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Schiff-base derivatives are widely used organic compounds and
their metal complexes have been drawing much attention to
chemists due to interesting structural features and unique
properties. The presence of nitrogen containing imine groups
(—C=N-) in Schiff-bases as well as in their metallic complexes
and the chelating properties of these compounds are respon-
sible for their many unique biological properties. In this review,
we have summarized various acyclic Schiff-base ligands and
their different metallic complexes which have been reported in
the last one decade. Schiff-bases and their metal complexes
have shown a broad range of biological activities, including
antifungal, antibacterial, antimalarial, antiproliferative, anti-
inflammatory, antiviral, and antipyretic properties. We have

1. Introduction
1.1. Schiff-bases and their Different Derivatives

Schiff-bases, which are named after their discoverer, the
German chemist Hugo Schiff," are a class of imines formed by
the condensation reactions between aldehydes and some
ketones, with compounds having primary amino groups such
as e.g. primary amines, hydroxylamine and hydrazine, etc.
Schiff-bases can be formed either intra- or intermolecularly
under diverse reaction conditions and in different solvents,?”
and have the general formula, R,R,C=N—R;, where R;, R, and R;
may be an alkyl, aryl or any heteroaryl group (Figure 1). The
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reviewed and arranged the reported Schiff-base derivatives
according to their diverse biological applications, especially
their anti-bacterial and anti-fungal activities, anti-tumor and
anti-cancer activities, anti-oxidant activities, anti-inflammatory
activities and other therapeutic and medicinal properties. The
other component of this work as a review of the molecular
structures of various Schiff-bases since their molecular struc-
tures play a primary role in the biological properties. The
presence of heteroatoms such as nitrogen, sulfur and oxygen
with free electron pairs and aromatic rings in the structure of
the Schiff-bases play significant roles in determining their
properties.

reactions" ™ involved in the preparation of a wide variety

Schiff-bases require mild reaction conditions and due to their
ease of formation, Schiff-bases”"™ and their derivatives.'*3"
have been widely used in diverse applications.

The various types of Schiff-bases which have come to be
known as salens,"** salophens,?" hydrazones,?*% semicarba-
zones and thiosemicarbazones® " have attracted much
attention from researchers since these molecules can form
many different derivatives having various application
possibilities."**"  Schiff-bases can be cyclic®>* and non-
cyclic®¥ Macrocyclic Schiff-bases®>¥ have found important
applications in macrocyclic and supramolecular chemistry, and
various heterocyclic Schiff-bases and their derivatives play
crucial roles in medicinal chemistry.®>*¢' Furthermore, depend-

R1 R1
C=0 + Rg=NH, ——— C=N_ . g
R2 R2 R3
Aldehyde  Alkyl/Aromatic Schiff Base
Or Ketone Amine

Where R4, R, and R3 may be an alkyl,
aryl or any heteroaryl group

\ Derivatives
Schiff Base

-C=N- -~

' Non-Metallic ;

. Derivatives

Biological
Applications

Figure 1. Schematic illustration of the formation of Schiff-bases.
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ing on their particular structural features Schiff-bases, both  1.2. Biological Aspects of Schiff-bases

metallic and non-metallic derivatives can be easily synthesized.

Schiff-bases possess significant chelating properties and con-
sequently can have potential inherent biological activities. Due
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to their structural flexibility, they can be synthetically modified
and fine-tuned for specific biological applications and many
metallic®'>'7183739 and non-metallic****¥ derivatives of Schiff-
bases are being researched extensively to develop new
compounds with desired biological properties. The imine or
azomethine group in structure-activity relationship (SAR)
studies of Schiff-bases have shown the considerable chemical
and biological importance for the lone pair of electrons in the
sp> hybridized orbital of nitrogen atom of the —C=N-
group.”** Schiff-bases may interfere in normal cell processes
by the formation of a hydrogen bond between the nitrogen of
the —C=N— group and the active centers of cell
constituents.’™*

1.3. Metal Complexes of Schiff-base derivatives and their
Biological Properties

Schiff-bases can coordinate with metal centers through the
imine groups (—C=N-) and as a result, the Schiff-base double
bond can either be stabilized or labilized thermodynamically by
the metal ions.®™ The biological properties of the metallic
derivatives of acyclic Schiff-base ligands arise from the
increased lipophilicity of the metal complexes resulting from
the chelation of the ligands with the metal elements, which
decreases the polarity of the coordinated metal ions by partial
sharing of their positive charges with the donor groups.®" As a
consequence of the improved lipophilic character due to the
delocalization of s-electrons over the whole chelate moeity,
these metal complexes can interfere with the normal cell
processes by interacting with the cell constituents e.g. by
effectively permeating the lipid layer of the microorganism.
This can also be explained by Overtone’s concept of cell
permeability® and Tweedy's chelation theory.*'?

The enhanced biological activities®*** of the metallic
derivatives of Schiff-bases stem from the chelating Schiff-base
ligands containing N donor atom which can be bonded to the
metal ions in a variety of ways, give rise to their advanced anti-
bacterial,*™ anti-viral,”® anti-malarial,”” anti-fungal,”® anti-
tubercular,® anti-tumor,”®” anti-angiogenic,®” anti-cancer,”*'*?
anti-inflammatory,”®® anti-oxidant®® and other therapeutic and
medicinal activities. Most recently, medicinal chemists and
biologists have shown much intererest in Schiff-bases and their
transition metal complexes.

1.4. Scope of this Review

Numerous Schiff-bases and their derivatives have been re-
ported to possess promising biological properties and several
review articles have been published in the past few years.”’ ¥
Recently, review articles regarding the biological applications
of macrocyclic Schiff-base ligands and their metal complexes
have been published.®*** However, no comprehensive review
has been published recently on the biological properties of
metallic derivatives of acyclic Schiff-base ligands. Herein we
provide a broad overview of recent advances of metallic
derivatives of acyclic Schiff-base ligands and their biological
applications which have appeared during the last decade. The
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aim of this review is to present the recent literature insights
into the structure-activity relationships of various Schiff bases
and their metallic derivatives and which are summarized at the
conclusion.

2. Recent Development of Acyclic Metal
Complexes of Schiff-base Derivatives and their
Biological Applications

Many Schiff-base metal complexes synthesized from acyclic
Schiff-base ligands which have shown remarkable anti-bacterial
biological properties have been reported. These were targeted
to determine the behavior of the metal complexes in which
chelation plays a significant role. However, several other
important factors such as the geometry of the complexes,
bond lengths between the metal and the ligand, dipole
moment, coordinating sites, redox potential of metal ion,
solubility, steric, pharmacokinetics, concentration and hydro-
phobicity can also influence substantially. Some of the recently
developed metal complexes as well as their diversified bio-
logical applications are reviewed below:

2.1. Metal Complexes Exhibiting Anti-bacterial and
Anti-fungal Activities

The antibacterial and antifungal activities of Schiff base metal
complexes have been found to be significantly different to
those of their parent Schiff-base ligands as shown by the
following examples. Sengupta and co-workers synthesized the
neodymium(lll) complexes [Nd(L")CI(H,0)s] 1, INd(L?)CI(H,0),] 2
and [Nd(L?)CI(H,0);] 3 from Schiff-bases L1-L3 (Figure 2) which
showed good antibacterial activities with respective inhibition
zones (1Z) of 86.5, 79.5 and 70.1% at 100 ugmL~' against Gram-
positive bacteria (B. subtilis). A similar trend was observed for
their antifungal activities showing inhibition zones of 88.3, 80.2
and 70.2%, respectively against A. niger.®® The metal com-
plexes were found to be more active than the free Schiff-base
ligands.

Mahmoud and co-workers reported Co", Ni" and Zn"
complexes 4-6 of benzoic acid containing Schiff-base ligand L4
(Figure 3). The Co" and Ni" complexes 4 and 5 showed clear
anti-bacterial activities against two Gram-positive bacteria (B.
subtilis and S. aureus) and two Gram-negative bacteria (E. coli
and N. gonorrhoeae).*® They also showed anti-fungal activities

[Nd(L"CI(H,0)3] 1
[Nd(L?)CI(H,0)3] 2
[Nd(L®)CI(H,0)3] 3

R =2-Cl (HyL") L1
R = 4-Cl (HyL?) L2
R = 4-NO, (H,L3) L3

Figure 2. Structures of Schiff-base ligands (L1-L3) and the corresponding
Nd" complexes, 1-3 synthesized from these ligands.”*”

© 2022 Wiley-VCH GmbH
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Figure 3. Structures of Schiff-base ligand, L4 and its Co", Ni" and zn"
complexes 4-6.1

against the fungus strain C. albicans. The Zn" complex 6
showed good anti-bacterial activities against B. subtilis, E. coli
and N. gonorrhoeae.™ Ebrahimipour’s group studied the anti-
bacterial and anti-fungal activities of the Schiff-base ligands
H,L' (L5) and H,L? (L6) and their corresponding uranyl(VI)
complexes [UO,(L")(DMSO)] 7 and [UO,(L%)(MeOH)]) 8 (Figure 4)
changed here.™” The anti-bacterial and anti-fungal activities of
the complexes were tested by evaluating the inhibition zone
(1Z), minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) values. Complexes 7 and 8
can clearly seen to be derived from the enol-forms of the
respective keto-enol tautomers of the Schiff base ligands L5

and L6.

