iron (III) and Zinc (II) Metal
Alkaloid Complexes: Synthesis,
Characterization and Biological
Activities

Eha
VO —

\ |
| e S
RV AN

[

[74]
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Sr.  Schiff base metal complexes Work done / Scheme References
no.

Novel water soluble Schiff base [75]
metal complexes: Synthesis,

characterization, antimicrobial-,

DNA cleavage, and anticancer

activity . I
L
N
Synthesis, characterization and CHs\ [76]
biological studies of Schiff base /“ CH,
metal complexes derived from 4- N I
aminoantipyrine, acetamide and p- \c
phenylenediamine V] ""“\\__:_‘ c/ NH,
i |
\ L
M
I
CH,
c
P |/
\ / \"Ha
/N
H,C
Table 1.

Recently synthesized Schiff-base metal complex.

6.1 Bioimaging applications

A variety of Schiff base probes with fluorescent sensors are used for bioimaging
applications to detect metal ions. Most of the fluorescent probes selectively and
sensitively detect only one or two metal ions. Schiff base probes detect analytes in
non-aqueous or semi-aqueous media, making them useful for the detection and mon-
itoring of toxic ions in drinking water and industrial waste [100]. A simple and
versatile Schiff base chemical sensor was developed to detect four adjacent series 4
metal ions (Co2+, Ni2+, Cu2+, and Zn2+) by colorimetric or fluorometric methods.
This chemical sensor has been used to image Zn2+ in HepG2 cells, zebrafish, and
tumor-bearing mice, demonstrating potential biological applications [101]. The
fluorescence sensor synthesized from the reaction of picolinohydrazide and 4
(diethylamino) salicylaldehyde successfully detected Al3+ and Zn2+ in living cells,
suggesting that this simple biosensor has great potential for biological imaging
applications [102].
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Compound (E)-1-((L-glutaminoimino) methyl)naphthalene-2-ol (A) showed
good solubility and compatibility in the presence or absence of Al3+ and showed some
fluorescence in human Hs27 epithelial cells. Bioimaging has been reported [4].
Fluorescent Schiff base organotin dyes (1: Et2N-L-SnPh2, 2: Et2N-L-SnBu2, 3: MeO-L-
SnPh2, 4: MeO-L-SnBu2, 5: HO-L-SnPh2, and 6: HO — L-SnBu2, L = 2-hydroxyben-
zylidene-4-hydroxybenzhydrazine) showed efficient two-photon excitation (1-4).
Two of the compounds (5 and 6) were found to be able to selectively accumulate in
HelLa cells, allowing their differentiation from normal cells (periodontal ligament

cells) [103, 104].

6.2 Phosphorescent OLEDS

Five one-armed Schiff base ligands HL1, HL2, HL3, HL4, and HL5 were obtained
from condensation of various group-substituted salicylaldehydes with aniline and
2,4,5-trifluoroaniline gave. Their platinum(II) complexes Pt(L1)2, Pt(L2)2, Pt(L3)2,
Pt(L4)2, Pt(L5)2, and PtL5 DMSO obtained by the metalation of ligands with K2PtCl4
were found to be excellent candidates for phosphorescent OLEDs [105]. The lumi-
nescent performance of azomethine zinc complexes in organic light-emitting diodes
has been investigated, and the results have shown excellent electroluminescence
properties as blue fluorescent light sources [106]. Schiff-base zinc metal complexes
have been developed to serve as efficient light-emitting materials for optoelectronic
applications such as organic light-emitting diodes. These zinc complexes serve as
promising emissive layers for optoelectronic applications [107].

6.3 Sensing applications

Fluorescence on/off sensor of a wide range of Schiff bases is being developed for
determination of various analytes, toxic ions, and metallic cations and anions in
different types of environmental and biological media [108].

Biosensor: Conductive hydrogels based on graphene oxide, dopamine, and
polyacrylamide were prepared using the Schiff bases. The high elongation, toughness,
and self-adhesion of conducting hydrogels have provided great advantages as
biosensors [109].

In forensics, Schiff bases are primarily used in the analysis of illicit drugs. Chemical
reactions with Schiff bases reveal illicit drug production and help determine analytes
in confiscated samples [110, 111].

6.4 Tissue regeneration

Various substituted Schiff bases have enhanced bulk modulus of the composite
hydrogels and slightly increased the in vitro degradation rate. It also promoted cell
adhesion and proliferation and maintains the regular cell morphology of bovine articular
chondrocytes, increasing potential applications in cartilage tissue engineering [109].

6.5 Bioprint

Water-soluble hydroxybutyl chitosan (HBC) and chondroitin oxysulfate (OCS)
have been used to generate bioinks based on the Schiff base reaction, using different
sacrificial molds in 3D bioprinting techniques to produce different structures of
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hydrogels. The controllable shape of HBC/OCS bionic hydrogels can be optimized and
customized for specific cartilage engineering applications [109].

6.6 Tissue adhesion

Aldehyde groups in hydrogels based on the Schiff reagent can promote the adhe-
sion of hydrogels to surrounding tissues. An injectable double-cross-linked self-
healing hydrogel based on dopamine-grafted oxidized sodium alginate (OSA-DA) and
polyacrylamide (PAM) for wound healing has been reported. In terms of hydrogen
bonding and Schiff base bonding, the self-healing OSA-DA-PAM hydrogel possesses
stable mechanical properties such as high tensile strength and elongation. In addition,
numerous catechol groups on OSA-DA chains can endow hydrogels with unique cell
affinity and tissue adhesion [10]. In situ forming hydrogel, derived from natural
polysaccharides through Schiff base reaction, can be modulated and prepared for soft
tissue adhesive, hemostasis, or other biomedical applications in future [110].

6.7 Dyes

New complexes of Zn(II), PA(II), and Pt(II) with Schiff bases are metal salts of 4-
(dibutylamino)-2-hydroxybenzaldehyde and 4,5-diaminophthalonitrile. Sensor appli-
cations for imaging surface temperature (planar optodes) and monitoring rapid tem-
perature changes (fiber optic microsensors) have been demonstrated. Pt(II)
complexes immobilized in gas permeable matrices also turned out to be promising
materials for oxygen measurements. [112].

Schiff bases based on salicylaldehyde units and their use as metal-free organic
chromophores can be used to sensitized and co-sensitize dye-sensitized solar cells
(DSSCs) [113].

Compounds Et2N-L-SnPh2 and MeO-L-SnPh2 act as an excellent staining for
cancer cells (HeLa) using two-photon bioimaging and are expected to have biomedical
applications [104].

7. Future prospectus

From the discussion in the section of biological evaluation of Schiff bases, it was
clear that the pharmacophore possesses various biological activities, which can be
again explored more against various diseases. New groups of organic compounds are
still being described, the combinations of which may form a group of extremely
desirable compounds with higher potential. The biologically active Schiff’s base
ligands and metal complexes are playing very crucial role in the drug discovery [114].
Medicinal chemists are now interested in developing novel chemotherapeutic Schiff
bases and their metal complexes.

Apart from this, conjugated Schiff Bases have been employed in electronics such
the organic field-effect transistor, Perovskite solar cells, and electrochromic devices
because they offer some intriguing optoelectronic features. These are also employed in
the production of covalent organic framework, which is used in the storage of gas
[115]. The measurement of pH values has evolved into one of the most essential
necessities with the recent advancements in biological and environmental research.
Because of their smooth synthetic roots, easily tuneable structural architecture, non-
destructive signals of emission, visually differentiable color generation, and capacity
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for real sample analysis, organic Schiff base compounds and their derivatives have
been observed to play crucial roles in determining the pH values of a particular
medium [116]. Because of its bioactive core, Schiff bases have a wide range of appli-
cations in the chemical, food, coordination, medical, agricultural, and other indus-
tries. This body of literature made it very evident that there will be several
opportunities for Schiff bases to become active research molecules in the future.

8. Conclusion

Schiff bases are integral core of the organic chemistry having a verity of biological
activities. This chapter focused on the novel leads of numerous Schiff bases having
potential medicinal activities with lesser side effects. At last decades, the researchers
perceived attention toward bioactive core of Schiff bases, which gained wide medici-
nal interest. This chapter also explored industrial application of Schiff bases. Advances
in this era will require access of the structure activity relationship and mechanism of
action of the Schiff bases containing compounds.

At present scenario, Schiff bases are perceived importance in biological activity. It is
a versatile organic compound, which is synthesized in reaction between amino com-
pound and aldehyde or ketone well known as imine by condensation process. This
imine or azomethine functional groups are versatile pharmacophores for design and
development of various bioactive lead compounds. Schiff bases are extensively used for
biological activities such antimicrobial, anthelmintic, anti-inflammatory, anticonvul-
sant, antiTB, antineoplastic, and antidepressant activities. Also, Schiff bases have an
intermediately compound in synthesis of various organic compounds. It is also used as
catalyst, pigments, and dye synthesis. Furthermore, Schiff bases are used as corrosion
inhibitors. The metal complexes of Schiff bases have diversified biological activities. The
present chapter summarized the information with respect to diverse biological activities
and depicted the recent synthesized variety Schiff bases as potential bioactive core.
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Chapter7

Cytotoxic Activity of Schiff Bases
and Their Complexes

Navjala Rama Jyothi and Snehalatha Pulivarthi

Abstract

Various organic chelating agents have many applications in treating the several
diseases and they act as antibacterial, antiviral, antimalarial and cytotoxic agents.
Among the organic chelating agents thiosemicarbazones and their derivatives play
a unique role in various fields of medicine. Thiosemicarbazones and their deriva-
tives find a numerous applications and among them cytotoxic activity occupies a
major portion due to the severity of the cancer treatment. In this present chapter
we described and discussed the cytotoxic activity of thiosemicarbazones, their
derivatives and various metal complexes of them. For this purpose, we reviewed the
research articles published in various reputed international journals since 35 years.
We summarized the results of those research findings and it is found that among
the various metal ions, mostly the platinum and palladium complexes are effective
cytotoxic agents than other metal complexes.

Keywords: thiosemicarbazones, metal complexes, cytotoxic activity, Schiff bases

1. Introduction

A Schiff base is a nitrogen analog of a carbonyl compound (aldehyde or ketone) in
which the C=0 group is replaced by C=N-R group. Generally, Schiff bases are consid-
ered as imines bearing a hydrocarbyl group on the nitrogen atom R,C=NR’ (R" # H).
Schiff bases are usually synthesized by the condensation of a carbonyl compound
with a primary amine as shown in the following Figure 1.

Schiff bases had various applications in different fields, such as medical [1], phar-
maceutical [2] and biological [3]. Due to the presence of electron donating groups,
such as sulfur and nitrogen atoms they can bind with metal ions in enzymes. Among
various Schiff bases, thiosemicarbazones occupy a major role by having electron
donating nitrogen and sulfur atoms. Thiosemicarbazones are a group of compounds
obtained by condensing thiosemicarbazide with carbonyl compounds in the presence
of a few drops of glacial acetic acid. These reagents function as good chelating agents
and form complexes with several metal ions, by bonding through thionate sulfur atom
and hydrazino nitrogen atom. In the last few years, much interest has been directed
towards the use of chelating ligands containing sulfur and nitrogen in analytical
studies as well as in structural studies of metal complexes. The wide applications and
rapid growth in the popularity of sulfur ligands is due to their remarkable property as
potential donors to form stable as well as characterized complexes in which the back
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R R
R-NH, + 0:< —_— R'N=C/\ * H,0
R R

Figure 1.
Formation of Schiff base.

bonding from the metal ion is possible under favorable conditions. In addition, the
presence of nitrogen along with sulfur tends to lower the solubility of the complexes,
making the isolation of these complexes easier.

Thiosemicarbazones are having great biological activities due to their ability to
coordinate to the metal centers in enzymes. A number of studies reveals the biological
and pharmacological activities of thiosemicarbazones and their metal complexes,
such as anti-bacterial, anti-viral, anti-malarial and antineoplastic [4]. Anticancer
activities of thiosemicarbazones were reported by various authors over worldwide
[5]. Because of having various applications, in recent years a large number of authors
reported the synthesis and characterization studies of different thiosemicarbazone
ligands. The importance of thiosemicarbazones both in analytical and biological
fields owe to us to synthesize new thiosemicarbazones.

Based on the starting compounds thiosemicarbazones can be classified into four
types as shown below:

a. Aldehydes or substituted aldehydes with thiosemicarbazide.
b.Aldehydes or substituted aldehydes with substituted thiosemicarbazide.
c.Ketones or substituted ketones with thiosemicarbazide, and

d.Ketones or substituted ketones with substituted thiosemicarbazide.