A

NH N= =N N=
H
Br Br O HO Br

H,L'(L5) Enol form

NH N= =N
/H
Br Br O HO

Keto-enol form H,L2(L6)

Keto-enol form

Enol form

62

—N_O
NI/ \lI_IJ/
AN
@g/.. Lo gl e
\

[UO,(L )(DMSO)] 7 [UO,(L?)(MeOH)] 8

Figure 4. Structures of Schiff-base ligands, L5-L6 and uranyl(VIl) complexes,

7—8.[67]
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Both uranyl(Vl) complexes 7 and 8 exhibited anti-bacterial
activities only against Gram-positive bacteria, showing respec-
tively, 1Z values of 8.0 and 21 mm against S. aureus PTCC 1112
and 9.0 and 33 mm against M. luteus PTCC 1110. Furthermore,
both complexes showed no activity against Gram-negative
bacteria (E. coli) whereas the standard anti-bacterial agent
ciprofloxacine displayed no selectivity against either Gram-
positive or Gram-negative species. The U" complexes also
showed anti-fungal activities with respective 1Z values of
8.5 mm and 19 mm for 7 and 8 against C. albicans PTCC 5027,
respectively. The anti-microbial activities of Schiff-base ligand
H,L' (L5) were higher than those of H,L? (L6), whereas 8
showed greater activities than 7. The Schiff-base ligand H,L?
(L6) and both U" complexes 7 and 8 showed MIC and MBC
values in the range of 30 to 0.118 mgmL™" whereas these
values for H,L' (L5) were in the range of 10 mgmL™" to
39 ugmL™". The Schiff-base ligand, H,L L7 and their dioxomo-
lybde-num(VI) complexes [MoO,L(THF)] 9, [MoO,L(1-methimz)]
10, [MoO,L(1-allylimz)] 11 and [MoO,L(y-pic)] 12 (Figure 5)
developed by Pramanik, Chakrabarti and co-workers, showed
moderate anti-bacterial activities (MIC values in the range, 1.0-
10.0 pg per disc (determined by the disc diffusion method))
against two Gram-positive bacteria (B. cereus, B. subtilis), three
Gram-negative (P. vulgaris, E. coli, P. aeruginosa) and one yeast
(fungus) (C. albicans).”®®

Singh’s group pointed out that Gram-negative bacteria
possess relatively more complex cell walls compared to those
of Gram-positive ones,® and suggested that this could be a
reason why the metallic derivatives of Schiff-bases can diffuse

OH
HC” N
HNTsth
S
H,L L7
0 0
\ 0 e
Hs,C” °N Mo—O@ Hs;C~ “N—Mo
| 1 1 L NN
HN\|¢S o HN\|7S CH,
S._Ph S._Ph

[MoO,L(THF)] 9

; A

[MoO,L(1-methimz)] 10

\ /9 = CHs;

S N N—NoN ]
j¢s i = HN s o
/
S._Ph S\/Ph

[MoO,L(1-allylimz)] 11 [MoO,L (y-pic)] 12

Figure 5. Structures of dioxomolybdenum (VI) complexes [MoO,L(THF)] 9,
[MoO,L(1-methimz)] 10, [MoO,L(1-allylimz)] 11 and [MoO,L(y-pic)] 12.¥
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through the Gram-negative bacterial cells more efficiently than ~ 203) pgmL™", (150 and 189) pugmL™" and (110 and

the Gram-positive ones. Several bifunctional tridentate Schiff-
bases and their triphenyltin(IV) and trimethyltin(IV) derivatives
(structures not shown) were found to be more toxic against the
Gram-positive B. subtilis than against the Gram-negative E.
coli® The authors reported that the electron-withdrawing
nature of the phenyl groups present in the ligand enhanced
the anti-bacterial activity of triphenyltin(IV) derivatives as they
effected greater electron deficiency in the central tin atom, in
comparison with the trimethyltin(lV) derivatives where the
electron-donating methyl groups enhanced the electron den-
sity at the central metal atom.®”

The anti-bacterial activities of several coordination com-
pounds of metal(ll) ions of the bis-Schiff-base ligand H, L, L8
(Figure 6) have been reported.”” Among the complexes, the
Co" complex 13 exhibited the highest anti-bacterial activities
against several organisms, both Gram-positive (B. subtilis and S.
pyogones) and Gram-negative (P. vulgaris and E. coli). The
highest diameter of 1Z; namely, 45 and 37 mm were found for
B. subtilis and S. pyogones, respectively, with corresponding
MIC,, values of >25 and >50 mgmL~' whereas for the Gram-
negative bacteria P. vulgaris and E. coli, the respective 1Zs were
32 mm (MICs, value of >50 mgmL™") and 30 mm (MIC,, value
of >50 mgmL™), respectively. The anti-bacterial activity of Co"
complex was higher than that of the parent ligand, H,L L8.

Remarkable anti-fungal activities for Ni-complexes, Ni(L"),
14 and Ni(H,L? 15 (Figure 7) against A. niger (MTCC-281), C.
candidum (MTCC-3993), C. albicans (MTCC-227), and C. tropicalis
(MTCC-230) were reported by Singh’s group. The MIC values for
the two complexes 14 and 15 against these four strains were
respectively as follows: (100 and 150) pgmL~', (201 and

OH OH OH OH
T
N N N O N Ch
| | |\ /\
/ CIO\
0 0 0" OH, O
7/ |
HoL L8 Co'' Complex 13

Figure 6. Structures of bis-Schiff-base ligand L8 and Co" complex 13.7”

= QD

S

o Yo gt

L, T U o
OH OH

HoL' L9 HqL? L10

Niy(L"), 14 Ni(H,L?) 15

Figure 7. Structures of chitosan Schiff-base ligands L9-L10 and the Ni"
complexes 14-15.7"
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103) ug mL™". These values were higher than those obtained for
the Schiff-base ligands, H,L' L9 and H,L* L10.”

The authors also reported higher anti-bacterial activity for
the metal complexes than those of the ligands alone. Both
Niy(L"), and Ni(H,L?) complexes 14 and 15 were the most
effective against S. aureus (MTCC-740) with corresponding MIC
values of 14 pgmL™" and 18 ugmL™’, respectively, and against
E. coli (MTCC-119) with corresponding MIC values of 73 ugmL™"
and 77 pgmL™". On the other hand, the MIC values for the
Schiff-base ligands, H,L' L9 and H,L?> L10 against these two
bacteria are (80 and 83) ugmL™' and (100 and 95) ugmL~',
respectively. This behavior of the complexes might be
attributed to their abilities to cause damage to the biomole-
cules within the cell or the cell surface due to the high redox
potential, high toxicity at the cell surface and/or structural
specificity.Two metal complexes of the phenoxymeth-
ylpenicillin-based  Schiff-base ligand HL L11, namely,
[FeL(OAc)(H,0),] 16 and [NiL(OAc)(H,0),] 17 (Figure 8) showed
higher anti-bacterial activities than the ligand HL L11 itself,
against S. viridans, E. sp, S. aureus, E. faecalis and Methicillin-
resistant S. aureus (MRSA).? The metal complex
[FeL(OAC)(H,0),] 16 against these five strains showed IZs of
20 mm, 30 mm, 25mm, 22 mm and 15 mm; whereas the
corresponding values for [NiL(OAc)(H,0),] 17 against the five
bacteria were observed as 10, 40, 36, 27, and 18 mm,
respectively. The IZs for the Schiff-base ligand HL L11 were
respectively found to be 15, 24, 16, and 17 mm, as well as
resistant, respectively.”? Complex, [FeL(OAc)(H,0),] 16 proved
to be the most effective against MRSA (MIC value:
0.042 pmolmL™") while [NiL(OAc)(H,0),] 17 showed the highest
activity against both E. sp and S. aureus (MIC values of
0.042 pmolmL™).7?

Three metal(ll) complexes; namely, [Ni"L(H,0)CI],4H,0 18,
[Cu"L(H,0)Cl1,3H,0 19, and [Zn"L(H,0)Cl1,5H,0 20 (where, L =2-
furan-2-ylmethyleneamino-phenyl-iminomethyl phenol) were
synthesized from the Schiff-base ligand, HL L12 (Figure 9) and
were studied for both the anti-bacterial and anti-fungal
activities. The microorganisms which were tested were: two
Gram-positive bacteria species, namely S. pneumonia and B.
subtilis, and two Gram-negative bacteria, S. typhi and E. coli, in
addition to four fungi species, A. fumigatus, S. racemosum, G.

HN HN/’. S CH3
7. S CH3 \><
J:N\>< N/ ’ s O
N/ / CHs \ /OACFO

/=0 N D
G HO Hy OH?HZ
2

Schiff base, HL L11 M = Fe, [FeL(OAc)(H,0),] 16

M = Ni, [NiL(OAc)(H,0),] 17

Figure 8. Structures of phenoxymethylpenicillin-derived Schiff-base ligand,
HL L11 and it's metallic derivatives.””
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HL L12

[Ni"L(H,0)Cl]x4H,0 18

OH,
ol o
Zn —

/|\ 3H,0 7N\

N ¢ N

[Cu“L(HZO)CI]x3H20 19 [Zn"L(H,0)Cl]x5H,0 20

Figure 9. Structures of Schiff-base ligand, L12 and Ni', Cu" and Zn"
complexes, 18-20."*

candidum, and C. tropicalis.” Although the ligand L12 alone
showed no activity against all of these sensitive organisms,
inhibitory activity was enhanced upon complexation especially
in the case of Ni", Cu", and Zn" complexes 18-20, even though
it was less than the standard. All three metal complexes were
tested against S. pneumonia, B. subtilis and E. coli. The Cu"
complex 19 showed highest 1Z against all three pathogens
(16.4, 18.4, and 21.2 mm). The authors also tested the anti-
fungal activities against two pathogens; namely, A. fumigatus,
and G. candidum and, the Cu" complex 19 complex similarly
showed the highest activity among the three synthesized
complexes.