Depending on the type of parent aldehyde or ketone used for condensation they
can act as unidentate, bidentate or multidentate chelating agents during complex-
ation with metal ions. Thio- and/or phenylthiosemicarbazones are synthesized by
the condensation of carbonyl compound (with or without substitutes) with thio
(phenylthio-) semicarbazides.

2. Cytotoxic activity of metal thiosemicarbazone complexes
2.1 Pd (II) and Pt(II) complexes

Recently many authors were reported the anticancer activity of thiosemicarba-
zones and their palladium and platinum complexes. Nguyena et al. [6] reported the
anticancer activities of Pd(II) and Pt(II) complexes of 1-picolinoyl-4-substituted
Thiosemicarbazones against MCF7 and HepG2 cancer cell lines. Anti-proliferative
activity of N-Substituted Indole thiosemicarbazones and its Pd(II) complexes against
HeLa S3 cancer cell lines was reported by [7]. Nyawade et al. [8] reported cytotoxic
activity of 2-acetyl-5-methyl thiophene and cinnamaldehyde thiosemicarbazones
and their palladium(II) complexes cytotoxic activity on human cancer cell lines,
Caco-2(Colon), HeLa(Cervical), Hept-G2 (hepatocellular) and PC-3 (Prostate)
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cell lines. Complexes shows excellent activity than ligands. Matesanz et al. [9]
studied anticancer activity of Pd(II) and Pt(II) complexes of pyrrol-2-carbaldehyde
N-p-chlorophenylthiosemicarbazone.

The palladium complexes of N-Substituted isatin thiosemicarbazones shows
significant in vitro cytotoxicity against human breast (MCF) and lung (A549) cell
lines [10] cancer cell lines (A549) than the ligand and cisplatin [11]. Pd(II) and Pt(II)
complexes of Chlorophenyl substituted thiosemicarbazones were studied and per-
formed the in-vitro anti-cancer activity of the ligand and complexes against T-47D,
A2780 and A2780cus R human cell lines. The results indicate that the ligand has more
activity than the complexes [12].

Isatin thiosemicarbazone derivatives and its complexes of Pt(II) shows
potent activity against human colorectal carcinoma cell line (HCT 116) [13].
2,6-Diacetylpyridine bis (4N-tolylthiosemicarbazone) complexes of Pd(II) and Pt(II)
show the activity against cisplatin resistant A2780cisR tumor cells. These were shows
high antiproliferative activity against breast cancer cell MCR-F-7 cells [14]. 2-Oxo-
1,2-dihydroquinoline-3-carbaldehyde thiosemicarbazones complexes of Pd(II) shows
a good cytotoxic activity against human cancer cell lines such as HeLa, KEp-2, Hep
G2, and A431. It was evaluated and found the relationship between the structure and
the activity of palladium complexes [15].

6-Methoxy-2-o0x0-1,2-dihydro quinoline-3-carbaldehyde *N-substituted thios-
emicarbazones and its complexes of Pd(II) shows better cytotoxic activity against
human lung cancer cell line A549 than other complexes and even cisplatin. All the
complexes had strong anti-oxidant property [16]. Pd(II), Ni(II), Pt(II) complexes
of 5-Acetylbarbituric-*N-dimethylthiosemicarbazones studies show that one of
the complex had sufficient cytotoxicity against HeLa cells [17]. 3,5-Diacetyl-1,2,4-
triazol bis(*N-substituted thiosemicarbazone) and its complexes of Pd(II) were
tested for antiproliferative activity against NCI-H460, A2780 and A2780cisR human
cancer cell lines and found that they exhibit low toxicity on kidney cells with
respect to cisplatin [18].

Pt(II) complexes of Bis(thiosemicarbazones) of the 3,5-diacetyl-1,2,4-triazol series
were tested cytotoxic activity against NCI-H460, A2780, and A2780cisR cancer cell
lines and the results indicates that they were active against those cell lines and had high
activity against NCI-H460 cell line [19]. 5-Substitutedthiophene-2-Carboxaldehyde
thiosemicarbazones and its complexes of Pt(II), Pd(II) shows better cytotoxic activity
than free ligand, but palladium complexes shows lesser activity than free ligands [20].
Pt(II) complexes of 3,5-Diacetyl-1,2,4-triazol bis(4,4-dimethylthiosemicarbazone)
Anti-proliferative activity of ligand and its complexes was tested against NCI-H460,
A2780 and A2780cisR human cancer cell lines. The results show that the compounds
exhibits better activity against A2780cisR cell line than cisplatin [21].

2-Acetylpyridine-N(4)-methyl-thiosemicarbazone and 2-Acetylpyridine-N(4)-
phenyl-thiosemicarbazone and its palladium complexes were act as cytotoxic agents
similar to cisplatin. All the compounds show better activity against Mycobacterium
tuberculosis [22]. Cytotoxic activity of the ligands (3,5-Diacetyl-1,2,4-triazol bis(4-
substituted) thiosemicarbazones) and their Pd(II) and Pt(II) complexes was tested
against human A2780 and A2780cisR epithelial ovarian carcinoma cell lines. The
results show that the activity of these compounds were in the range similar to cis-
platin drug [23]. Anti-proliferative activity was studied on Phenanthrenequinone
thiosemicarbazone and its complexes of Pd(II). The palladium complex had cytotoxic
activity against breast cancer cell lines and nontoxic towards the normal mammary
epithelial cells [24].
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2-Acetyl Pyridine N(4)-Ethyl-thiosemicarbazones, 2-Acetyl Pyridine N(4)-1-(2-
pyridyl)-piperazinyl TSC, 2-Formyl Pyridine N(4)-1-(2-pyridyl)-piperazinyl TSC
and its complexes of Pt(II), Pd(II) shows antiproliferative activity against gram +ve
bacteria but not on gram —ve bacteria. Some of the complexes overcome the cisplatin
resistance of A2780/Cp8 cells [25]. 2-Acetylpridine thiosemicarbazone and Platinum
complexes were effective on gram + bacteria. They were also effective on yeast. Few of
the complexes were exhibits antitumor activity [26]. 2-Acetylpyridine and pyridine-
2-carbaldehyde N (4)-ethyl thiosemicarbazones and Platinum complexes were found
to be overcome the cisplatin resistant tumor cells, A2780/Cp8 [27].

Pyridine-2-carbaldehyde thiosemicarbazone and its complexes of Pd(II) and
Pt(II) exhibits the higher in vivo antitumor activity [28]. Pd(II) and its complexes
of 3,5-Diacyl-1,2,4-triazole bis(thiosemicarbazone); 2,6-diacylpyridine bis(TSC);
benzyl bis(TSC) shows better antitumor activity against several human, monkey and
murine cell lines [29]. p-Isopropylbenzaldehyde thiosemicarbazone and its Pd(II) and
Pt(II) complexes show cytotoxic activity of the complexes reported against cisplatin
resistant tumor cell lines (Figure 2) [30].

Isopropylbenzaldehyde thiosemicarbazone and its complexes of Pd(II) and Pt(II)
show anticancer activity against several human and murine cell lines were reported
by [31]. Phenylacetaldehyde thiosemicarbazone and its complexes of Pd(II) and
Pt(II) cytotoxic activity was studied and observed that Cis-DDP-resistant tumor cells
has high activity [32].
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Figure 2.
Cytotoxic activity of Pd(1I) and Pt(II) complexes of thiosemicarbazones.
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3,5-Diacyl-1,2,4-triazole bis(thiosemicarbazone); 2,6-diacylpyridine bis(TSC);
benzyl bis(TSC) and its Pd(II) complexes shows better antitumor activity against
several human, monkey and murine cell lines [29]. p-Isopropylbenzaldehyde thios-
emicarbazone and its complexes of Pd(II) Pt(II) Cytotoxic activity reported against
cisplatin resistant tumor cell lines [30]. p-Isopropylbenzaldehyde thiosemicarbazone
and its complexes of Pd(II) and Pt(II) show anticancer activity against several human
and murine cell lines [31].

Cytotoxic activity of phenylacetaldehyde thiosemicarbazone and its Pd(II) and
Pt(II) complexes were studied and it was reported that cis-DDP-resistant tumor cells
has reacted highly [32]. 2-Acetylpyridine N(4)-methyl, N(4)-ethyl and N(4)-phenyl
thiosemicarbazones and its complexes of Pd(II) Antitumor studies indicates that
all the palladium complexes were active in the inhibition of DNA synthesis on P388
and L1210 cell cultures (mice bearing tumors) [33]. 2-Acetylpyridine N(4)-propyl,
N(4)-dipropyl- and 3-hexamethyleneiminyl thiosemicarbazones and its Palladium
complexes does not had antifungal activity against the tested species. But they had
significant anti-tumor activity against P388 and L1212 cell cultures [34].

2.2 Copper complexes

Thiosemicarbazone and its copper (II) complexes exhibits high anticancer
activity due its highest stability and membrane permeability [35]. 2-Picoline and
5,5-dimethylbipyridine and its Cu(II) complexes cytotoxic activity was reported on
MDA-MB-231 breast cancer cell line [36]. Chitosan-functionalized pyridine-based
Thiosemicarbazones and their Cu(II) complexes shows antiproliferative activity
against MCDK and MCF-7 cancer cell lines and their complexes shows high cytotoxic
activity than ligands [37]. N-substitution in isatin thiosemicarbazones and its Cu(II)
complexes MTT assays were done on A549,HeLa S3, Jurkat and IMR90 cells, its com-
plexes exhibits more cytotoxic activity on HeLa S3 and Jurkat cell lines than cisplatin
and morphological changes were observed [38]. Series of thiosemicarbazones and
their Cu(II) complexes cytotoxic activity was studied and was noted that ligands che-
lation with Cu(II) enhances its antitumor activity well [39]. Copper(II) complexes of
pyridoxal dithiocarbazate and thiosemicarbazone ligands are prone to study antitu-
mor activities (Ehrlich and S-180 cells) and it was observed that these complexes were
very active towards the cell death and they will act as excellent drug against cancer
in future [40]. Copper(II) complexes bearing 2-hydroxynaphthaldehyde-based
thiosemicarbazones shows cytotoxic activity against lung cancer (A549) cell line and
human kidney (HEK-293 T) cell lines and it was observed that these complexes are
active in cell death and it was showing excellent medical properties [41].

6-Methyl-2-oxo-quinoline-3-carbaldehydethiosemicarbazone and its Cu(II) com-
plexes Cytotoxic activities were evaluated for both the ligand and three complexes. In
vitro anti-tumor studies revealed that copper complex shows better activity towards
SK-OV-3 and MGCB80-3 tumor cell lines than the commercial anticancer drug,
cisplatin. But all the complexes show lower activity against human liver cell lines than
cisplatin [42]. 3-Phenyl (substituted)-1-pyridin-2-ylprop-2-en-1-one thiosemicar-
bazone and its Cu(II) Cytotoxic activity were tested against human cancer cell lines
such as HL60, MDA-MB 231, and HCT-116. The results indicate that coordination of
copper increases the cytotoxic activity of the compounds [43].

Glyoxal-bis(4-methyl-4-phenyl-3-thiosemicarbazone) and its Copper com-
plex has better cytotoxic activity against various human cancer cell lines than the
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Adriamycin, a commercial drug. The copper complex significantly inhibits the
growth of tumor HCT 116 xenografts in nude mice [44]. Cu(II) and its complexes
of 2-Oxo-1,2-dihydroquinoline-3-carbaldehyde4 (IN,N)-dimethylthiosemicarbazone
Cytotoxic activity of the complex and ligand was tested against HeLa, Hep G2, and
HEp-2 cancer cell lines and found that the copper complex has significant activity
on HeLa cell line than others [45]. N-substituted-2-oxo-1,2-dihydroquinoline-3-
carbaldehyde thiosemicarbazones and its complexes of Cu(II) antiproliferative
activities were studied the substituent at terminal nitrogen atom was observed. The
ethyl and phenyl substituted complexes shows better activity against NIH 3 T3 and
HeLa cell lines [46].

a-Heterocyclic-N4-substituted thiosemicarbazones and its Cu(II) complex Anti-
proliferative activity were tested against breast cancer cell line SK-BR-3. The ligands
shows better catalytic inhibition property of topoisomerase-Iia than complexes [47].
Cu(II) complexes of 2-Acetylpyridine-4,4-dimethyl-3-thiosemicarbazone, di-2-pyr-
idyl ketone-4,4-dimethyl-3-TSC shows better anti-proliferative activity than ligand
[48]. 2-Hydroxy-8-R-tricyclo [7.3.1.0.%] tridecane-13-one thiosemicarbazone and its
complexes of Cu(II), Pd(II) shows Anti-microbial activities and cytotoxic activities of
the compounds were reported [49]. Salicylaldehyde semi—/thiosemicarbazones and
its complexes of Cu(II) were tested for cytotoxic activity against MCF-7 human breast
cancer cell lines. The results revealed that ligands were inactive but copper complex of
thiosemicarbazone was more active than others [50].