Tripathi’'s group studied the anti-bacterial and anti-fungal
activities of Pr'" complexes [Pr(C,sH;,N,0H)(6H,0)Cl,],1.5H,0 21,
and [Pr(CsHoNS,)(C;sH;,N,OOCH,)(3H,0)Cl] 22 (Figure 10).7*
The anti-bacterial activity of complex 22 was found to be
enhanced compared to the free ligand, exhibiting the
maximum inhibition of bacterial growth against P. aeruginosa
(25 mm) and E. coli (18.0 mm). The maximum inhibition of
fungal growth however was observed for the case of complex
21 against C. albicans which was higher than that of the ligand.
Upon complexation, the biological activity of the complexes
increased. Prabhakaran’s group also reported similar
enhancement in anti-bacterial and anti-fungal activities when
cyclometallated Ru" complex 23 was prepared from the
complexation of the Schiff-base ligand, 3-acetyl-7-meth-
oxycoumarin-4 N-substituted thiosemicarbazone with
[RUHCICO(PPh,);] as the metal precursor.”

Devi and co-workers observed that the electron-releasing
effects of chloro and bromo groups on the benzene ring
influenced the anti-bacterial activities of the Zn" complexes
such as Zn(L"),2H,0 24, Zn(L?,2H,0 25, Zn(L?),2H,0 26 and
Zn(L*,2H,0 27 (Figure 11) against the Gram-positive bacterial
strains S. aureus (with respective MIC values of 0.0380, 0.0286,
0.0179 and 0.0319 pMmL™"); S. gordonii (with respective MIC
values of 0.0380, 0.0286, 0.0359 and 0.0319 uMmL™"); and the
Gram-negative bacterial strains E. coli (with respective MIC
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Tentative structure of
[Pr(C45H12N,OH)(6H,0)Cl,]x1.5H,0
21

Tentative structure of
[Pr(CsH41oNS,)(C15H42N20.0CH3)(3H,0)Cl]
22

(b)

Cyclometallated Ru'' Complex 23

Figure 10. Structures of (a) Pr'" complexes Pr(C,sH,,N,0H)(6H,0) Cl,],1.5H,0
21, [Pr(CsH;oNS,)(C,5H,,N,0-0CH;)(3H,0)Cl] 227* and (b) Cyclo-metallated Ru"
complex 23.7

R4
OH F OH F
N\/©/ R, /NM©/

Schiff base HL' L13 HLZ: R1 B" R, =Br, R3=HL14
HL3: R;=Cl, R, =Cl,R3 =H L15
Rs HL* R;=Br, R, =Cl, R3=HL16
O\\ F o Zn(L"),.2H,0 24
M/OHz Zn(L2),.2H,0 25
Rq Zn(L%),.2H,0 26
(L*),.2H,0 27

u\\

Figure 11. Structures of Schiff-base ligands L13-L15 and Zn" complexes 24-
2779

values of 0.0190, 0.0287, 0.0359 and 0.0160 uMmL™"), and P.
aeruginosa (with respective MIC values of 0.0190, 0.0143,
0.0359 and 0.0160 pMmL™").7®
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The compounds also exhibited remarkable anti-fungal
activities against C. albicans (respective MIC values of 0.0190,
0.0009, 0.0006 and 0.0010 pMmL™") and A. niger (respective
MIC values of 0.0190, 0.0140, 0.0180 and 0.0080 uMmL™"). The
aforementioned complexes were more active than their
corresponding Schiff-base ligands.

The Pawar group also reported Zn" complexes in the form
of Zn(HL"), 28 and Zn(HL?), 29 which were synthesized from
the Schiff-base ligands HL' L17 and HL? L18. Complex Zn(HL?),
29 showed the highest anti-bacterial activities against S. aureus,
B. subtilis, E. coli and S. typhi with corresponding MIC values of
3.90, 7.81, 62.5 and 125 uMmL™', respectively (Figure 12)."”)
Although Zn(HL'), 28 showed similar MIC values against B.
subtilis, E. coli and S. typhi, the anti-bacterial activity of this
complex was lower than that of Zn(HL?), 29 against S. aureus.

Misra’s group synthesized Mn" and Co" complexes from the
Schiff-base ligand 2-acetyl-5-methylsemicarbazone.”® Zoubi, Ko
and co-workers reported remarkable anti-bacterial and anti-
fungal activities of Ni', zn", Cd", Hg", Pt' and Pd" complexes
derived from the Schiff-base ligand 4-[(2,4-dimethoxy-
benzylidene)-amino]-1,5-dimethyl-2-phenyl-1,2-dihydro-pyra-
zol-3-one.” Peewasan, Powell and co-workers prepared a pair
of polynuclear chiral Cu'-cluster complexes which in their
enantiomeric pure forms showed good anti-bacterial activities
against Gram-positive bacteria.®” Quite remarkable anti-micro-
bial activities of three metal complexes [Co(HL)(H,0)Cl,],H,O
30, [Ni(HL)(H,0)Cl,] 31 and [Zn(HL)(H,0)Cl,],H,0 32 against the
Gram-positive (S. aureus and B. Subtilis), Gram-negative (Salmo-
nella SP., E. coli and P. aeruginosa, as well as fungi (A. fumigatus
and C. albicans) were reported (Figure 13)." All of the
complexes exhibited higher anti-bacterial and ant-fungal
activities than those of the Schiff-base ligand HL L19 (Fig-
ure 13b). [Co(HL)(H,0)Cl,1,H,O 30 showed the highest anti-
bacterial activities against the Gram-negative bacteria E. coli (
IZ: 17 mm) and P. aeruginosa (IZ: 18 mm). [Ni(HL)(H,O)Cl,] 31
also displayed higher anti-bacterial activities against Gram-
negative bacteria S. SP. (IZ: 17 mm), E. coli (IZ: 18 mm) and P.
aeruginosa (1Zz 19 mm). On the other hand, [Zn-
(HL)(H,0)Cl,],H,0 32 showed the highest ant-bacterial activities
against Gram-positive bacteria B. subtilis (IZ: 177 mm) and Gram-
negative bacteria S. SP. (IZ: 18 mm). Both [Ni(HL)(H,O)Cl,] 31
and [Zn(HL)(H,0)Cl,],H,O 32 complexes showed more activity

o
OH
X ForHL', X =Y = H L17
N.. N ForHL?, X=Cl, Y=HL18
=N 7 oK
v H
o

Y
H
o, HOLzC Ny,
X \Zn/
X
N. N o
N c% “OH
i o
v

Zn (HL'), 28; Zn (HL?), 29

Figure 12. Structures of Schiff-base ligands L17-L18 and Zn" complexes 28-
2977
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N /©\ @ \ / ’
SN NH, o) M Cl[xnH,0.xCl
UEVERN
OH HLL19 H0 ¢]]

[Co(HL)(H20)Cl]xH,0 30
[Ni(HL)(H,0)Cl,] 31
[Zn(HL)(H,0)Cly]xH,0 32

(M=Co,n=1,x=0)
(M=Ni,n=0,x=0)
M=2Zn,n=1,x=0)

20+
15~ M Staphylococcus
aureus (G+)
M Bacillis
subtilis (G+)
M SalmonellaSP.
o 10 (G-)
3 E = M Escherichia
2 6E .
£N g coli(G-)
£cZ M Pseudomonas
5 aeruginosa (G-)
M Aspergillus
fumigatus
M Candida
albicans
0

k HL (L19) Comp. 30 Comp. 31'Comp. 32

Figure 13. (a) Structures of Schiff-base ligand L19 and M" complexes 30-32.
(b) Anti-microbial activities of ligand L19 and M" complexes 30-32
(Reproduced from Ref. [81]. Copyright (2019) Wiley-VCH.).B"

against the fungal strain, C. albicans ( 1Z: 16 and 17 mm,
respectively).

Sithique and co-workers reported Zn"-centered hydrazide-
based O-carboxymethyl chitosan Schiff-base metal complexes,
33-34 exhibiting enhanced anti-bacterial and anti-fungal
activities (Figure 14).%? The complexes exhibited a maximum
growth inhibition zone of ~40 mm against bacterial strains
(such as E. coli and S. aureus). The complexes showed highest
anti-fungal activities against C. albicans.

CH,OCH,COOH

CH,OCH,COOH o

o] ----0 OH
o) O

--—-q|(oH 9o

OAc

™

n
n N R
N._ _R M/‘
/
Hj\ oo™ [ e
N R (o] NH
]

R = CHj; Schiff base-A L20
R = CgHs; Schiff base-B L21

R = CHy; M = Zn (Zn-A) 33
R = CgHg: M = Zn (Zn-B) 34

Figure 14. Structures of chitosan Schiff-base ligands L20-L21 and their Zn
complexes 33-34.%?
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Using a bidentate N,O, Schiff-base ligand, (E)-2-bromo-4-
chloro-6-[(2,6-dimethylphenylimino) methyllphenol, HL L22, a
mononuclear Cu" complex 35 was synthesized by Guo and co-
workers. Complex 35 showed high anti-bacterial activities
against S. aureus, P. aeruginosa, and E. coli (Figure 15).%
Complex 35 showed the highest anti-bacterial activity against
E. coli (MIC value of 1.25 mmol L™") which was higher than of
the ligand (HL) (MIC value of 5 mmol L™").

The complex also showed much higher anti-bacterial
activity against E. coli than that of the reference drug Penicillin
(MIC value of 10 mmol L™).

Adam and co-workers synthesized several ONO-Pincer
Schiff-base salicylidene (HSaln ligand L23) complexes with
Mn?*, MoO,”* and UO,**ions (MSaln complexes=MnSaln 36,
MoO,Saln 37, and UO,Saln 38, respectively) (Figure 16).2¥ The
MIC values of the HSaln ligand L23 and its MSaln complexes,
36-38 against the Gram-positive bacterial strain (S. aureus),

H;C

\Qf\’\‘
Hs
Br
Cu\

cu" Complex 35

HiC
Cl X Nj@
CHj
OH
Br
Schiff base, HL L22

Figure 15. Structures of Schiff-base ligand L22 and its Cu" complex 35.*

I
NaO3S NaO3S C\\
HZO\ l,\‘/OHZ
4Mn\
OH HO o1 HO o

OH;
HSaln L23 MnSaln 36
H
NaO3S (l: i
a0s N A NaO;S c\\N

\\l\/{ % O\\ |//O
o 10 X0 o 1o X0

OHz OHy

MoO,Saln 37 UO,Saln 38

Figure 16. Structures of HSaln ligand, L23 and MSaln complexes, 36-38.%"

Table 1. Anti-bacterial activities of HSaln ligand L23 and their different

Gram-negative bacterial strains (S. marcescens, E. coli) and the
fungal strains (C. albicans, A. flavus and T. rubrum) confirmed
higher activities of the metal complexes compared to those of
the HSaln ligand (L23).

The increased anti-microbial potential of MSaln complexes
relative to the HSaln ligand (Tables 1 and 2) was attributed to
the addition of the metal complexes to the Schiff-base nitrogen
atoms (-CH=N-) in which the strongly coordination capability
of the central metal ion (M**) due to its high positive charge,
played a significant role in improving the antimicrobial action
of the HSaln ligand. Additionally, the lipophilic character of the
m-electron delocalized rings over the antimicrobial reagents
could have also enhanced their antimicrobial abilities. The p-
sodium sulfonate groups bonded to one of the phenyl rings
rings contributed to the high solubility of the complexes, which
in addition to their conductivity, could also account for their
valuable antimicrobial action. The low lipid solubility of metal
complexes across the microbial walls was found to result in the
lower activity of complexes as compared to others.®

UO,Saln 38 and MnSaln 36 complexes were found to
exhibit the highest antimicrobial potential (Tables 1 and 2). For
both antimicrobial results an additional possible factor could
also be the ability of the uranium in the UO,Saln complex to
increase its coordination number as a 4f element and in the
case of the MnSaln complex the presence of the higher number
of the labile coordinated solvent molecules.

Treatment of multidrug-resistant fungal infections is chal-
lenging and the development of new chemotherapeutic agents
for this purpose is an important research area to augment the
current treatment options. With that objective, Dar et al.
reported the mixed ligand complexes [Cu(phen)LCIH,0] 39
[Co(phen)LCIH,0] 40, [Ni(phen)LCIH,0] 41, and [Zn-
(phen)LCIH,0] 42 (phen=phenanthroline) formed with the
Schiff-base ligand, L24 (Figure 17).59

All complexes showed varying levels of anti-fungal activities
against several C. albicans isolates (including FLC susceptible
and resistant C. albicans isolates). From the MIC values, the
order of anti-fungal potency of the tested complexes was
found to be 39 > 40 > 41 > 42 > L24. The MIC values for 41
were found to range from 1-0.25 ugmL™" while as for the L24
these values ranged from 125-500 ugmL~". The marked
enhancement of anti-fungal activities was associated with the
structural changes from the ligand to its metal complexes.

Tavman and co-workers synthesized the Schiff-base ligand
H,L (L25) and its Zn" complex, [Zn(H,L)Cll4H,0 43 (Fig-

metal complexes (36-38) against three bacterial strains. (data taken from Table 2. Anti-fungal activities of HSaln ligand L23 and their different metal
Ref. [84]) complexes (36-38) against three fungal strains. (data taken from Ref. [84])
Inhibiton Zone (mm) Inhibiton Zone (mm)
Compounds S. aureus (+ve) E. coli S. marcescens Compounds C. albicans A. flavus T. rubrum
(20 pgmL™) (-ve) (-ve) (10 pgmL™)
HSaln ligand (L23) 14+£0.24 8+0.15 10£0.33 HSaln ligand L23 7+0.16 8+0.34 11+0.07
MnSaln (36) 42+0.19 344+0.27 364+0.24 MnSaln 36 334+0.27 2240.22 28+0.13
MoO,Saln (37) 38+0.17 32+0.19 334+0.12 MoO,Saln 37 324+0.12 214+0.09 27+0.12
UO,Saln (38) 44+0.25 35+0.19 38+£0.27 UO,Saln 38 36+£0.17 24+0.21 30+0.23
Gentamycin 46+0.11 37+£0.72 40+0.33 Fluconazole 37+£0.62 25+£0.90 31+£0.88
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Where, M = Cu" 39, Co" 40
Ni'" 41, zn" 42

Figure 17. Structures of ligand, L24 and metal(ll) complexes, 39-42.5°

ure 18).%7 Complex 43 showed much lower MIC values

(superior antifungal activity) on C. Albicans, C. Tropicalis (<
487 ugmL™" for both) and C. Parapsilosis (9.75 ugmL™")
compared to those obtained for the Schiff-base ligand HsL L25
itself (19.5, 39 and 78 ugmL™' for C. parapsilosis, C. tropicalis
and C. albicans, respectively). Complex 43 was also more
effective against S. epidermidis than the H,L (L25).

HsC 'l*
//C
N
HO
OH

O/Zn
HsL L25 H '
Suggested structure for Zn complex
of HaL: [Zn(H,L)CI]x4H,0 43

H,O H,O HO

Figure 18. Structures of ligand H,L L25 and its Zn" complex 43.%”

Br
| O
[N OH I
NH
OH o— -0
HoL L26 H H
Br o, I O Br
Zn Zn
NS

H H
Ho ) Lo

[Zno(HLH),(OH)I,].1 44

Figure 19. Structures of ligand H,L L26 and its Zn" complex 44 (Reproduced
from Ref. [88]. Copyright (2020) ACS.).
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Das and co-workers obtained the dinuclear Zn" complex,
[Zn,(HLH),(OH)L,]1 44 from the Schiff-base ligand H,L L26 which
showed very high anti-bacterial activity against both Gram-
positive (L. monocytogenes, MIC value: 158.8 ugmL™' and S.
aureus, MIC value: 50.99 pgmL™") and Gram-negative bacteria
(E. coli, MIC value: 163.61 ugmL™" and S. typhimurium, MIC
value: 79.11 ugmL™") (Figure 19).%¥ The anti-bacterial activity of
the complex was suggested to arise from the unique hydroxo-
bridged geometry of the complex along with its 2D hydrogen
bonding molecular network.

Recently, Kargar and co-workers synthesized several new
Cu" complexes 45-48 from the corresponding bidentate Schiff-
base ligands L27-L30 (Figure 20) and studied the effects of
substituent groups on their anti-bacterial activities against
Staphylococcus aureus (S. aur) and Escherichia coli (E. coli).®
Compared to their parent ligands all of the metal complexes
exhibited higher anti-bacterial activities against the bacterial
species. The effect of substituent —OMe group was found to be
very strong on antibacterial activities of both the ligands and
the metal complexes. Whereas the respective MIC (ugmL™)
values for the ligands L27-L30 against E. coli and S. aur were
found to be 512 & 256, 256 & 128, 128 & 64 and 256 & 256, the
values for the corresponding metal complexes 45-48 against
the two bacterial species were observed as 128 & 32, 64 & 32,
64 & 32 and 64 & 64. Ligand L29 exhibited the highest
antibacterial activities which were attributed to the position of
the methoxy group (-OMe), which is a strong electron-donor
substituent.

The methoxy group L29 is para to the hydroxyl group and
is further away so it can more effectively form hydrogen
bond(s) with the active centers of the cell constituents. On the
other hand the strong internal hydrogen bond that can form
between the closer position of the methoxy oxygen and the
hydroxy group in L28 reduces the ligand’s ability to form the
effective hydrogen bonds with the active centers of the cell
constituents. A similar trend of antibacterial activities was
observed in the corresponding metal complexes 45-48,
however, the higher activities of the metal complexes com-
pared to those of the parent ligands were due to the reduction

\N/N
HyC—p ~ =
HyC
o N :
\ ~
C
\N/ u\o
H
HO
CH3
R \ R
R: 3-OMe (L27)
4-OMe (L28)
5-OMe (L29)
6-OMe (L30)

CH,
R: 3-OMe (45)

4-OMe (46)

5-OMe (47)

6-OMe (48)

Figure 20. Structures of ligand L27-L30 and the corresponding Cu" complex
45-48.%
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of polarity of the central metal ions through the coordination  gen Bacillus SP (MIC value of 50 mgmL™"). The anti-bacerial
with the Schiff base ligands thereby facilitating the interaction  activity of the complex 49 came from its ability to destroy the
of the complexes with the cellular membranes. bacterial speicies or to prevent its growth through the
Bhaskar group synthesized zinc-Schiff base complex 49  generation of the reactive oxygen species (ROS), which caused
from the Schiff-base ligand L31 (Figure 21a-b).*”” Complex 49  oxidative stress and led to the damage of the cell membrane as
showed good anti-bacterial activity against the clinical patho-  well as DNA (Figure 21¢).
Teixeira and co-workers also performed anti-bacterial assay
with Ni complex 50 (Figure 22) against P. aeruginosa, S. aureus

(a) and E. coli.”" The complex didn’t show any satisfactory activity
against S. aureus and E. coli (MIC>1024 pgmL™") but exhibited
S OCHj °‘ C' HyCO activity against P. aeruginosa (MIC =256 ugmL™").
T2
O hyeo 2.2. Metal Complexes Exhibiting Anti-tumor and Anti-cancer
ad @ @ Activities

Platinum-based cancer drugs (e,g. cis-platin) have long been
used for the treatment of cancer patients.***® However, due to
their adverse side effects, the development of effective non-
platinum drugs (based on metal ions such as Ru, Ir, Cu, Ni, Zn,
Co, etc.) with much better anti-cancer properties than cis-platin
has been carried out.”**”

Arunachalam and co-workers reported two cobalt(lll) Schiff-
base complexes, trans-[Co(salen)(DA),1(CIO,) 51 and trans-[Co-
(salophen)(DA),I(CIO,) 52 (where salen: N,N’-
bis(salicylidene)ethylenediamine L32, salopen: N,N"-
bis(salicylidene)-1,2-phenylenediamine L33, DA: dodecylamine)
(©) (Figure 23).°" The in vitro cytotoxicity of both complexes were

e tested against A549 (human small cell lung carcinoma). The

with elecirostatic iteractions st respective ICg, values of 80 uM and 65 uM of the complexes, 51
fg;j‘)'l‘::b““ . L i i " and 52 for A549cell indicated that the trans-[Co-
(salophen)(DA),I(ClIO,) 52 complex was more effective than

trans-[Co(salen)(DA),](CIO,) 51. Of the two complexes, the
higher anti-cancer activity of 52 could be attributed to its
higher DNA binding propensity (higher intrinsic binding
constant, K,=3.15x10* M™', and percentage of hypochromism,
36.81%) than that of complex, 51 (intrinsic binding constant,
K,=1.31x10* M™', and percentage of hypochromism, 30.34 %).