5-Formyluracil thiosemicarbazone derivatives and its Cu(II) Complexes were
exhibits DNA interaction by electrostatic and groove binding. But these were no
activity against human leukemic cell line U937 [51]. a-Ketoglutaric acid thiosemicar-
bazone and its Cu(II) Copper complexes has antiproliferative activity against human
cell line U937 and no effect on the K562 cell line [52]. 10-Deacetylbaccatin thiosemi-
carbazone and its Cu(II) Cytotoxic activity of the ligand and its complex was tested
against human breast cancer cell line MCF-7 [53].

Ref. [54] reported the cytotoxic activity of Cu(II) and its complexes of
2-Acetylpyrazone-N-substituted thiosemicarbazones. Ref. [55] studied the anticancer
activity of 5-Formyluracil thiosemicarbazone and its Cu(II) complexes against human
leukemic cell lines K562 and CEM (Figure 3).

2.3 Cu(II) and Zn(II) complexes

Hydroxyquinoline-thiosemicarbazones and its Cu(II) and Zn(II) complexes
shows more cytotoxic activity towards human lung cell lines (A549) than their parent
ligands [56]. Methyl pyruvate thiosemicarbazones and its Cu(II), Zn(II) complexes
anti-proliferative activity studies reveals that copper complex was most effective on
human leukemic cell line U937 than other compounds [57].

2.4 Cu(II) and Ni(II) complexes

Cu(II), Ni(II) complexes and its N-Ethyl-2-(phenyl(pyridin-2-yl) methylene)
hydrazine carbothioamide cytotoxic activity was evaluated against human lung
cancer cell lines (A549) and normal cell lines (1L929). The results indicates that the
copper complexes shows better activity than nickel complexes and both complexes
were less harmful to normal cells [58]. 2,4’-Dibromoacetophenone thiosemicarba-
zone and its Cu(II), Ni(II), Pd(II) complexes, Antioxidant and antitumor activities
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Figure 3.
Cytotoxic activity of Cu(II) complexes of thiosemicarbazones.

were studied. Nickel complex shows good antitumor activity against HepG2 hepa-
toblastoma cell lines [59]. Cu(II) and Ni(II) complexes and its Cinnamaldehyde
and cuminaldehyde thiosemicarbazones were tested in vitro anti-leukemic activity
on U937 human cell line. Metal complexes shows better activity than ligands [60].
3,4-Difluoroacetophenone thiosemicarbazone; 2-bromo-4’-chloroacetophenone TSC
and its Cu(II), Ni(II) complexes were tested for antitumor activity against HepG2
human hepatoblastoma cells. The results indicates that the copper complexes of
the both ligands had better activity than others against cancer cell line [61]. (Z)-2-
(Amino(pyridin-2-yl) methylene)-N-methylhydrazine carbothioamide and its
Cu(II), Zn(II) complexes Cytotoxic activity was studied against HeLa, HepG-2 and
SGC-7901 cell lines. The results shows that copper complex had better activity among
the others [62].

Bis(citronella thiosemicarbazone); Pyridoxal TSC and its Ni(II), Cu(II) Metal
complexes were tested for antiretro-viral activity against HIV-1 and HTLV-1/-2. The
results indicates that copper complex has potent anti HIV activity (Figure 4) [63].

2.5 Cu(II), Ni(II) and Zn(II) complexes
2-Methoxybenzaldehyde-S-2-methylbenzyl dithiocarbamate and 3-methoxy-

benzalde hyde-S-2-methylbenzyl dithiocarbamate and its Cu(II), Ni(II), Zn(II)
complexes were inactive against MCF-7 and MDA-MB-231 breast cancer cell lines [64].
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Figure 4.
Cytotoxic activity of Cu(II), Zn(II) and Ni(Il) complexes of thiosemicarbazones.

2.6 Ni(II) complexes

Ni(II) and its complexes of 3-Methoxy-salicylaldehyde-4(N)-substituted thios-
emicarbazones exhibits strong anti-oxidant property with strong radical scavenging
ability. Some of the complexes shows better anticancer activity against lung cancer
cell lines (A549) than the ligand and cisplatin [11]. N(4)-substituted thiosemicarba-
zone and its Ni(II) complexes Anti-cancer activity was tested against human breast
cancer cell lines (MCF-7). All the complexes shows moderate activity compared to
commercial anti-cancer drug, cisplatin [65].

Ni(II) and its complexes of dinucleating bis(thiosemicarbazones) were tested
for cytotoxic activity against human cancer cell lines (A549 and HepG2). One of the
nickel complex shows better activity against A549 cell line than cisplatin drug [66].

2-Hydroxy-1-naphthaldehydethiosemicarbazone; salicylaldehyde-4(N)-
ethylthiosemicarbazone; 2-hydroxy-1-naphtha ldehyde-4(N)-ethyl TSC and Ni(II)
complexes were tested for cytotoxic activity against human cancer cell lines (A549
and HepG2). One of the nickel complex shows better activity against A549 cell
line than cisplatin drug [67]. Ortho-Naphthaquinone thiosemicarbazone; ortho-
Naphthaquinone semicarbazone Anti-cancer activity and its Ni(II) complexes
were tested against MCF-7 human breast cancer cell lines and results revealed that
semicarbazone and nickel complexes were more active than thiosemicarbazone
ligand [68].

p-Fluorobenzaldehdye thiosemicarbazones and its nickel complexes shows
remarkable inhibition activity against human leukemic cell line U937 (Figure 5) [69].
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Figure 5.
Cytotoxic activity of Ni(Il) complexes of thiosemicarbazones.

2.7 Fe(II) and Fe(IIT) complexes

a-N-heterocyclic thiosemicarbazone and its complex of Fe(III) Anti-cancer activ-
ity was studied against human breast cancer cell lines, cervical cancer cell lines and
liver cell lines. The results show that iron complex has better activity than its ligand.
This study also evaluates the anti-cancer mechanism [70]. 2-Acetylpyridine thios-
emicarbazones and its Fe(III) complexes Antiproliferative property were reported.
The structure and activity relationship was determined [71]. 2-Acetylpyridine N,N-
dimethylthiosemicarbazone; 2-acetyl pyridine N-pyrrolidinyl TSC; acetyl pyrazine N,N-
dimethyl TSC; acetyl pyrazine N-pyrrolidinyl and acetylpyrazine-N-piperidinyl TSC and
its Ga(III), Fe(III) complexes Cytotoxic activity were studied and it was reported that
ligands were enhanced by the chelation with Ga(III) while weakens with Fe(III) [72].
Iron and its complexes of Series of Di-2-pyridyl ketone thiosemicarba-
zones had good antiproliferative activity against the tested tumor cells [73].
1-Formylisoquinoline thiosemicarbazone; 4-Methyl-5-amino-1-formylisoquinoline
TSC and its Fe(II), Fe(III) complexes were active against P 388 lymphocytic leukemia
test system in mice (Figure 6) [74].

2.8 Organo Sn complexes

Cytotoxic activity of 2-Hydroxy-5-methoxy benzaldehyde-N (4)-methylthiosemi-
carbazone and its complexes Organotin (IV) were tested against human colorectal
(HCT 116) cell lines and the results show that the complexes had better activity than
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Cytotoxic activity of Organo tin complexes of thiosemicarbazones.

the ligand [75]. 2-Benzoylpyridine N(4)-phenyl thiosemicarbazone; 2-Acetyl pyr-
azine N(4)-phenyl TSC and its Diorgano Sn(IV), Antibacterial activity and cytotoxic
activity against K562 leukemia cells of the free ligands and complexes were reported
[76]. Pyridoxal thiosemicarbazone and its complexes of Diorgano Sn(IV) antitumor
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activity were studied and observed that Ethyl, butyl, and phenyl substituted com-
pounds suppress the proliferation of friend erythroleukemia cells (Figure 7) [77].

3. Miscellaneous

2-Benzoylpyridine N(4)-cyclohexyl thiosemicarbazone-Anti-proliferative activ-
ity of the ligand and its indium complexes was tested against human hepatocellular
carcinoma. The studies revealed that the indium complex has better activity than the
others [78]. N4-(2-Hydroxy-5-chlorobenzyliden e)-2-amino-5-chlorobenzophenone
thiosemicarbazone; N4-(2-Hydroxy naphthalene-1-carbaldehyde)-2-amino-5-chlo-
robenzophenone TSC and its complexes of Ru(II) cytotoxic activity was studied
and reported that, all the complexes showed better in vitro cytotoxic activity against
MCF-7, Hop62, MDA-MB cell lines [79]. 7-Chloroquinoline thiosemicarbazone and its
complexes of Ga(III), Cytotoxic and antimalarial activity were tested and proved that
the complex shows 31 times better activity on colon cancer cell line than etoposide.
The complex has better antimalarial activity against Plasmodium falciparum than
lumefantrine [80].

2-Acetylpyridine-N(4)-Orthochlorophenyl thiosemicarbazone and their com-
plexes of Ga(III), Sn(IV), Pd(II) and Pt(II) Cytotoxic activity was reported. The
results indicate the ligands and metal complexes showed better cytotoxic activ-
ity [81]. (Z)-(2-((1,3-Diphenyl-1H-pyrazol-4-yl) methylene) and hydrazinyl)
(pyridin-2-ylamino) methane-thiol thiosemicarbazones and their complexes of
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II) Cd(II) and Zn(II) complexes had
strong antioxidative property. Ni(II) complex shows excellent activity against HepG2
and MCF-7 cancer cell line [82]. Cd(II) and its complexes of 2-Acetylyuridine-N4-
substituted thiosemicarbazones and their Cytotoxic activity against human breast
cancer cell lines was tested and found that one of cadmium complexes has better
activity than the cisplatin drug [83]. Bi(III) and its complexes of 2,6-Diacetylpyridine
bis (4N-methylthiosemicarbazone) have much more anti-bacterial and anticancer
activity than its parent ligand against Bacillus cereus and Salmonella Typhimurium and
K562 leukemia cells [84]. Ru(II) and its complexes of Benzaldehyde thiosemicarba-
zones and their Cytotoxic activity were evaluated against the WHCO1 esophageal
cancer cell line. Among the tested complexes two had moderate activity against
the cancer cell line [85]. 2-Acetylpyridine thiosemicarbazone; 2-Acetylpyridine
N(4)-methyl TSC; 2-Benzoylpyridine TSC; 2-Benzoyl pyridine N(4)-methyl TSC;
2-Benzoylpyridine N(4)-phenyl TSC and its complexes of Mn(II), Co(II), Zn(II) was
tested against its cytotoxicity and reported that compounds show significant activity
against K562 leucocythemia cancel cell line [86].

2-Pyridineformamide thiosemicarbazones, 2-formyl and 2-acetyl acetyl pyri-
dine thiosemicarbazones and its complexes of Ga(III) antiproliferative activity
were evaluated against human cancer cell lines (MCF-7, T24, A549 and mouse
L-929). 2-acetyl pyridine thiosemicarbazone shows higher activity than others
against all cancer cell lines [87]. Kowol et al. [72] studied the anticancer activity
of 2-Acetylpyridine N, N-dimethyl TSC, 2-acetyl pyridine N-pyrrolidinyl TSC,
acetyl pyrazine N, N-dimethyl TSC, acetyl pyrazine N-pyrrolidinyl and acetyl
pyrazine-N-piperidinyl TSC and its complexes of Ga(III), Fe(III). Cytotoxic activ-
ity of the ligands was enhanced by the chelation with Ga(III) while weakening with
Fe(III). Noblia et al. [88] reported cytotoxic activity of 5-Bromo salicylaldehyde
semicarbazone; 2-Hydroxy-naphtalen-1-carboxaldehyde semicarbazone and their
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vanadium complexes. The results indicate that the complexes had selective activity
against TK-10 cell line. Anticancer activity of ortho-Naphthaquinone thiosemicar-
bazone and its Cu(II),Ni(II), Pd(II) and Pt(II) complexes were tested against MCF7
human breast cancer cell lines and results revealed that chelation of metal ion into
ligand was enhanced its activity [89]. Casas et al. reported the cytotoxic activity of
Formylferrocene thiosemicarbazones and their Au(III) complexes were evaluated
against HeLa cell lines and found that antiproliferative activity was similar to cispla-
tin, a commercial drug.