X-ray structure of 49

DNA damage

Destruction of the
cell membrane

Inhibition protein
synthesis
Intracellular contents leakage +

Cell membrane destruction mechanism for Bacillus SP by 49

Figure 21. (a) Structures of ligand L31 and its Zn" complex 49. (b) X-ray d:OH HO:© d i@

structure of complex 49 (Reproduced from Ref. [90]. Copyright (2021) Science
direct. (c) Cell membrane destruction of Bacillus SP by 49 (Reproduced from Salen (L32)

Ref. [90]. Copyright (2021) Science direct). L = DA (dodecylamine)

trans-[Co(salen)(DA),](ClO4) (51)
+

—

o o

Salophen (L33)
/ I \ L = DA (dodecylamine)
[Co(salophen)(DA),](ClO,) (52)

Ni complex 50

Figure 23. Structures of salen ligand L32, salophen ligand L33 and their Co"
Figure 22. Strucutre of Schiff-base Ni complex 50.°" complexes 51-52."
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This enhancement of stacking interactions between the
salicylaldehyde aromatic moiety in trans-[Co-
(salophen)(DA),](CIO,) 52 and DNA bases presumably arising
from the presence of the additional aromatic phenyl ring in the
Schiff-base ligand in the complex.

Wilson’s group reported several bis(thiosemicarbazone)
complexes of cobalt(lll) with the general formula [Co-
(BTSCO)(L),JNO; 53-55 (Figure 24) (where BTSC=diacetyl
bis(thiosemicarbazone) (ATS) L34, pyruvaldehyde bis(thiosemi-
carbazone) (PTS) L35, or glyoxal bis(thiosemicarbazone) (GTS)
L36 where L=ammonia (NH;) 53, imidazole (Im) 54, or benzyl-
amine (BnA) 55. Results proved that these complexes have the
potential to become promising second generation anti-cancer
pro-drugs.”®

R R
N N LN
HIN NH HN™ N T/ NH
HoNTSS 57 ONH, PNPANP
R=R'=CHATS L34 20 S LS N
= R'= CH; ATS, L = NH5 53, Im 54
R = H, R' = CH; PTS, L35 B 55 m>%
R=R'=HGTS, L36

Figure 24. Structures of ligands, L34-L36 and Co" complexes 53-55."®
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F F F3C
[Co(3F-salen)(3F-BnNH,),]*  [Co(tfacen)(3F- BnNHz)z]
56 57
NH
L = 3-fluorobenzylamine: 2
F
Figure 25. Structures of Co" complexes 56-57.°"

R

CHj;
N
HN
R o

CH, C H
N\CI;I/O\ N
R: H (L39), Br (L40), F (L41), CH3
Cl (L42), CH; (L43) R: H (58), Br (59), F (60),

SO4H (L44), NO, (L45) CI(61). CH, (62),

SO4H (63), NO, (64)

Figure 26. Structures of ligands, L39-L45 and Cu" complexes 58-64."%"
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The Wilson group also synthesized Co" Schiff-base com-

plexes, [Co(3F-salen)(3F-BnNH,),]* 56 and [Co(tfacen)(3F-
BnNH,),]" 57 bearing axial 3F-BnNH, ligands (where, 3F-salen:
3-fluorosalicylaldehyde ethylenediamine L37, tfacen: trifluoroa-
cetylacetone ethylenediamine L38 and 3F-BnNH,: 3-fluoroben-
zylamine) (Figure 25).° The respective 50% growth inhibitory
concentration (ICs,) values of 50 and 60 uM for the complexes
against A549 lung cancer cells indicated that the complexes
exhibited moderate anti-cancer activity. This activity might
involve a ligand exchange mechanism in which the axial
ligands played an important role.

Pervez, Igbal and co-workers studied the anti-cancer
activities against lung carcinoma (H157) cells in the presence of
some novel isatin-derived bis-Schiff-bases, L39-L45 and the
derived Cu" complexes 58-64 (Figure 26)."°” Among the Schiff-
bases, halo-substituted compounds L35-L37 (containing elec-
tron-withdrawing halogen functional groups at position-5 of
the isatin moiety) exhibited higher inhibitions of H157 cells
(IC5, values ranging from 2.3240.11 to 2.9940.15 uM) than
those of the other Schiff-bases.

Bromo-substituted compound L40 exhibited the highest
anti-cancer activity (IC;, value of 2.32+0.11 uM) among a
number of isatin-derived imines most probably due to its
higher degree of lipophilicity which enabled it to bind with the
receptor sites by crossing the lipid membrane. Enhancement of
activity was observed for Cu" complexes, 58-64 synthesized
from the Schiff-bases L39-L45 (Table 3). The highest inhibition
against H157 was observed for complex 61 (ICs, value of 1.29+
0.06 uM) containing electron-withdrawing chloro group at
position-5 of the isatin scaffold, whereas complex 59 having
higher lipophilicity than 61 exhibited less inhibition (ICs, value
of 1.54£0.04 uM).

Cu" complexes synthesized from 6-methyl-2-oxo-1,2-di-
hydroquinoline-3-carboxaldehyde-4(N)-substituted Schiff-bases
also showed significant activity against human skin cancer cell
line (A431)."°Y Rigamonti and co-workers studied anti-cancer
activities of the Schiff-base Cu" complexes [Cu(®“*L)(Cl)] 65,
[Cu"L)(C] 66 and [Cu(®2L)(Cl)] 67 (where, ML, "L and N°2L are
Schiff-base ligands) against three difficultly diagnosed and
poorly curable cancer cells."® The inhibitory activities (ICs,) of
the complexes (Figure 27), 65-67 were evaluated against
human triple-negative breast cancer cells (MDA-MB-231),
human glioblastoma cells (U-87) and human androgen inde-
pendent prostate carcinoma cells (PC-3). The time-dependent
IC5, values (uM) of the complexes against the three cancer cells

Table 3. Cytotoxicity of complexes 58-64 against lung carcinoma (H157)
cell. (data taken from Ref. [100]).
Compounds R H157 ICso (UM)
58 H 1.93+£0.07
59 Br 1.54+£0.04
60 F 1.47+£0.03
61 cl 1.29+£0.06
62 CH, 2.87+0.18
63 SO;H 2.324+0.05
64 NO, 2.67+0.23
Vincristine 1.03+£0.23
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Figure 27. Structures of Cu" complexes, 65-67."%

were compared with those of healthy human endothelial cells
(HUVEQ) (Table 4). Among the complexes, [Cu(*®2L)(Cl)] 67
exhibited the highest activities against all three cancer cell
lines. The two- to-four-fold cytotoxicity enhancement of
complex [Cu(™?L)(Cl)] 67 against the cancer cells compared to
the other two complexes, could be attributed to the presence
of the nitro (NO,) group.

All three complexes exhibited high inhibitory activities
against the MDA-MB-231 cells as follows: ([Cu(™?L)(Cl)] 67 >
[Cu®™eL)(Ch] 65 > [Cu(L)(CN)] 66) (Table4). The higher
capabilities of the complexes to generate selective intracellular
reactive oxygen species (ROS) and the larger DNA fragmenta-
tion abilities in contact with MDA-MB-231 cells enabled the
complexes to manifest higher activities against the breast
cancer cells compared to others. Complex, [Cu(*?2L)(Cl)] 67
showed the highest cytotoxicity against the target cells due to
the presence of nitro (NO,) group as it was suspected to
facilitate the DNA interaction with nuclease activity when in
contact with the cells. Compared to the healthy endothelial
HUVEC cells, a substantial selectivity index (3.6) was observed
in the case of [Cu(®L)(Cl)] 67 which is quite promising as a
potential anti-cancer agent especially against the MDA-MB-231
cells.

Cu" complex, [Cu,(LH),I(ClO,), 68 was synthesized from the
Schiff-base ligand, HL (L46) (Figure 28a) and showed strong
binding affinity with DNA (intrinsic binding constant K, =6.16 x
10° M.l The complex showed significant cytotoxicity
against human colon cancer cell line (HCT 116), human liver
cancer cell line (HepG2), murine melanoma cell (tumor cell) line
(B16F10) and normal kidney epithelial cells (HEK 293), whereas

Table 4. Time-dependent ICs, values (uM) of 65 and 67 against MDA-MB-
231, U-87 and PC-3 malignant human cell lines together with healthy
HUVEC cell. (data taken from Ref. [102]).

MDA-MB-231 U-87 PC-3 HUVEC
t=24h 65 31.0 64.8 61.8 97.1
67 179 60.5 131.7 50.8
t=48h 65 20.1 38.6 45.2 45.2
67 10.1 22.2 18.8 46.0
t=72h 65 17.3 40.5 42.2 52.7
67 8.1 20.7 10.7 28.6
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Figure 28. (a) Structures of ligand HL (L46) and its Cu" complex 68. (b)
Activity of complex 68 (MTT assay, concentrations (5-100 uM)) against
different type of cells (1 x 10° cells/mL) (Reproduced from Ref. [103].
Copyright (2020) RSC).

the highest activity was observed against the colon cancer cell
line HCT116 (Figure 28b).