Arion et al. [90] reported cytotoxic activity of 2-Acetylpyridine 4 N-dimethyl TSC
and its Ga(III) complex against human cancer cell lines SW480, SK-BR-3, and 41 M
were tested and results revealed that complexes show slightly higher activity than
ligand. Antiproliferative activity of Acenaphthenequinone thiosemicarbazone and its
Ni(II), Fe(II), Cu(Il), Zn(II)were reported and found that Cu(II) complex shows bet-
ter antiproliferative activity than others. Perez et al. [91] tested the cytotoxic activity
of p-Isopropyl benzaldehyde and methyl 2-pyridyl ketone thiosemicarbazones and
their Zn(II), Cd(II) against various cell lines. Results indicate that zinc complex was
proven as a more potent antitumor agent. Jayasree and Araindakshan [92] reported
the antitumor activity of Acetoacetanilide thiosemicarbazone and its Mn(II), Zn(II),
Cd(II), Co(Il), Fe (IIII) complexes against Ehrlich Ascites tumor cells and found that
metal complexes were more active than free ligand. Mohan et al. [93] studied the
antitumor activity of 2,6-Diacetylpyridine bis(N4-azacyclic thio semicarbazones)
and their Mn(II), Fe(III), Fe(II), Co(II), Ni(II), Cu(II), Zn(II), Pt(II) complexes
against P 388 lymphocytic leukemia test system in mice shows that copper complex
shows better activity than others.

4, Conclusions

From the above discussion it is concluded that in most of the studies the metal
complexes show greater cytotoxic activity than the free ligands. In metal complexes
most of the researchers found the activity of palladium and platinum complexes than
other metal complexes. There is a gap between structure activity relationship between
metal complexes and their activity towards specific species. Metal complexes of thi-
osemicarbazones shows great antiproliferative activity and destroys cell completely.
Several derivatives of TSC and its metal complexes such as Pt(II), Pd(II), Cu(II),
Fe(II), Ni(II), etc., shows excellent cytotoxic activity.
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Abstract

The Schiff base was first synthesized by Hugo Schiff through the condensation
reaction of primary amines with carbonyl compounds (aldehyde or ketone) in 1864.
Schiff bases exhibit many structural and electrical characteristics that enable their
use in a variety of fields, including medical and chemosensing. Schiff bases generate
stable complexes when they bind with different metal ions. Schiff bases are employed
as fluorescent turn-on/turn-off chemosensors for the detection of various metal
cations, such as Hg2+, Cd*, Cr**, Pd*, and As in various materials due to their
outstanding coordination ability. This chapter examines a variety of Schiff bases that
are employed in chemosensing procedures for various metal ions (such as divalent
and trivalent cations) in various biological, agricultural, and environmental settings.

Keywords: thiosemicarbazones, chemosensor, fluorescence, copper, fluoride ion

1. Introduction

Various fields use metallic cations, some of which control countless biological
processes necessary for life. However, since they are not biodegradable and can
accumulate in the food chain, the excess of these ions can lead to serious environmen-
tal issues. Even at low concentrations, they constitute a substantial threat to both the
environment and human health. Numerous health issues, such as allergies, lung dam-
age, anemia, kidney failure, neurotoxicity, genotoxicity, oxidative toxicity, steroido-
genic toxicity, sperm toxicity, apoptotic toxicity, and axillary toxicity, can be brought
on by these ions [1-10]. So it is crucial to architect an effective method for identifying
these ions in various samples. In order to detect metallic cations, different techniques
have been developed, including liquid chromatography [11], electrochemistry [12],
voltammetry [13], reversed-phase high-performance liquid chromatography [14], and
inductively coupled plasma-mass spectrometry [15]. Even though these methods are
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quite effective, they nevertheless have certain drawbacks, such as being expensive,
difficult to use, requiring a lot of sample preparation, and providing ambient condi-
tions for their use. As an alternative to the aforementioned drawbacks of conventional
techniques, fluorescent-based Schiff bases have been developed for the detection

of metallic cations. They serve as stabilizers for polymers, catalysts, pigments, and
dyes, intermediates in organic synthesis, and pigments and dyes [16]. Additionally,

a variety of biological activities involving antifungal, antibacterial, antimalarial,
antiproliferative, anti-inflammatory, antiviral, and antipyretic effects have been
linked to Schiff bases [17, 18]. There are imine or azomethine groups in a variety of
natural, natural-derived, and synthetic substances. It has been demonstrated that
these compounds’ imine group is essential for their biological actions. Schiff bases
with great sensitivity and selectivity to a variety of species (cations and anions) were
demonstrated by the spectrofluorometric method. In particular, chemosensors based
on Schiff bases have shown exceptional performance for the identification of different
metallic cations due to their simple and affordable production as well as their capacity
to coordinate with practically all metal ions and stable them in a variety of oxidation
states. Additionally, these Schiff bases have demonstrated a wide range of biological
uses, such as anti-ulcerogenic, analgesic, antifungal, anti-inflammatory, anti-viral,
antioxidant, and anticancer effects. In various processes, many of these compounds
exhibit outstanding catalytic efficiency [19, 20]. Various Schiff bases have been
examined in this review article as fluorescent turn-on/turn-off chemosensors for the
detection of different metal ions in various matrices. Additionally, many Schiff base
chemosensors’ synthetic processes and sensing mechanisms have been studied.

2. Synthesis of Schiff bases

Any primary amine can produce Schiff bases under specified conditions when
it interacts with an aldehyde or ketone. In terms of structure, a Schiff base is an
aldehyde or ketone that has had the carbonyl group (C=0) substituted by an imine
or azomethine group, creating a nitrogen analogue. The synthesis of Schiff bases has
used a variety of synthetic methods. Only a few straightforward synthetic methods
are described here for the benefit of beginners and others who are unfamiliar with
organic synthetic chemistry. Hugo Schiff (1864) was the first to produce Schiff bases
using an azeotropic distillation reaction between primary amines and an aldehyde
or ketone (Compound a, Figure 1) [21]. Catalysts of many types, such as acetic acid,
p-toluene sulfonic acids, montmorillonite, and acid resin. There have been reports
of the synthesis of Schiff bases from primary amines and carbonyl compounds
(aldehyde or ketone) using resin, HCI, H,SO,, TiCly, Mg(ClO,),, SnClL, BF;Et,0,
ZnCly, MgSO0,, etc. Additionally, under green chemistry circumstances, microwave
irradiation of Schiff bases has been modified for solvent-free synthesis [22, 23].
In this approach, aldehyde or ketone-containing carbonyl compounds react with
primary amines to produce Schiff bases with a high yield (Compound b, Figure1).
The process can proceed at ambient by the use of an appropriate catalyst. Without the
use of any solvent, the reactants (primary amines and aldehyde/ketone) are ground
in a mortar and pestle (Compound c, Figure 1) [24]. Additionally, primary amines
and alcohol can be combined to create a Schiff base (Compound d, Figure 1). This
approach works with a variety of alcohols and amines and does not need any addi-
tional equipment or supplements [25].
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Figure 1.
The synthesis of Schiff base devivatives via several synthetic pathways.

3. Chemosensors using Schiff bases to find hazardous metal ions

For fluorescence turn-on/turn-off detection of different metal cations, a number
of chemosensors based on Schiff bases have been created and employed (Table1).
Before employing these compounds as chemosensors, there are a few ideas to keep
in mind. In order to create a heterogeneous system in an aqueous medium, bulky
chains are preferred. This makes it possible to set up a system for quick and affordable
separation. Additionally, spectroscopic techniques are used in the field of chemosens-
ing; hence, the Schiff bases should preferably comprise a fluorophore for fluorescent
spectroscopic studies [26]. Similar to this, a spacer (which can change the geometry
of the system and control the electrical interaction between the receptor and chromo-
phore unit) and a receptor (which is responsible for the selective analyte binding) are

needed [27].

4. The sensing mechanism of the Schiff base chemosensor, including its
selectivity and sensitivity

The electron configuration of both the ligand and the metal ion, as well as the
structural stiffness and the capacity of the Schiff base chemosensor to attach to the
metal ion, is a parameter that controls the selectivity and high sensitivity of Schiff
base chemosensors [28, 29]. Therefore, various mechanisms, such as chelation-
enhanced fluorescence (CHEF), photo-induced electron transfer (PET), intra/inter-
molecular charge transfer (ICT), hydrolysis, chelation enhancement quenching effect
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(CHEQ), and ring-opening mechanisms, have been proposed for the interaction
between metal ions and various chemosensors. In this chapter, we also briefly address
the mechanisms underlying the chemosensory applications of Schiff base derivatives.
(i) Electron transfer (ET): Out of all of these traditional processes, ET-primarily via
photo-induced electron transfer (PET)—has been the one used the most frequently in
fluorescent chemosensors. A fluorophore’s fluorescence is typically quenched by the
PET process; however, it may be restored if guest molecules can prevent the PET pro-
cess. (ii) Charge transfer (CT): ICT (intramolecular charge transfer), MLCT (metal-
ligand charge transfer), and twisted ICT are examples of CT processes (TICT). A
ratiometric signal is produced by an ICT-based chemosensor when an ICT process is
enhanced or suppressed. This ratiometric signal can remove the majority of ambigui-
ties by self-calibrating two emission bands and enable quantitative determination in
more advanced applications, such as imaging in living cells and tissues. On the other
hand, transition metal complexes like those of ruthenium, rhenium, and iridium,
etc., frequently exhibit MLCT, in which CT occurs from a ligand to a transition

metal cation. Through the influence of MLCT energy level by analytes, it can also be
employed for chemosensor design. Additionally, TICT is a potent intramolecular CT
that takes place in the excited state and requires solvent relaxation surrounding the
molecule to produce an ongoing rotation of the electron donor and acceptor until it is
twisted roughly 90 degrees [30, 31]. Since intramolecular rotation and charge separa-
tion in the TICT state depend on polar solvent relaxation, the fluorescence behavior is
extremely sensitive to micropolarity and/or steric barrier for molecular rotation [29,
32, 33]. (iii) Energy transfer (ET): Depending on the interaction distance between the
energy donor and energy acceptor, ET can be divided into two categories: electronic
energy transfer (EET) and fluorescence resonance energy transfer (FRET). While
FRET requires a specific amount of spectral overlap between the emission spectrum
of the donor and the acceptor, EET, also known as Dexter electron transfer, requires a
distance between the donor and acceptor of less than 10 to be effective. For effective
FRET to happen, the distance between the donor and acceptor needs to be between 10
and 100. As a result, the chemosensors based on the energy transfer mechanism are
highly dependent on distance. (iv) Excimer/exciplex: An excimer is a complex that is
created when a fluorophore interacts with another fluorophore of the same structure
in the ground state while it is stimulated. The resulting complex is known as an exci-
plex if the fluorophore in the excited state differs from the fluorophore in the ground
state. A dual emission from the monomer and excimer/exciplex is frequently recorded
at the same time because the emission spectra of an excimer/exciplex are red-shifted
in comparison to that of the monomer. The excimer/exciplex band can therefore

be monitored to detect excimer/exciplex production or deformation in response to
interaction with a guest species. However, there are currently just a few examples of
chemosensors that work by forming exciplexes [32, 34, 35].