Interestingly, [Cu,(LH),](ClO,), 68 exhibited the lowest toxic
effect against the HEK 293. Khan's group studied the cytotox-
icity of Cu" complexes, 69-71 (Figure 29) which exhibited
concentration-dependent cytotoxic profiles against the cul-
tured human breast cancer MCF-7 cell lines.*® The anti-cancer
activity of the complexes were higher than that of the Schiff-
base ligand, which confirmed the important role of the Cu" ion
in the potency of the complexes. The highest anti-cancer
activity of complex 71 was attributed to the strong interaction
of its planar “phen” co-ligand with DNA base pairs resulting in
cell death. The Cu(ll) complexes, 69-71 were observed to exert
low cytotoxicity against HEK293. Chiral Cu" complexes were
also reported to demonstrate toxic effect on epidermoid
human cancer cell line (A431).%”

Neelakantan’s group synthesized several mononuclear com-
plexes Cu(L") 72, Cu(L?) 73, Ni(L") 74 and Ni(L? 75 containing
Schiff-base ligands H,L' (L48) and H,L? (L49) (Figure 30)."*
Complexes 72-75 were found to have higher binding affinities
with the respective cell DNA binding constants (K,=4.88%
10*°M™"; 598x10% 4.26x10* and 5.38x10%, than those
observed for the ligands (K, = 1.80x10* M~ for L48 and 1.91 x
10* for L49). Furthermore, these complexes acted as efficient
DNA nucleases which resulted in their abilities to exert
cytotoxicity [ICs, (WM) values: 22.52 4 0.49 for L48; 19.86 +0.62
for L49; 12.154+0.04 for (72); 11.02+0.16 for 73; 15.114+0.13
for 74 and 13.634+0.09 for 75] against human cervical
carcinoma cell line (HelLa). Although the anti-cancer activity of
the complexes against HeLa was found to be lower than that

© 2022 Wiley-VCH GmbH
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Figure 29. (a) Structures of Schiff-base ligand L47 and its Cu" complexes, 69—
71.% (b) Concentration-dependent cytotoxicity of the complexes 69-71
against human breast cancer MCF-7 cell lines (Reproduced from Ref. [63].
Copyright (2019) Nature Publication).
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Figure 30. Structures of Schiff-base ligands L48-L49 and their Cu" and Ni"

complexes, 72-75."%

observed for the well-known drug cis-platin (IC;,=8.67 +
0.04 uM), the complexes could be used as potential anti-tumor
agents due to their lower side effects compared to cisplatin.
The Zn" complex, [Zn"L(H,0)Cl],5H,0 76 was synthesized
from the Schiff-base ligand, HL (L50)) (Figure 31) and was
tested for anti-tumor activity against colon carcinoma HCT-116
cells as well with the mouse myelogenous leukemia carcinoma
(M-NFS-60) cell line.”® Alaghaz and co-workers obtained very
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Figure 31. Structures of Schiff-base ligands, L50-L53 and its Zn" complexes,
76-79 737685

high cytotoxicity levels for the complex 76, against the HCT-
116 and M-NFS-60 cell lines (ICs, = 17.61 and 17.53 ugmL™",
respectively). Devi et al. studied the in vitro anti-cancer activities
of the Zn" complexes, Zn(L'),2H,0 77 and Zn(L),2H,0 78
(Figure 31) against the following malignant tumour cell lines:
Human lung carcinoma cell line A549, Human breast carcinoma
cell line MCF7 and Human prostate carcinoma cell line
DU145.7¢

Complex, 78 which incorporated the Schiff-base ligand, HL?
(L52), displayed higher activities against A549, MCF7 and
DU145 cancer cell lines (with corresponding IC;, values of 6.6,
4.3 and 5.8 uM, respectively) than those of complex 77 which
incorporated Schiff-base ligand, HL' L51, (with corresponding
IC5, values of 8.6, 6.7 and 10.7 uM, respectively), against the
three cancer cells. The authors also reported significant anti-
cancer activities against the aforemenitoned three cancer cells
for another Zn" complex, Zn(L3)(CH,CO0),2H,0 (79) which was
synthesized from ligand, L L53 (Figure 31) with respective ICs,
values of 10.6, 13.4 and 12.9 uM.®™ The cytotoxic selectivity of
the Zn" complexes 77-79, was quite high since all showed very
low cytotoxicity against the normal human lung cell line
(MRC5).

Coordination of Schiff-base ligands with metal ions can
increase the anti-cancer activity of the metal complexes.
Prabhakaran et al. witnessed up to six times higher anti-cancer
activities of Ru" complexes, 80-83 compared to their parent
coumarin-appended thiosemicarbazone ligands, H,L'™* (L54-
L57) (Figure 32) against the MCF-7 and A549 cell lines.” The
anti-cancer activity of the complexes increased up to eight

© 2022 Wiley-VCH GmbH
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times higher than cis-platin. The ability of the complexes to
intercalate the DNA base pairs and/or their free radical-
scavenging activity, might be the key point to exhibit their
anti-cancer activities. The order of activity of the compounds
was observed to be varied depending on the substituent at the

86
N-terminal nitrogen. The anti-proliferative activity of the ¥

compounds against both MCF-7 and A549 cell lines was as " ®C|e ®CI®
follows: 82 > 81 > 80 > 83 > H,L® (56) > H,L? (55) > H,L' (54) y

> H,L* (57). Due to the presence of more electron donating \\/R”\NQ\CI Cl_R”\N/©\CI
ethyl group at N-terminal nitrogen, Ru" complex 82 exhibited o N N

the highest anti-cancer activity. The 1Cy, values for Ru" @j P

complexes, 80-83 against MCF-7 cell line were obtained as 88 89

2.864+0.17, 2.62+0.07, 2.534+0.10 and 3.02£0.05 uM, respec-
tively. The corresponding values against A549 are 2.96 +0.07,
2.934+0.07, 2.37+£0.04 and 3.05+0.12 uM, respectively. The
cytotoxicity of cis-platin against MCF-7 and A549 was lower
than that of the compounds (ligands and their complexes) with
respective 1C5, values of 16.79+0.08 and 15.10+0.05 uM,
respective;y. The compounds were very selective as anti-cancer
agents, and showed no significant toxicity on the human
normal keratinocyte cells (HaCaT).

Several other Ru complexes exhibiting potential anti-tumor
activities were also reported. Aziz group obtained weak to
moderate anti-tumor activities against liver carcinoma (HepG2),
breast carcinoma (MCF7) and colon carcinoma (HCT-116) cell
lines.'® Gaiddon, Ang and co-workers synthesized several anti-
cancer ruthenium-arene Schiff-base complexes, 84-89 (Fig-
ure 33) and demonstrated their p53-independent
cytotoxicity."® They discussed the structural features of the
complexes which were essential for following the p53-
independent mode-of-action. p53 is a key tumor suppressor
gene in key cellular processes and in cancer therapy. Gaiddon'’s

Figure 33. Structures of iminoquinoline ligand L58 and its Ru" complexes
84-89.[100

group showed that the structural arrangement involved in
iminoquinoline ligand (L58) from which all the Ru-complexes,
84-89 were prepared, was the key point so that these
complexes exhibited anti-cancer activities against human color-
ectal carcinoma cells (HCT116), human colorectal adenocarcino-
ma cells (SW480), human gastric adenocarcinoma cells (AGS)
and human gastric carcinoma cells (KATOIIl) through the p53-
independent mechanism. Increased activity of the complexes
was observed with increasing hydrophobicity. Complexes 84—
89 exhibited remarkable anti-cancer activities against HCT116,
SW480, AGS and KATOIIl (Table 5) and were found to remain
unchanged in the presence of p53-inhibitors.

Liu et al. pointed out an energy-dependent cellular uptake
mechanism for the Ru complexes."™” Complexes, 90-93
synthesized from Schiff-base ligands, L59-L62 (Figure 34)

Table 5. IC,, values of Ru" complexes, 84-89 against HCT116, SW480, AGS and KATOIIl cells. (data taken from Ref. [106]).

Compounds 1Cso (UM)®!

HCT116 SW480 AGS KATOIIl
84 5.76+1.22 34.74+19.3 3.04+0.91 13.7£5.0
85 1.19+£0.12 4.07+1.35 1.01+£0.07 1.22+0.24
86 3.48+0.36 5.324+2.09 1.16+£0.28 1.86+£0.24
87 6.87+1.11 13.9+55 3.07+0.72 3.89+0.15
88 5.76+013 11.0+£4.7 2.76+0.82 3.28+1.12
89 3.05+026 16.0+£6.1 1.95+0.40 2.22+0.35
[a] ICs, values: Concentration of Ru" complexes, 84-89 required to inhibit 50% of cell growth, measured by MTT assay after 48 h of incubation.
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promoted apoptosis in tumor cells through lysosomal damage.
They also had potential to inhibit metastasis. The highest
antitumor activity of the complexes was observed against A549
and it was even higher than the widely used clinical antitumor
drug, cis-platin. The enhanced activity of the complexes against
A549 was due to the coordination of the Schiff-base chelating
ligands, L59-L62 with Ru metal ions. The compounds followed
an antitumor mechanism of oxidation involving an increase of
intracellular reactive oxygen species (ROS) levels, a decrease of
mitochondrial membrane potential (MMP), and the catalytic
oxidation of the coenzyme nicotinamide-adenine dinucleotide
(NADH).

The better electron donor capacity of L61 due to the
introduction of more phenyl groups in L61, was responsible for
the highest activity of complex 92 (ICs, value of 2.8+ 1.0 uM)
which was also confirmed through the natural population
analysis (NPA). This antitumor activity was actually 8 times
higher than cis-platin. The activity of the NN ligand-based
compounds (90, 91, and 92 with respective ICy, values: 8.0+
0.07, 8.2+2.5, and 2.8+ 1.0 uM, respectively) was higher than
the ON based one (93, IC;, value: 17.8 £3.1 uM). Moreover, the
anti-tumor activity of the complexes was found to increase
with the lipid solubility since the log Py, (partition coefficient
in oil/water) value of each complex 90-93 was 0.42, 0.41, 0.75,
and 0.35, respectively.