5. Detection of some toxic heavy metal ions
5.1 Detection of mercury

Mercury is a toxic heavy metal even at low concentrations and widely dispersed in
nature. It can accumulate in the body and is responsible for different diseases includ-
ing acute kidney failure, prenatal brain damage, and heart diseases. Therefore, the
detection of Hg*" ions in different samples is of great consideration. A novel Schiff

158



Recent Advancements in Schiff Base Fluovescence Chemosensors for the Detection of Heavy...
DOI: http://dx.doi.org/10.5772/intechopen.109022

base chemosensor 1 containing pyrene-based free thiol derivative was used for the
determination of Hg* ions in living cells [36]. Therefore, it is quite important to
consider finding Hg** ions in various samples. For the detection of Hg** ions in live
cells, a new Schiff base chemosensor 1 with pyrene-based free thiol derivative was
employed. Similar to this, a double-naphthalene Schiff base fluorescent chemosen-
sor 2 was used to detect Hg”* ions at a low detection limit of 0.05595 pM in a DMSO
medium (Figure 2). In the presence of DMSO, the chemosensor’s imine group
underwent oxidation to become an amide. The 1:1 metal-ligand complex generated by
the N- and O- atoms of amide and Hg’* ions was confirmed by mass spectrometry, 'H
NMR, and FT-IR spectroscopy [37]. A novel coumarin-based fluorescent chemosen-
sor 3 was employed in another study to find Hg** ions. In the presence of secondary
metal ions, the chemosensor shows excellent selectivity toward Hg*". As the amount
of Hg** gradually increases, the probe’s yellow-colored solution becomes colorless.
Fluorescence investigations further supported chemosensor 3’ selectivity for mer-
cury ions. The bright blue fluorescence at 460 nm gradually decreases in conjunction
with a minor red-shift to the cyan channel (470 nm) after the addition of 0.4 M Hg2+
to the probe solution. The lone pair electrons are distributed to Hg** by the Schiff base
imine nitrogen (CH=N) and phenolic-oxygen atoms, which reduces the emission of
acceptor coumarin and prolongs that of the donor 4-(Diethylamino)salicylaldehyde.
Therefore, 4-(Diethylamino)salicylaldehyde’s distinctive emission at 470 nm is due
to the inhibition of the ESIPT and PET-ON processes. The mole fraction at maximum
absorbance is 0.3, showing that Cou-S and both Hg** form a dimer complex with a
binding stoichiometry of 2:1 (probe: metal ion). An 8.3 nM threshold for detection
was determined. Density functional theory (DFT) was also used to analyze how the
chemosensor and Hg2+ ions interact [38]. Another work used a novel N-salicylidene)
benzylamine Schiff base 4 to detect Hg”* ions via fluorescence ON characteristics.
Fluorescence and UV-Vis spectroscopy were used to examine the chemosensor’s
sensing capabilities. By using fluorescence emission and UV-Vis spectroscopy, it was
determined how the chemosensor 4 responded to different cations. Significant fluo-
rescence enhancement and spectral/color alterations supported the sensor’s selectiv-
ity for Hg** [39]. The detection of Hg*" ions is influenced by the pH of the detection
medium. For example, a turn-on fluorescent chemosensor 5 was developed to detect
Hg”* in an aqueous CH;CN medium with a pH range of 5-10 [40]. In the presence of
various cations including Hg2+, Pb*, Ca**, Ba**, Cu*', Cr*, Mg2+, Zn** ions in aque-
ous media, it was discovered that the Hg*" ion notably exhibited specificity for the
Schiff base chemosensor 6. Additionally, counter anions such as Br™, CI', F*, I, s>,
CN, NO;°, NO,”, OH", CO;7, SCN™, HSO;", H,PO,” CH;COO", HPO,*, P,0;*, and
PO,* failed to have a discernible impact on the chemosensor’s selectivity [41]. The
structures of the chemosensors 1-6 and their interaction with Hg** ion are shown in
Figure 2.

5.2 Detection of cadmium ion

Due to the extensive range of uses of cadmium in numerous industries, includ-
ing mining, smelting, and the combustion of fossil fuels, etc., it is one of the most
pervasive health-hazardous contaminants. In light of this, it is crucial to create a
reliable and efficient method for detecting Cd** ions in a variety of materials. The
quinoline moiety-containing Schiff base chemosensor 7 was created as a fluores-
cence sensor for Cd** ions. It’s interesting to note that the chemosensor performed
superbly when detecting Cd** ions in an aqueous media by turn-on fluorescence.
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Figure 2.
Formation of Hg** complexes with Schiff base chemosensors 1-6.

Very little fluorescence emission was seen from chemosensor 7 when it was unmodi-
fied, but a significant turn-on response was seen when Cd** was added. The sensor
showed excellent selectivity with no interference from any other metal ions. The
limit of detection was determined to be 0.0024 pM, and the binding stoichiometry
between the Cd** and chemosensor 7 was proven to be 1:1 [42]. To identify Cd* ions,
a pyridine-based Schiff base chemosensor 8 was created. The fluorescence enhance-
ment happened when the Cd** ion was applied to the complexion despite the che-
mosensor not being fluorescent. As a result, the CHEF was stimulated while the PET
was blocked, increasing the fluorescence intensity of the chemosensor. Additionally,
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chemosensor 8 was successfully used in water sample analysis [43]. With a detection
limit of 1.025 x 10"® M, a Rhodamine-based Schiff-base fluorescence chemosensor

9 was used to find Cd** ions. In the presence of cations, the chemosensor 9 shows
significant sensitivity and selectivity for Cd** ions [44]. An ON-type Schiff base
chemosensor 10 was communicated in 2020 and its fluorescence properties against
cadmium ions were discussed. According to Job plot, the chemosensor creates a
complex with Cd** of 1:1 ratio. For an analytical approach based on chemosensor,

pH, solvent type, and ligand concentration were tuned for the detection of Cd** in
aqueous samples. The limit of detection was determined to be 6.0 x 10" M. The probe
showed a wide range of linearity with Cd* [45]. A recent study described fluores-
cent sensor 11, which is based on rhodamine, and its capacity to find Cd* ions. The
coordination-induced fluorescence activation (CIFA) mechanism is how the sensor
reacts to Cd”*". In the presence of the tested metal ions, chemosensor 11 responds to
Cd** with a highly quick and reversible fluorescence. The complex stoichiometry
between the sensor and Cd** was discovered to be 1:1, and the binding constant in
acetonitrile (ACN)/HEPES buffer (10 mM, pH, 7.05, v/v 1:1) was calculated to be 2.70
10’ M. The chemosensor 115 fluorescence detection limit for Cd** was discovered to
be 0.218 pM, demonstrating a notable sensitivity to Cd* [40]. The structures of the
chemosensors 7-11 and their interaction with Cd** ion are shown in Figure 3.

5.3 Detection of chromium ion

Chromium is a significant transition metal that is used in a variety of industries,
including chemical engineering, textile manufacturing, steel production, oil refining,
and electroplating. But it raises the risk of lung, sinus, and nasal cancer and results in
pulmonary sensitization. A novel Schiff base chemosensor 12 was constructed and
subjected to several characterization methods in order to detect Cr’*. Using a spec-
trophotometric method, the chemosensor was tested against a variety of toxic metal
ions, including Mn**, Ag*, Cd**, Co™, Cu**, Ni**, Zn*", Fe**, AI**, and Cr’*. Only Cr**
ions were found to produce a recognizable hyperchromic shift in the chemosensor’s
absorbance due to the formation of the stable complex through S and N atom [46].

Additionally, electrochemical methods were employed to investigate the electro-
chemical properties and reversibility of the chemosensor. To detect Cr’* ions in the
aqueous media, the Schiff base chemosensor 13 was also used. Visual monitoring
was done of the chemosensor 13 colorimetric sensitivity to several cations. When
chromium ions were added, the chemosensor 13’s yellow color turned to colorless.
Fluorescence tests were used to investigate the chemosensor 13’ sensing capabilities
in more detail. The chemosensor 13 displayed less fluorescence intensity at 418 nm,
but a significant increase in fluorescence intensity was seen in the presence of Cr’*
due to the imine group of sensor might be converted back to the carbonyl group in
the presence of cr* [47]. Recently, a novel Schiff base fluorescent chemosensor 14
for the selective detection of chromium ions was published. The development of a 1:1
stoichiometric sensor-Cr’* complex, which is supported by Job’s plot, has the effect
of inhibiting the PET process. The limit of detection was shown to be 1.3 x 10~ M via
fluorescence titration, and the association constant Ka was reported as 2.28 x 10° M.
Additionally, DFT and TDDFT simulation results were provided to understand the
proposed complex’s optimal structure as well as its electronic spectra [48]. An innova-
tive thiazole-based fluorescent Schiff base chemosensor 15 for the chemodosimetric
method to Cr(III) ion detection was discussed. The structure of the chemosensor 15
was determined using a variety of analytical techniques, including UV-vis, C-NMR,
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Figure 3.
Formation of Cd** complexes with Schiff base chemosensors 7—11.

'H-NMR, and FT-IR analysis. It’s interesting to note that chemosensor 15 responds to
different metal cations, such as Ni**, Na*, Cd%, Ag’, Mn?, K*, Zn*, Cu*, Hg2+, Co*,
Pb%, Mg2+, Sn?*, AP**, and Cr*, by turning on fluorescently to specific Cr(III) ions
[49]. Whereas an inner filter effect-based Schiff base chemosensor 16 was adequately
quenched by Cr(VI) through primary and secondary inner filter effects. The addi-
tion of L-ascorbic acid in the concentration range of 10 pM to 390 pM with an LOD
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of 2.46 pM efficiently turned on the chemosensor-Cr(VI) solution’s switched-off
fluorescence. The reduction of Cr(VI) to Cr(III) by L-ascorbic acid led to the elimi-
nation of both primary and secondary inner filter effects and the recovery of the
chemosensor’s fluorescence, which is the mechanism proposed for the fluorescence
turn-on of the Cr(VI)-chemosensor’s quenched fluorescence [50]. The structures of
the chemosensors 12-15 and their interaction with Cr’* ion are shown in Figure 4.

5.4 Detection of palladium ion

A valuable metal, palladium is used in several industrial and electronic devices.
However, palladium is extremely carcinogenic and poisonous. The detection of Pd**
ions in various environmental, biological, and agricultural materials is therefore
crucial. For the purpose of detecting Pd** ions, the Schiff base fluorescent and
colorimetric chemosensor 17 was employed. High selectivity toward Pd* ions was
demonstrated by this chemosensor in the presence of monovalent, divalent, trivalent,
and tetravalent cations such as Ba**, Cu**, Zn?*, Fe**, Tb**, ng*, Eu*, Mgz*, Gd*,
Mn?*, Sm*, Cr’*, Ag*, Ca**, Sn**, and Ni**. Mass, '"H NMR, °C NMR, and FT-IR
analyses all validated the spirolactam ring opening as the chemosensor’s mechanism.
Chemosensor 17’s Pd** detection threshold was established at 0.05 uM [51]. In the
presence of the ions Ba%, Cu*, Zn?*, A**, Fe*', ng*, Mg2+, Co**, Mn%, Ag’, Ca%,
Ni%*, Cd**, Pb*, Fe**, Pt**, Na*, and K*, Coumarinyl-rhodamine Schiff base chemo-
sensor 18 functions as an incredibly selective chemosensor for Pd**. The spirolactam
ring being opened has been suggested as the mechanism for this chemosensor. The
Pd** ions improve the fluorescence intensity and change the color of the chemosensor
from straw color to pink, whereas the free chemosensor was weakly emissive. In the
presence of chemosensor 18 and distinct metal cations, this chemosensor was highly
selective for the Pd** ion [52]. The structures of the chemosensors 17-18 and their
interaction with Cr’* ion are shown in Figure 5.

5.5 Detection of Arsenic ion

Despite being extensively distributed in nature, arsenic is a deadly heavy metal
even at low amounts. It builds up in the body and causes a variety of illnesses, such as
lung and skin cancers, interference with cellular respiration, and affects the functions
of the liver, kidney, bladder, and prostate [53-55]. Therefore, the detection of As3+
ions in different samples is of great consideration. A recent study described the detec-
tion of arsenic species found in a real naphtha sample using a fluorescence chemosen-
sor 19 based on excited-state intramolecular proton transfer (ESIPT). The ESIPT
process of M-HBT was demonstrated by the pH-related emission migration from
610 nm (pH 14,1) to 510 nm (pH 14,13). The sensing ability of M-HBT was examined
in ethanol, and the experimental findings showed that As®* responded linearly well
in the range of 0-32 pM [56]. Similar to this, for the quick detection of As**/As’* in
mixed aqueous solutions, a novel colorimetric sensor based on a benzothiazole Schiff
base chemosensor 20 has been reported. It offers advantages of simplicity, specific-
ity, high sensitivity, selectivity, and economy with a detection limit of 7.0 ppb within
10 s via the naked eye. Moreover, the probe is appropriate for on-site, quick, and
convenient detection of As®*/As’* ions at extremely low concentrations in actual water
samples and exhibits remarkable selectivity in the presence of other common ions
[57]. A novel coumarin-based fluorescent chemosensor 21 was employed in another
study to find As ions. In the presence of secondary metal ions (Na*, Mg2+, Cu?*, Ni%*,
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Figure 4.
Formation of Cr** complexes with Schiff base chemosensors 12—16.

Co**, Zn**, Pb**, Fe**, Fe**, Hg2+, Ca?*, Cd*, and Mn**), the chemosensor shows excel-
lent selectivity toward As>. The development and evaluation of ArsenoFluorl, the
first example of a chemosensor was done for the detection of As** in organic solvents
at 298 K. At Aem = 496 nm in THF, AF1 shows a 25-fold increase in fluorescence that is
selective for As* over other physiologically relevant ions (such as Na*, Mgz*, Fe*, and
Zn*") and has a sub-ppb detection limit. According to AF1%s optical characteristics,

a strong broad absorption band with a center wavelength of 385 nm in THF may be
seen. This band is predominantly dominated by the coumarin chromophore. Due to
effective quenching by the thiazoline N lone pair through a photoinduced electron
transfer process, the resulting fluorescence emission maximum at 496 nm exhibits

an incredibly low quantum yield (f) of 0.004. The nonconjugated AF1 is basically
non-fluorescent. When As* is added (as Asls, but AsCls also produces comparable
effects), AF1’s fluorescence intensity increases by around 25 times. This strong
turn-ON response is accompanied by red shifts in the absorbance maxima from
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Figures.
Formation of Pd** complexes with Schiff base chemosensors 17-18.