Schiff-base Pd" complexes were also found to have
potential to exhibit significant anti-cancer activities against
different cancer cells. Petrovi¢ and co-workers reported Pd"
complexes, 94-95 synthesized from Schiff-base ligands L63
and L64 (Figure 35) showing significant cytotoxic effect on
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Figure 35. Structures of Schiff-base ligands, L63-L64 and their Pd" complexes
94-95 [108]

MDA-MB-231 and HCT-116 cells with respective 1Cs, values in
the range of 7.2 to 55.6 uM and 0.6 to 17.1 uM whereas their
ligands L63 and L64 did not exert such significant cytotoxic
effects."™

Pd" complex 96 synthesized by the Prabhakaran group
from 3-acetyl-8-methoxycoumarin Schiff-base ligand L65 (Fig-
ure 36) provided high anti-cancer activity against MCF-7 and
A549 cancer cell lines with IC;, values of 5.20+0.15 uM and
5.09+0.13 pM respectively, which were higher than cis-platin
(corresponding 1Cs, values of 16.79+0.08 pyM and 15.10+
0.05 um)."*

The cytotoxicity of Pd complex 97 and Pt complex 98
(Figure 37) were studied by Onani’s group against the human
cell lines Caco-2 (colon), Hela (Cervical), Hep-G2 (Hepatocellular
Carcinoma/liver cancer), MCF-7 (breast cancer), PC-3 (prostate),
and MCF-12 A (non-cancer breast).""” The complexes were
highly toxic to the cancer cells. A greater than 80% reduction
of cell viability was recorded by the most cytotoxic complex 97,
in the six cell lines, whereas selective toxicity was obtained
with the complex 98 against all of the cancer cell lines with
reduction of cell viability by 60% or more, but the viability of
the noncancerous MCF-12 A cells was not found to be affected.
Moreover, complex 98 demonstrated strong DNA intercalation
activity with a binding constant of 8.049x10*M™" which

CzHS =N CZH5
H4CO ode

OCH3
Figure 36. Structures of Schiff-base ligand L65 and its Pd" complex 96."%)
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Figure 37. Structures of Pd" complex 97 and Pt" complex 98.'%
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suggested that complex 98 can be a potential candidate for
cancer treatment.

Abdulla and co-workers studied the cytotoxicity and
apoptotic activity of CdCl,(C,,H,,N;0,) complex 99 (Figure 38a)
on colon cancer HT-29 cells"" They obtained anti-cancer
activity of complex 99 against the colon cancer HT-29 cell lines
with an IC,, value of 2.57+0.39 ugmL™" after 72 h of treatment,
through the activation of the mitochondrial pathway (both
intrinsically confirmed through the subsidence of the mito-
chondrial membrane potential (MMP) and the elevated release
of cytochrome c from the mitochondria to the cytosol) and
extrinsically (confirmed through the activation of caspase-9 and
—8 after suppression of the NF-kB translocation signaling
pathway to the nucleus) in the cancer cells whereas no
cytotoxic effect of the complex was observed against normal
colon cell line (CCD 841).

Taha et al. recorded the anti-cancer activity of a bibasic
tetradentate Schiff-base ligand H,L' L66 and a La" complex 100
in the nanoscale (Figure 38b) against human epithelial color-
ectal adenocarcinoma cells (Caco-2).""? Against the Caco-2 cells
line, the inhibition percentage of 63.42 and the ICs, value of
0.4571 pgmL~" for L66 was observed. A dramatic increase in
the anticancer activity of L66 to the level of 72.13% and IC;,
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Figure 38. Structures of (a) Cd" complex 99" and (b) Schiff-base ligand L66
and the La" complex 100.""?
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Figure 39. Structures of Schiff-base ligand L67 and its I'" complex 101.1"*
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0.3772 ugmL ™" was observed for the nano La" complex 100."'?

The enhancement of the anti-cancer activity of the complex
might be related to the presence of elemental La synthesized
in the nanoscale.

The ability of the Schiff-bases and their metallic complexes
in inducing apoptosis pathways is thought to be responsible
for their anti-cancer potential."*""¥ Metallic complexes of
Schiff-bases are greater apoptosis inducers than the Schiff-
bases themselves. Guo, Liu and co-workers studied the anti-
cancer activity of the half-sandwich iridium(lll) complex 101
(synthesized from phosphine-imine ligand L67) (Figure 39)
against A549 cancer cells™ The anti-cancer activity of
complex 101 (IC;,=4.7 uM) was approximately 4.5-fold higher
than that of cis-platin (IC5,=21.30 uM). This enhanced activity
was attributed to the coordination between iridium(lll) and the
coordinating atoms in complex 101. The complex was
suggested to cause the disruption of lysosomes in A549 cancer
cells which caused the cell death. The mechanism involved the
disruption of MMP, generation of ROS, cell apoptosis and
necrosis.

2.3. Metal Complexes Exhibiting Antioxidant Activities

Antioxidants at low concentrations inhibit or delay the
oxidation of oxidizable substrates/molecules. In cellular proc-
ess, where the destruction of cells occurs through the chain
reactions of free radicals (produced through the oxidation
reaction), the antioxidants interrupt the oxidative chain reac-
tions by preventing the initiation or propagation steps.
Antioxidants also prevent the risk of several chronic diseases
(e.g. cancer and heart disease) when they are present in food.
Schiff-bases and their metal complexes are excellent antiox-
idants. Several compounds exhibiting significant antioxidant
properties have been reported. The stable free-radical DPPH*
(2,2-diphenyl-1-picrylhydrazyl) radical is commonly employed
for the assay of antioxidant activities of selected compounds
across a short time scale.

Pramanik, Chakrabarti and co-workers studied the half
maximal effective concentration (EC,) values of DPPH* scav-
enging activities of Schiff-base ligand L7 and its mononuclear
dioxomolybdenum(VI) complexes 9 and 102 which were then
compared with the activity of ascorbic acid. Ligand L7 showed
remarkable antioxidant activity compared to that of ascorbic
acid which was even higher than the activity of complexes 9
and 102 (Figure 40).® Prabhakaran’s group also studied the
antioxidant activities of coumarin-appended thiosemicarba-
zone ligands, L54-L57 and their corresponding complexes, 80—
83 (Figure 32) based on the DPPH free radical scavenging
activities of the compounds, as well as using the phosphomo-
lybdate method.”™ The total antioxidant activities of the
compounds expressed as the number of equivalents of ascorbic
acid followed the order: 82 > 81 > 80 > 83 > L56 > L55 >
L54 > L57 > ascorbic acid. The ICs, values (uM) of the tested
compounds on DPPH* radical were found to be as follows:
83.17 +1.50 (L54), 80.75 + 1.34 (L55), 67.28 + 1.44 (L56), 91.21 +
1.54 (L57), 7.13+0.23 (80), 6.75+0.18 (81), 5.28+0.24 (82),
7.3940.14 (83) and 98.72 + 1.50 (ascorbic acid).
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Figure 40. (a) Structures of dioxomolybdenum (VI) complex 102 and (b) Plot
showing ECs, values (ug mL™") of ligand L7 and complexes 9 and 102
(Reproduced from Ref. [68]. Copyright (2015) RSC)."*®

Using the DPPH® scavenging method, Pawar and co-workers
also studied the antioxidant activity of Schiff-base ligands L17 and
L18 (Figure 12). The obtained free radical scavenging activity (ICs,
value of 92.20 uMmL™" for L17 and that of 130.73 uMmL™" for
L18) was comparable to that of the standard antioxidant ascorbic
acid (IC5, value of 74.06 uMmL™")."” Sithique and co-workers
studied the total antioxidant activities of chitosan Schiff-base
ligands L20-L21 and their Zn" complexes 33-34.%2 Among the
compounds, chitosan Schiff-base ligand L20 and its Zn" complex
33 exhibited the highest percentage of inhibition at 79.06 +2.0%
and 99.43 £3.2%, respectively, when compared to ascorbic acid
(Figure 41). Zn" complex 33 showed higher scavenging activity
than its parent ligand L20.

Generally, the species capable of donating a hydrogen atom
are effective in radical scavenging and showed efficient antiox-
idant ability.""® The dinuclear Zn" complex, [Zn,(HL'H),(OH)I,]1 44
synthesized by Das and co-workers from the Schiff-base ligand
H,L' (L26) (Figure 19) showed high antioxidant activity which was
confirmed through its high scavenging effect on DPPH® and
ABTS® (2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) radi-
cals (Figure 42).9 The dimeric structure of complex 44 containing
two protonated amino groups was responsible for its ability to
liberate protons in close proximity to DPPH* radical leading to
high radical scavenging activity. The ample positive charge
density due to the presence of two Zn" ions, was responsible to
attract ABTS® radical.

Buldurun and co-workers also utilized DPPH® and ABTS®
radicals scavenging methods to study the antioxidant activities of
Schiff-base ligand L68 along with its Ru" and Ni' complexes 103-
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Figure 41. Total antioxidant potential of the chitosan Schiff-base ligand L20
and its Zn" complex 33 (Reproduced from Ref. [82]. Copyright (2019) RSC).
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Figure 42. (a) ABTS radical scavenging activity of complex 44 taking ascorbic
acid as standard and (b) DPPH scavenging activity of complex 44 taking
ascorbic acid as standard (Reproduced from Ref. [88]. Copyright (2020) ACS).