385 to 464 nm, which are indicative of benzothiazole C6-CF3 production. The
commercially available coumarin-6 (analogue of C6-CF3 with hydrogen replacing
the CF3 group) and other coumarin-benzothiazole compounds typically exhibit
fluorescence via an internal-charge-transfer (ICT) mechanism. As a result, at 298 K,
AF1 functions as an efficient OFF-ON fluorescence sensor for As3+ in organic media.
The sensing process probably entails bis-coordination of the Schiff-base thiolate form
of AF1 to the thiolate anion, which then attacks the C-N carbon and loses a proton to
produce the benzothiazole [58]. The structures of the chemosensors 19-21 and their
interaction with Cr’* ion are shown in Figure 6.

6. Detection of other cations

A fluorogenic and chromogenic chemosensor 22 with great sensitivity was cre-
ated. The developed chemosensor was distinguished by contemporary analytical
methods. The completely characterized chemosensor was utilized to detect the
presence of Au’* ions in acetonitrile-containing aqueous media in the presence of a
variety of competing analytes, including cations (chlorides salts of Au’*, Cr’*, Fe’",
Zn**, Cd**, Pb*, ng*, Pt*, Pd*, perchlorates of Mn?*, Co**, Ni**, Cu*, and nitrate
salts of Ag", and AP*). The chemosensor 22 only demonstrated a selective response
to Au®* ions and revealed a 696-fold fluorescence increase toward Au’*. The struc-
ture of the chemosensor 22 and its interaction with Au®* ion are shown in Figure 7.
The limit of detection was determined to be 1.51 M. The chemosensor 22 also had a
colorimetric response that ranged from colorless to pink. These imine bond (C- -N)
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Figure 6.
Formation of As** complexes with Schiff base chemosensors 19-21.

hydrolysis-induced fluorometric and colorimetric responses were caused by Au**
ions. Additionally, chemosensor 22 was successfully used to determine the pres-

ence of Au®* ions in living MC3T3 cells [59]. For the purpose of detecting Y°*, a new
tetraphenylethylene decorated with m-aminobenzoic acid (chemosensor 23) was
designed and produced with an 89% yield. Based on the AIE effect, it displayed the
far-red fluorescence at 550-670 nm in aqueous environments. It demonstrated strong
Y** selectivity across all types of metal ions and a clear “turn-on” fluorescence, which
was seen for the first time for a Y** fluorescence sensor. The detection threshold for
Y?" was as low as 2.23 x 10”7 M. Fluorescence titration helped to clarify the sensor
mechanism for a 1:1 stoichiometric ratio. The selective sensing of Y>* was also effec-
tively used to identify Y?* for tested paper, a simulated water sample, and bio-imaging
of live cells, indicatin§ the strong practical application potential of this fluorescent
sensor on detecting Y°* in diverse water media and living body environments [60].
Similarly, a new fluorescent chemosensor 24 was architected for the recognition of
Y?" ions. The probe 2-hydroxy-1-naphtaldehyde salicyloylhydrazone was described in
detail. For the determination of yttrium in THF, a very sensitive fluorescent approach
and the fluorescence method were developed based on the chelation reaction; they
can detect traces of Y>* with a naked eye in sunlight [61]. The structures of the
chemosensors 23-24 and their interactions with Y** ion are shown in Figure 7. For
the detection of Ga*, a simple Schiff-base based on fluorene and salicylaldehyde

was created. Using NMR titration, ESI-mass spectrometry analysis, photophysical
experiments, and DFT simulations, the sensing behaviors of chemosensor 25 with
Ga’* were investigated. In the presence of a variety of cations, including K*, Cu?,
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Figure7.
Formation of Aw* and Y** complexes with Schiff base chemosensors 22 and 23-24 respectively.

Co™, Ca™, Fe**, Cr’*, Ag’, Na*, Ni*", In*, Fe’*, Mg**, Cd**, Hg’*, Mn**, Pb*", and AI*",
the chemosensor 25 produced a highly stable complex and showed good selectivity
for Ga**. In particular, the detection threshold for Ga®* on chemosensor 25 was as low
as 10 nM [62]. Chemosensor 26 and 27 were recently used for the effective detection
of Ga>* ions. The symmetrical Schiff base chemosensor 26 (N'2,N’5-bis((E)-2-
hydroxybenzylidene)thiophene-2,5-dicarbohydrazide) and chemosensor 27 (N'5,N'7-
bis((E)-2-hydroxybenzylidene)-2,3-dihydrothieno[3,4-b]) are both produced from
thiophene. Fluorescence turn-on behavior was observed for Ga®* detection. After
chelation with Ga*", both of them demonstrated considerable fluorescence amplifica-
tion in MeCN/H,0 buffer solution. The sensors, on the other hand, displayed ultralow
detection limits of 3.90 x 10~ M and 3.97 x 10~° M, respectively. A 1:2 stoichiometry
between the sensors and the Ga>* was seen in the Job’ plots, with association con-
stants of 3.89 x 10° M and 8.59 x 10° M?, respectively. Theoretical investigations

into molecule configuration, charge distribution, molecular orbitals, electronic
transitions, and energy change results were produced in order to further explain the
differences in sensing performance between the two sensors [63]. The structures of
the chemosensors 25-27 and their interactions with Ga>* ion are shown in Figure 8.
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Figure 8.
Formation of Ga®* complexes with Schiff base chemosensors 25-27.

7. Performance evaluation

We reviewed spectrofluorometric technique in this chapter for the identifica-
tion and quantification of various cations in various environmental, biological, and
agricultural materials. With a very low detection limit, many of these chemosensors
have demonstrated remarkable sensitivity and selectivity for certain heavy metal
analytes. The effectiveness of several Schiff base-based chemosensors for the detec-
tion of various cations is discussed. The best performing Schiff bases for sensing
various cations were suggested after comparing the detection limit values. For the
targeted detection of mercury ions, the chemosensors 1-6 were employed. With a
detection limit of 8.3 nM, chemosensor 3 was discovered to be the most sensitive
of these chemosensors. Cd** was detected using chemosensors 7-11. Fluorescence
spectroscopy demonstrated the outstanding performance of chemosensor 7 for Cd*".
The calculated detection threshold is 14.8 nM. Additionally, the use of chemosensor
7 for the detection of Cd** in real water samples was successful. Similar to this, when
compared to chemosensors 12-16, chemosensor 13 had the best performance for Cr**
detection. With a low detection limit of 0.94 nM, the chemosensor responded to Cr’*
by turning on its fluorescence. For the detection of Pd*, two different chemosensors
using fluorescence (17-18) were employed. One of these chemosensors, 18 (with an
outstanding detection limit of 0.0188 pM), was discovered to be very effective and
sensitive for Pd**. Compared to chemosensors 19, 20, and 21 for the detection of As™,
turn-on chemosensor 20 showed great sensitivity with a detection limit of 7.2 ppb
in the aqueous medium. The Schiff base fluorescent chemosensor 22 displayed high
sensitivity toward Au®* with a detection limit of 1.51 pM, while the chemosensor 24
displayed good sensitivity toward Y** with a detection limit of 0.013 ppb. These find-
ings come from the discussion on the sensing of Au*, Y, and Ga*'. A detection limit
of 3.9 nm for the chemosensor 26 indicated that it had good sensitivity to Ga** [64].
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The different chemosensors and its analytical parameters for the chemosensing analy-
sis of heavy metals are listed in the Table 1.

8. Conclusion

Schiff base compounds are easily made in laboratories using various reaction
procedures. With the help of various analytical techniques, Schiff bases have been
used to detect a variety of metal ions, such as Hg2+, cd*, cr, pd>, As*, Au*, Y,
and Ga*". This chapter has discussed how various Schiff base probes can be used as
chemosensors to detect metal ions (cations). A stable complex can be formed when
a metal center coordinates with the nitrogen atom of azomethine, which is a possible
ligating site. In terms of metal cation detection, excellent results have been reported.
However, the development of chemosensors with high selectivity and sensitivity for
harmful metal cations that can operate in a variety of media is crucial. The availabil-
ity, biological compatibility, and structural flexibility of Schiff base derivatives are
further factors that support research.
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Chapter 9

Schiff Base Complexes for Catalytic
Application

Shakeel Nawaz Shariff, Supriya Saravu and
Dileep Ramakrishna

Abstract

Primary amines are combined with an aldehyde group to generate Schiff base
compounds, which are called condensation imine products. This class of compounds
has a general structure, R-C=NR', where R and R' represent alkyl/aryl/cyclohexyl/
heterocyclic group. These compounds contain an azomethine group that is basic in
nature due to, (i) the presence of lone pair of electrons on the nitrogen and (ii)
electron-donating nature of the double bond. Hence, these compounds, as ligands,
participate in the formation of metal complexes. The presence of lone pair of electrons
on the nitrogen atom and the hybridization involved explains the physical, chemical,
and spectral properties of nitrogen-containing moieties. In the case of (sp”) hybridi-
zation (trigonal structure), the lone pair of electrons occupies either a symmetrical
unhybridized 2p orbital that is perpendicular to the plane of trigonal hybrids or a
symmetrical hybrid orbital, whose axis is in the plane, leaving behind only the =-
electrons in the unhybridized 2p orbital. A very similar type of hybridization is
experienced by the nitrogen atom in the azomethine group. Traditional phosphine
complexes of nickel, palladium, and platinum, particularly those of palladium, have
played an extremely important role in the development of homogeneous catalysis.
Schiff base complexes as catalysts have been studied for various organic transforma-
tions such as oxidation, epoxidation, reduction, coupling reactions, polymerization
reactions, hydroformylations, and many more.

Keywords: Schiff base metal-complexes, homogenous catalysis, oxidation,
C-C coupling, epoxidation

1. Introduction

Schiff base ligands (SBLs) are known as “privileged ligands” [1] due to their facile
synthesis by the condensation of aldehydes with imines. In 1864, Hugo Schiff first
introduced the condensation of an aldehyde and an amine, which leads to the forma-
tion of a Schiff base (SB) [2]. SBLs are capable to form coordination bonds with metals
via imine nitrogen and group, which is generally connected to the aldehyde. In recent
days, Schiff bases (SBs) are prepared where efficient and well-synthesized SBLs are
labeled as “privileged ligands.” SBs can stabilize various metals with different oxida-
tion states and control the behavior of metals in diverse catalytic transformations,
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which are beneficial to most industries [3]. SBLs are easily synthesized and can
combine with practically any metal ion to form complexes [4]. At high temperatures
(>100°C) and with moisture, several Schiff base complexes (SBCs) exhibit strong
catalytic activity in various organic reactions. There have been numerous studies in
recent years explaining application in catalysis; therefore, this chapter highlights the
catalytic activity of SBCs. Almost all SBCs exhibit strong catalytic activity [4]. SBs are
often bi- or tridentate ligands that can bind to transition metals to produce incredibly
stable complexes. In some cases, liquid crystals are also employed for this purpose as
most liquid crystals have an azomethine group. The formation of carbon-nitrogen
bonds can be accomplished through Schiff base reactions in organic synthesis [5].
Coordination compounds were once thought to be an infrequent and unique group,
and later they were acknowledged as the most important compounds, which are
capable to transform straightforward inorganic molecules to form organic matter. To
give a good example of a coordination component, chlorophyll (the magnesium por-
phyrin complex found in plants) converts CO, and H,O into carbohydrates.

The basic structural formula for SBs is RRC=N-R, where R, R’, here R is labeled as
hydroxyalkyl, alkyl, cyclohexyl, hydroxyaryl, etc. SBs consist of azomethine moiety
(C=N) an azomethine group. In some cases, -SH or ~OH functional groups also partici-
pate in complexation, when they are enough close to azomethine moiety. This is due to
the lone pair of electron’s being donated to the electron deficient metal ion. Overall, this
facilitates the development of a metal complex with good stability. With salicyli-
deneimine, Ettling created the copper (II) complex in 1840. Since then, there has
been a significant quantity of material published on SBs and related metal complexes
(MGs) [6].

2. Synthetic routes to Schiff base complexes

From the past two decades, there is significant progress in the formation of SB
transition MCs, with an increased focus on synthesis and structure. The characteristic
of the SB and metal ion determines the synthesis, characteristics, and structure of the
SBCs. Mostly, the following techniques have been employed to create MCs of SBs [7].

Aldehydes and amines can condense with one another under various reaction
circumstances in the presence of various solvents. Methanol and ethanol are the
typical solvents used to prepare the SBs, either at room temperature or under
refluxing conditions. SBs are typically more likely to form when dehydrating
chemicals such as magnesium sulfate are present. If the syntheses are conducted in
organic solvents, the water generated during the reaction can be extracted easily.
During the purification process, the SBs may deteriorate. It is preferable in these
circumstances to crystallize the SBs and purify them. Here, in a suitable solvent, SB is
permitted to interact with metal ions. The use of a binary azeotropic mixture of water
and an organic solvent has been documented in some situations, and using an organic
solvent is recommended to prevent the hydrolysis of the azomethine group.

2.1 Direct synthesis

Here, a suitable solvent is used to facilitate the reaction between SB and metal ions.
Despite the fact that there have been instances of mixing organic solvent and water,
the use of organic solvent is recommended to prevent the hydrolysis of the
azomethine group [8].
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2.2 In situ method
This procedure offers the addition of the metal ion during or immediately after the
aldehyde and amine have reacted with each other. Metal ions have been found to

typically pair with just one element. Before other components are added, the reaction
speeds up toward the formation of the complex [9].

2.3 Coordinated secondary amine oxidation
For this kind, the secondary amine’s oxidative dehydrogenation is facilitated by the

metal ion followed by the direct formation of Schiff base complexes. In Figure 1, one
such response is provided.

2.4 Amine exchange reaction

This process involves the reaction of an amine and a transition metal complex of
SBs, which results in the exchange of aryl and alkyl groups as given below [10].

Ni(0-OCgH4CH=NR;) + 2R'NH, — Ni(0-OC¢H,CH=NR;) + 2RNH,.

Where: R = n-C4Hy, H, 0-HSCgH,4, C4H;9, CcHs,
2.5 Metal exchange reaction

This is an interesting route for the preparation of simple metal to carbon bond. The
sample below shows a common metal interchange reaction [10].

CH3(CH,);-Li + KOC(CH;3); — CH3(CH,);-K + LiOC(CHj3),
2.6 Ligand exchange reaction
It is very challenging to synthesize molecules such as dioxomolybdenum (VI)
complexes, for which there are different techniques. The most preferred method is the
ligand exchange method. Below is an example of a common response [11].

MoO;(acac), + SalenH; — MoO;(Salen) + 2acacH

Where: acac = acetylacetone.

R OH 5 R'
NH HO ! Ba(OH), o '
= //0
0., CH,0H N-Bp
R HN /
-H,0 N
R R

Where R=H, n-C4Hg, C6H5, R'=C4Hg, C6H5, 0-HSC6H4

Figure 1.
Synthesis of SB from a secondary amine.
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2.7 Template synthesis

A template reaction in coordination chemistry is any of a group of ligand-based
reactions that take place between two or more nearby coordination sites on a metal
center. When there is no metal ion present, the same organic reactants result in
different end products. Although the coordination modifies the electronic properties
of ligands (acidity, electrophilicity, etc.), the template effects highlight the pre-
organization provided by the coordination sphere. In a general sense, transition metal-
based catalysis can be viewed as template reactions: Reactants coordinate to adjacent
sites on the metal ion and, owing to their adjacency, the two reactants interconnect
(insert or couple) either directly or via the action of another reagent. In the area of
homogeneous catalysis, the cyclo-oligomerization of acetylene to cyclooctatetraene at
a nickel(II) center reflects the templating effect of the nickel, where it is supposed that
four acetylene molecules occupy four sites around the metal and react simultaneously
to give the product. The development of these catalytic reactions was influenced by
these crude mechanistic hypotheses. For instance, only three acetylene molecules
could bind if a competing ligand, such as triphenylphosphine, was added to occupy
one coordination site. These three molecules then combine to form benzene.

This process involves the interaction of an aldehyde, an amine, and a metal com-
pound in a single step to create complexes without the need to isolate Schiff bases
[12, 13]. Metal ions are serving as a catalyst for these reactions. Rotaxanes, helicates,
macro cycles, and catenanes are just a few examples of assemblies with unique topol-
ogies that have been produced using template synthesis [14]. The information needed
to arrange a group of building blocks so that they can be connected in a certain way is
therefore said to be contained in a templating agent. Thermodynamic and kinetic
processes are the two different categories of these templates. The template binds to
one of the reactants in the first case, shifting the equilibrium in favor of the product
formation. With regard to kinetic processes, the templates work under conditions that
are irreversible, stabilizing each transition state and causing the formation of the
intended product. The template is tightly coupled to the end species in many kineti-
cally regulated processes. In these situations, it serves as both a thermodynamic
template and a kinetic template. Gimeno et al. defined a template can be class that
arranges a grouping of molecular construction pieces through noncovalent interac-
tions that favor the creation of a particular complex in their review (Figure 2) [15].

2.8 Rearrangement of heterocycles (thiazole and oxazoles)

When an o-mercapto amine or o-amino, and o-hydroxy are directly combined with
a carbonyl molecule to generate a SB, ring closure and the production of a heterocyclic
compound are frequently the unintended side reactions [16]. Hugo Schiff first
converted SB into its metal chelate in 1869 [17]. According to reports, the
benzothiazoline and benzoxazole rings can open in particular situations when metal
ions are present, and this ring rearrangement creates the necessary metal chelates for
the SBs. This type of ring opening complexation process is shown in Figure 3.

3. Chemistry of Schiff bases

Hugo Schiff, a Nobel Prize laureate, first identified SBs as a condensation outcome
of carbonyl compounds and primary amines [18]. SB is a structural counterpart of an —
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Figure 2.
Bridged dinuclear copper (II) SB complex using template method.
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Figure 3.
2-(2-hydroxyphenyl) benzothiazoline.

CHO or -C=0 where C=0 has been exchanged out for an imine or an azomethine
group (Figure 4) [3, 19].

A chemical molecule known as a Schiff Base, or SB, contains a C-N double bond,
where the N is linked to an aryl group or an alkyl (R) but, not to an H-atom. A
molecule containing azomethine linkage is the same as the SB. Hugo Schiff was
honored by having his name attached to several compounds, which generally have the
following structure:

The SB is an imine since R stands for an alkyl or phenyl group, making it a stable
compound. Even the imine N and other group, typically connected with aldehyde, this
type of ligands, can coordinate metal ions. SBs are still created by chemists, and
today’s “privileged ligands” are active, well-designed Schiff base ligands [20]. The
bridging SBs possess below given structure, where it consists of several functional
groups that can be altered depending on the situation (Figure 5).
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Figure 4.
Schiff base.
R" R"
X
: XN N A ‘
R N N R

Figure 5.

Bridged SB.

Where R’ here might be a H or R group, R” is a phenyl or substituted phenyl, and X
is alkyl or aryl group. In fact, SBs can influence the activity of metals in a broad range
of beneficial reactions in catalysis by stabilizing a wide variety of metals in a variety of
oxidation states [21]. The oxygen atoms in SBs are often donated by NO or N,0,,
although they can be substituted by S, N, or Se atoms. Figure 6 shows the synthesis of
SB by condensation reaction.

R, here, might be either aryl or an alkyl group. Aryl SBs are significantly more
stable and easier to synthesize than their alkyl counterparts, which are more prone to
instability. Aliphatic aldehyde SBs are comparatively not stable and easily undergo
polymerization [22]. Aldehydes or ketones can be converted into SBs in a reversible
process that often occurs when the substance is heated or when an acid or a base
catalyzes the reaction (Figure 7).

In most cases, the product is separated from the reaction, or when the water
formed is removed, or sometimes in both cases. Aqueous acid or base has the ability to
hydrolyze several Schiff bases back to their respective aldehydes, ketones, and
amines. Nucleophilic addition to the carbonyl group is a common theme in the syn-
thetic route of Schiff base formation. The amine serves as a nucleophile during this
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i ;i
R—NH, + RJ\R — O R+ HO

Figure 6.
Synthesis of SB by condensation reaction.

I ®
+ R-—NH, =~ R R J\ + H,0
NH

R R
R R R
Aldehyde/Ketones  Primary amine Carbinolamine
Figure 7.

Reversible reaction of SB formed by the intevaction of aldehydes or ketones.

H YH H R
? . H* (? ,i R\ | \
R—(lf—]!lJ—R' R—C—l\‘I—R' /c:N—R' +H,0 /C=N—R' +H,0*
‘ :
R H R H R R
Figure 8.

Mechanism of formation SB.

instance. In the first step of the procedure, the amine reacts with the aldehyde or
ketone to produce an unstable addition substance known as carbinolamine. Either an
acid- or a base-catalyzed pathway results in the carbinolamine losing water. This
carbinolamine undergoes acid-catalyzed dehydration since it is an alcohol (Figure 8).

Usually, the rate-determining step in the creation of a SB is dehydration of the
carbinolamine, which is why acids are used to catalyze the reaction. Yet because
amines are basic chemicals, the acid concentration should not be exceeded. Equilib-
rium shifts to the left, and carbinolamine production is prevented if the amine is
protonated and turns non-neutral. As a result, it is ideal to synthesize numerous Schiff
bases at a pH that is a little acidic. The base also acts as a catalyst for the dehydration
of carbinolamines. It goes through an anionic intermediate in two phases. In reality,
the SB creation is a series of two different kinds of reactions, namely addition and
elimination [23].

4. SB complexes in catalysis

Excellent catalytic activity is displayed by several SBCs in diverse reactions and in
the presence of moisture. Numerous studies on their use in homogeneous and hetero-
geneous catalysis have been published during the past few years. The high heat and
moisture stabilities of many Schiff base complexes proved helpful for their application
as catalysts in high-temperature processes. Due to the fact that complexation often
causes an increase in activity, knowledge of the characteristics of both ligands and
metals can help in the synthesis of substances that have high activity [14].

SBs were treated as crucial ligands in coordination chemistry for a long time
[24, 25]. SBs are an essential type of ligands in coordination chemistry [26-28]. Owing
to their relatively straightforward synthesis and diverse structural makeup, SBs and
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their metal complexes were extensively studied because of their extraordinary prop-
erties and uses in variety of fields. These compounds are revealed to be auspicious for
the synthetic and structural research field [1, 29, 30].

From the finding of chiral Mg (III) salen SB catalysts in the asymmetric epoxida-
tion of unfunctionalized olefins in the 1990s, the tetradentate SB, salen-type ligand,
and their complexes have attracted significant attention [31]. Due to their potential
application as catalysts in a variety of C-C and C-N bond formation events, such as
cyclopropanations, aziridination, asymmetric cycloaddition reactions, and A3-cou-
pling, among others, Salen-Schiff base transition MCs have been well studied
(Figure 9 [32, 33]. For medicinal chemists, the design of the C-N bonds of aryl
compounds is extremely crucial. Tetrazoles are a significant group of heterocycles
among the many heterocycles that have been reported. In coordination chemistry,
tetrazoles have been utilized as ligands, [34] stabilizers in the photographic industry,
[35] linkers to covalently bind synthetic groups to biopolymers in a specific manner,
etc. [36]. The A*-coupling reaction is an appealing illustration of a multi-component
reaction [37]. (Figure 10) [38]. Agrahari and coworkers carried out an A3—coupling
reaction with less use of catalyst, and the catalyst was reclaimed for four successive
cycles in the reactions [39].

The primary method for producing biaryls is the Suzuki-Miyaura cross-coupling
reaction. This reaction is an effective technique for the production of medicines due
to the properties and convenient accessibility of organoboron reagents [40]. Palla-
dium is one of the transition metals that are most frequently employed in both
industry and academia to produce C-N, C-S, and C-C bonds because it is a

NC CN

R R ———
M(Salen)

N N—
NS
M
o Do

N— M(Salmalen)
rd
M
(0] \O

M(Salophen)

Figure 9.
Metal salen-type complexes.

182



Schiff Base Complexes for Catalytic Application
DOI: http://dx.doi.org/10.5772 /intechopen.107904

Br B(OH), O
/O/ it /©/ Co(II) complex (0.immol)
NC Kz2C03 / Solvent
NC
Figure 10.

4-bromobenzonitrile with phenylboranic acid.

catalytically active metal [41]. In this context, during the past few decades, signif-
icant attempts have been made to synthesize potential substitute catalysts for cross-
coupling reactions [42]. Transition metals in the first row are a particularly prom-
ising class of molecules that have the potential to be more useful in the field of
catalysis than other transition MCs [43]. This work deals with the less harmful
alternative to the commonly utilized palladium-phosphine ligand complexes for
initiating Suzuki reactions: SB-Cobalt complexes. This work describes the synthesis
of OON- and ONN-SBLs and their Co complexes. The created compounds were
evaluated as Suzuki coupling reaction catalysts. This work utilized only 0.1 mM
catalyst for the reaction [44].

Aa)
HO  NH, No, T
Reflux, Ethanol OH
Br + 70°C, 3h . Z NO,
H,CO = N
cl “H,0
Cl

(B) MX,.n H20

M=Cu,X=Cln=2
M = Ni: X = Cl; n=6
M = Co: X = Cls n=

O,N
x_OHa cl H,0
! _OH, H,0 \
H,0—MZ H.O “M—X
N Jm i, -
(0] o Ny — Cl
N
—
Br
Br M=Cu,X= (ll((l:‘;;l)), m=1 \ N
M=Ni: X =C| L); m=1 =Cr, X = C1 (CrL)
M = Co: X = Cl; (CoL); m=3 / ﬁ = :‘-‘e; )72 =((‘} g"e][.;
(D) Calculation 5000C during 1.5h (E) Calculation 5000C during

heating ratio 10°C/min

M = Cu, x=3 ; y=1 (Cu0)
M, 0y M = Ni: x=3 ; y=1 (Ni0)
M = Coi x=3 ; ¥=4 (Co,0,)

Figure 11.

1.5h heating ratio 10°C/min

MOy, M =Cr, x =2 (Cr,0,)
M = Fe: x =2 (l"e-z()_.l)

Scheme 1(a—c) synthetic method for the preparation of Schiff base complex of BCNPOH and metal oxides.
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A\

(HO),BH,

SN OA.

Figure 12.
Schemes: C-C coupling reaction of phenylboronic acid and iodobenzene.

Br N\ Br B(OH), O N\ O
Pd-M, O
| + — |
= =
Figure 13.

C-C coupling reaction of phenylboronic acid and 2, 6-dibromopyridine.

4

SBL, BCNPOH, and metal salts (Cu, Co, Ni, Fe, and Cr) were individually
dissolved in ethanol and followed by mixing both the solutions and reflux for 5 h at
70°C. The obtained precipitate was filtered and dried. CuL, CoL, NiL (Figure 10,
Scheme 1b), FeL, and CrL (Figure 11, Scheme 1c) produced SB complexes that were
recrystallized in ethanol [45].

The synthesized complexes were implemented for the C-C coupling reaction of
Phenylboronic Acid and Iodobenzene and Phenylboronic Acid and 2,6-
Dibromopyridine.

The coupling reaction between iodobenzene and phenylboronic acid was
conducted (Figure 12). The reaction was completed in 95:5 DMF:water mixture under
an inert nitrogen environment.

The coupling reaction between 2,6-dibromopyridine and phenylboronic acid was
assessed at 110°C for 24 hours. (Figure 13). The reaction was taken to react in 5 mL of
95:5 DMF:water combination under an inert nitrogen environment with the limiting
reagent 2,6-dibromopyridine and a molar ratio of the halide to the boronic acid of
1:2.4. The amount of catalyst was always 25 mg, and the molar ratio of the base
(K,CO3) to the halide was 1:2 [45].

5. Synthesis for the transfer hydrogenation of ketones

Through the use of pre-catalyst Ru(II) (Figure 14), the catalytic transfer hydro-
genations of ketones were investigated (0.001 mmol). In i-propanol, the base KOH
(4.0 mmol) was dissolved (5 mL). This combination was then combined with
2.0 mmol of the substrate ketone, and it was refluxed in an oil bath at 80°C for
8 hours. After the reaction was finished, the liquid was cooled and filtered using
alumina or silica gel, and then eluted using an hexane /ethyl acetate (4,1) mixture.
Compound purity was evaluated using GCMS. All of the complexes (1la-d) were
discovered to be efficient catalysts, offering conversion rates between 70 and 100%.
The transfer hydrogenations of acetophenone derivatives were successfully acceler-
ated by a variety of unique Ru(II) complexes that were successfully synthesized in the
current work and contained pyridine group-based Schiff bases. With benzophenone
as a model substrate, the efficiency of the catalysts in the transfer hydrogenations was
evaluated (Figure 15) [46].
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CI'.2.50,0

Figure 14.
Structures of Ru(II) pre-catalyst.

H
T i-PrOH, KOH CH,
\/ / + Ru(II) Complex (1a-d)
R CH, 80°C, 8h

R= Br, H, OCH,, Ph

Reaetion condition; Substract (2.0 mmol), Ru(Il) complex (0.001 mmol), KOH (4.0 mmol), i-PrOH (5ml), 8h, 80°C

Figure 15.
Hydrogenation of ketone using Ru(II).

Reliable zinc complexes for bulk polymerization of lactide have been studied at
150°C under applicable commercial circumstances. The utilized anionic Schiff base
ligands (Figure 14) may be produced aerobically and are extremely stable against air,
moisture, and other lactide contaminants. As a result, these compounds incorporate
both a strong anionic ligand and a nontoxic, active zinc core (Figure 16). These
compounds are ideally suited for lactide polymerization under industrially relevant
circumstances due to their simple aerobic synthesis, high thermal stability under
nitrogen, and air [47].

Cu-SBCs based on particularly ordered mesoporous silica MCM-41 were synthe-
sized by Niakan et al., to create a heterogeneous catalyst (Figure 17). The synthesized
catalyst was implemented for coupling reactions of Ullmann type. The synthesized
catalyst showed excellent activity for the N-arylation of amines with aryl iodides and
bromides. Here, 0.8 mol% of catalyst was used [48].

Bunno and group synthesized metal-containing SB/ Sulfoxides that served as chiral
ligands for asymmetric intramolecular allylic C-H amination processes that are
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Figure 16.
SBLs HL1—HL4, used for the synthesis of four new zinc Schiff base complexes.

catalyzed by Pd(II).They claimed that the use of metal-containing Schiff base ligands
helped to tune the reaction conditions. In the reaction, internal and terminal alkenes
were both utilized [49]. A novel Cu(II) SBC on graphene oxide, GO-SB-Cu was
successfully synthesized through surface functionalization of the GO (Figure 18).
Potential of the catalyst was tested as heterogeneous catalyst in one-pot three compo-
nent click reactions for synthesis of 2H-indazoles and 1,4-disubstituted 1,2,3-triazoles
(Figure 19).

A reaction was carried out with aniline and 2-bromobenzaldehyde in the presence
of sodium azide. Different reactions were carried out to set the optimized conditions
using catalyst loading, solvent selectivity, temperature, and time for catalytic study of
GO-SB [50].

One more important catalytic conversion reaction is in oxidation of alcohols into
carbonyl compounds. A cobalt (II)-SBC with triphenylphosphine was synthesized
(Figure 20). The catalyst was used for oxidation reactions using different substrates
and obtained good % of conversion of carbonyl compound [51]. Dileep et al. have
done experiment on the oxidation of primary and secondary alcohols to respective
carbonyl compounds via green catalytic approach. Here, [NiCl,(PPh3),] was synthe-
sized by the reaction between NiCl,.6H,0 and triphenylphosphine in the presence of
glacial acetic acid. Condensation reactions between 2-hydrazinopyridine and
substituted salicylaldehyde in methanol yielded Schiff bases with 70-80%. This study
examines the relationship between catalyst concentration and substrate. According to
this study, 0.02 mmol of catalyst was enough to effectively convert benzyl alcohol to
benzaldehyde [52]. Novel palladium complexes were synthesized and characterized
by different analytical techniques (Figure 21). The complexes exhibit strong catalytic
activity when N-methyl-morpholine-N-oxide is present as an oxidant for the oxida-
tion of primary and secondary alcohols. A mechanism of catalytic conversion reaction
is shown below (Figure 22) [53].

A novel Ru-SBC composed of Ph;P was synthesized by and characterized by
various techniques. The synthesized complexes were implemented for the oxidation
of alcohols in [EMIM]Cl ionic liquid-NaOClI system. Recycling of catalyst is an
important factor in catalysis. Herein, recyclability of catalyst for the conversion of
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Figure 17.
A plausible mechanism for the Cu-SB-MCM-41-catalyzed C-N bond formation reaction.

Figure 18.
HRTEM images of GO-SB-Cu.
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Cobalt (I1)-SBC with triphenylphosphine.

benzylalcohol is carried till seven consecutive cycles, shown in Figure 23. Recyclabil-
ity graph indicates that recycling of ionic liquid has small significant effect on the
conversion of the product [54].

For the catalytic oxidation of primary and secondary alcohols with periodic acid
(HsIOg) as the oxidant, novel copper complexes were created and put into use [55].
Palladium was used as a catalyst in the carbonylation of alcohols in ionic liquid (IL)
media (1-ethyl-3-methylimidazolium hexafluorophosphate). The usage of Pd-based
catalyst, where NaOCl is utilized as an oxidant, considerably improved the carbonyl-
ation of primary/secondary alcohols to aldehydes/ketones [56]. Iz situ strategy of
immobilization of a Cu complex onto an ionic liquid support was focused in this work.
Olefin and terpene epoxidation was carried out by the immobilization of a copper
complex and 1-ethyl-3-methylimidazoliumhexafluorophosphate, along with H,0; as
the terminal oxidant is developed. This method brings a clean environment nature for
catalytic epoxidations (Figure 24) [57].

A SB Pd complex was studied for the catalytic activity in ethyl-methyl imidazolium
hexafluorophosphate [EMIM] PF ionic liquid. This work shows air stable system for
Heck and Suzuki reactions. In the [EMIM] PF4-Water system, the palladium-
catalyzed coupling process demonstrated remarkable fidelity [58]. Copper complex
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Figure 21.
Palladium SBC with triphenylphosphine.

was studied for the catalytic application in Heck and Suzuki reactions (Figure 25).
The reactions were conducted in [EMIM]PFj ionic liquid-water mixture with 1:1 ratio,
which was observed to be helpful during catalyst recycling and reusing [59]. These
compounds demonstrated improved catalysis for the N-alkylation step required to
produce benzazoles (Figure 26). The reaction progressed via a hydrogen transfer
mechanism (Figure 27). It was observed that the reaction in EMIM [PF¢]-Water [1]
mixture as solvent bought a considerably better yield with in a less reaction time
(Figure 28) [60].

6. Conclusions

Schiff’s base properties have been demonstrated to play an important role in many
responses as a key to increasing yield and product selection. Important structural
kinds and Schiff base ligand types were discovered by the catalytic activity of Schiff
base complexes, such as the early oligomerization of isoprene and butadienes. Schiff
base and OH group have demonstrated greater olefin epoxidation effectiveness than
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Figure 22.
Proposed mechanism for palladium complex catalyzed oxidation of alcohols by NMO.
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Figure 23.
Results of recycling on conversion of benzylalcohol.
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Figure 24.
Scheme for epoxidation of alkenes.
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Figure 25.
Metal complexes for the catalytic application in Heck and Suzuki reactions.

untreated ligands or aryl. As detailed in this chapter, the flexible metals are combined
with Schiff base ligands to assure a good function in changing the reaction to indus-
trial value. Over the years, the structure of the metal structures containing the Schiff
base has piqued the public’s interest. Because of their low cost and ease of synthesis, as
well as their chemical and thermal stability, Schiff base transition metal complexes are
a popular oxidation catalyst for a wide range of organic substrates. Important reac-
tions catalyzed by Schiff base metal complexes include oxidation reactions,
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Figure 26.
Structures of benzimidazole-based Schiff base palladium complex (1) and [(EMIM) PF4 (2).

e O \{/

Figure 27.
Mechanism for the palladium complex catalyzed transfer hydrogenation.

NH, H .
R OH  pyn Catalyst AN
+ o R
Tonic liquid/60°C/120 min
EH H OR E

Water/60°C/8h
E=0/S/N

Figure 28.
Synthesis of benzazoles.
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reductions, polymerizations, hydroformylation, coupling reactions, the oxidation of
sulfides to sulfoxides, alkenes to epoxides and diols, and the activation of hydrocar-

bons. Yet there is still a huge need for new Schiff bases and their metal complexes as
catalysts for organic transformations.
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A Schiff base (imine -N=CH-) is a part of a popular group of organic compounds
prepared form primary amines and aldehyde. Many studies have been carried out on
Schiff bases not only as organic compounds but also as ligands for metal complexes.
In this context, this book provides a comprehensive, interdisciplinary review of
Schiff base compounds, with an emphasis on the latest advances. It compiles research
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crystallography, (asymmetric) synthetic roles, physical properties (magnets, optics,
etc.), computational chemistry, and theoretical chemistry. The book focuses on Schiff
base and its strong connection to organic chemistry, biochemistry, and polymer
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of inorganic chemistry, and Schiff base of functional or biological materials.
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