104 (Figure 43a).""” All of the compounds demonstrated effective
antioxidant activities. DPPH® radical scavenging percentages of
ligand L68 and its metal complexes 103 and 104 at the same
concentration (30 uygmL™") were observed as 0.8+0.1, 69.2+17.4
and 16.2+4.2, respectively, whereas the percentage for ascorbic
acid was 63.6 = 18.9. On the other hand, ABTS® radical scavenging
percentages for the compounds at the same concentration
(30 pgmL™") followed the order 93.542.9 (ascorbic acid), 82.6 +
143 (103), 77.9+15.6 (L68), and 75.7 +-16.1 (104), respectively.

Abdel-Satar's group obtained higher antioxidant activity for
the Schiff-base ligand L69 (73.36% of inhibition at concentration
of 0.009 mgmL™") compared to its Cu" complex, 105 (65.95% of
inhibition at concentration of 0.009 mgmL™") (Figure 43b).""®
Zoubi, Ko and co-workers showed that the presence of electron
donor groups such as hydroxyl moiety in Schiff-base might affect
the DPPH radical-scavenging activity of the Schiff-base and its
metal complexes."™
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Figure 43. Structures of (a) Schiff-base ligand L68 and its Ru" and Ni"
complexes 103-104"""" and (b) Schiff-base ligand L69 and its Cu" complex
105.[118]

2.4. Metal Complexes Exhibiting Anti-inflammatory Activities

The symptoms of inflammatory process such as pain, edema,
tenderness and redness result from the production of several
chemical mediators like leukotrienes (LTs), histamine, HETEs, and
prostaglandins. Prostaglandins, the major mediators of pain
sensitization, and hyperpyrexia,"* are generated from the
arachidonic acid (being hydrolyzed by the action of cyclo-
oxygenases enzymes) which is liberated from cell membrane
phospholipids by the hydrolytic effect of the enzyme
phospholipase, A2. On the other hand, leukotrienes (LTs) which
are the primary mediators of inflammation development (through
capillary permeability, chemotaxis of inflammatory mediators and
extravasation of white blood cells)'*'" are also produced from
the arachidonic acid (being hydrolyzed by the action of lip-
oxygenases enzymes)."?? Substances through the inhibition of
phospholipase A2 or cyclooxygenases may relieve pain and/or
decreases body temperature whereas by inhibiting lipoxygenases,
substances may inhibit inflammation alone. On the other hand,
by inhibiting phospholipase A2 alone or with lipoxygenases and
cyclooxygenases enzymes, substances may inhibit inflammation,
pain and decrease body temperature.'*®

Complexes 69 and 71 (Figure 29a) synthesized by Khan's
group exhibited significant anti-inflammatory effects which were
dose-dependent and lasted up to 4h after carrageenan
injection.”® They showed the anti-inflammatory effect at 100 mg/
kg which might be accomplished by inhibiting both LTs and
prostaglandins originated from the inhibition of either both
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phospholipase A2. On the other hand, through the probable
inhibition of only cyclooxygenases enzymes, complex 70 pro-
duced only short significant anti-inflammatory effect at 100 mg/
kg. Starting from 60 min, complexes 69 and 71 relieved pain till
120 min but complex 70 didn’t show any significant inhibition at
120 min. Interestingly, complex 70 (at a dose of 50 mg/kg) was
more effective than complexes 69 and 71 (at a dose of 100 mg/
kg) in decreasing body temperature.

Sithique and co-workers showed that the incorporation of
metal into hydrazone derivatives could give rise to potential anti-
inflammation drug exhibiting better inhibition than the standard
drug diclofenac sodium (Figure 44).®? The research group utilized
the bovine serum albumin (BSA) denaturation technique to
study the anti-inflammatory behavior of the hydrazone incorpo-
rating O-carboxymethyl chitosan Schiff-bases, L20-L21 and their
Zn" complexes, 33-34 (Figure 14). The respective percentage of
inhibition for L20-L21 and their Zn" complexes, 33-34 at the
maximum concentration of 500 mgmL~' were found as 78.16 +
2.0%, 73.45+1.9%, 95.31+3.1% and 82.48 +2.1%.
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Figure 44. Anti-inflammatory studies of the (a) chitosan Schiff-base ligand
L20 and its Zn" complex 33, and (b) chitosan Schiff-base ligand L21 and its
Zn" metal complex 34 (Reproduced from Ref. [82]. Copyright (2019) RSC).
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2.5. Metal Complexes Exhibiting Other Therapeutic,
Medicinal and Biological Activities

Schiff-base metal complexes can also find various other therapeu-
tic, medicinal and biological applications. Co" Schiff-base com-
plexes 51 and 52 synthesized from Schiff-base ligands L32 and
L33 (Figure 23) by Arunachalam and co-workers, showed remark-
able anti-angiogenic potential in chicken chorioallantoic mem-
brane (CAM) assay.”” Pearce, Peterson and co-workers synthesized
the Co" complex, Co"N,[11.3.1] 106 (Figure 45) which was found
to have potential to protect against azide intoxication.*
Jurisson’s group studied Schiff-base metal complexes as potential
candidates for therapeutic nuclear medicine."* Khan's group
reported that Cu complexes 69-71 (Figure 29a) showed significant
binding affinities with human serum albumin (HSA).*® Arjmand'’s
group obtained promising tRNA binding interactions with
enantiomeric amino acid Schiff-base Cu' complexes, 107-110
(Figure 45)."% Complex 68 synthesized by Corbella et al. (Fig-
ure 28) exhibited histidine sensing capability in the presence of
other amino acids"® The Buldurun group reported that Ru'
complex, 103 and Ni' complex, 104 (Figure 43a) showed good
enzyme inhibitions against carbonic anhydrase | and Il isoenzymes
(CA1and CA Il) and acetylcholinesterase (AChE)."”!

3. Comparable Activities of Different
Schiff-base Ligands and their Metallic
Derivatives

In most cases, the metallic derivatives of Schiff-bases were found
to exhibit higher activities than their parent ligands. The overall
biological activities of Schiff-base ligands and their metallic
derivatives have been summarized in Table 6. Neodymium (lll)
complexes 1 and 2 showed higher anti-microbial activities than
those of their respective parent ligands L1 & L2. A maximum
inhibition zones (IZ) of 86.5% and 88.3% were obained for 1
against Gram-positive bacterial speicies, B. Subtilis and fungal
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Figure 45. Structures of Co" complex, 106"* and Cu" complexes, 107-
110.0%7
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strain, A. niger at 100 ugmL".**' Co" complex 13 were more active
against Gram-positive bacteria compared to Gram-negative one
with diameter of 1Z: 45 mm for B. Subtilis (MICs, values of
>25mgmL~") and 32 mm (MIC, value of >50 mgmL™") for P.
vulgaris."® The parent ligand L8 was less active than Co" Complex
13. Similar selectivity was also observed for Ni' complexes 14 and
15 which were the most effective against the Gram-positive
bacteria, S. aureus (MTCC-740) with corresponding MIC values of
14 ugmL™" and 18 ugmL™', respectively whereas against Gram-
negative E. coli (MTCC-119), the MIC values for complexes 14 and
15 were 73 uygmL™" and 77 ugmL~"."" The complexes were also
active against the fungal strains exhibiting the highest activities
against A. niger (MTCC-281) and C. tropicalis (MTCC-230). Ni
complex 17 showed higher anti-bacterial activity than its parent
ligand L11 against E. spp with respective inhibition zone (12)
values 40 mm & 24 mm."? Cu" complexes 35, 46-47%7 and zn"
complex 49°” showed remarkable anti-bacterial activity, whereas
Zn" complexes like 26, 277¢ and 43,%" Ni' complex 31,%" and
UO,Saln complex 38%* showed activity against both bacterial and
fungal strains. Cu" complex 35 (Figure 15) exhibited the highest
activity against Gram-negative bacterial strain E. coli (MIC value of
1.25mmol L") which was actually higher than that of the
reference drug Penicillin (MIC value of 10 mmol L™").%% As usual,
the parent ligand (L22) (MIC value of 5 mmol L™ against E. coli)
was less active than the complex. Cu" complex 39, Co" complex
40, Ni' complex 41, Zn" complex 42 and their parent ligand L24
acted differently against the fungal species C. albicans (39 > 40 >
41 > 42 > L.24) (Figure 17).2¢

Several Schiff-base metal complexes exhibited promising anti-
cancer activities.[m,73,75,76,99,100,102,104,107,111,112,115] (Table 6) CO” com-
plexes 52 and 56 showed activity against human small cell lung
carcinoma A549 (ICsy: 65 uM & 50 puM),*"* Cu" complexes 59 &
61 acted against lung carcinoma (H157) (ICsy: 1.54+£0.04 pM &
1.2940.06 uM),"*™ 67 against Breast cancer cells (MDA-MB-231)
(ICs: 8.1 uM (72 h))"*? and 73 against cervical carcinoma cell line
(Hela) (ICsy: 11.0240.16 pM)."™ Zn" complex 78 also showed
remarkable activities against breast carcinoma MCF7 and prostate
carcinoma DU145 (IG5, 43 & 5.8 uM). The other complexes
exhibiting significant anti-cancer activities included Ru" complexes
82 & 92 (Lung carcinoma A549, ICs;: 2.37+0.04 pM & 2.8+
1.0 uM respectively), Cd complex 99 (Colon cancer cell HT-29, ICy:
2574039 pgmL~' (72 h)), La" complex 100 (Colorectal adenocar-
cinoma cells (Caco-2), ICs,: 03772 pgmL ") and I complex 101
(Lung carcinoma A549, ICs,: 4.7 pM).

4. Factors Affecting the Biological Properties

Different factors contribute significantly to the biological proper-
ties of the Schiff-basederivatives. The incorporation of metal ions
into the Schiff-base ligands may render remarkable structural
changes which, as a consequence, may affect the biological
properties of the Schiff-base derivatives. In determining anti-
bacterial behaviour of the metal complexes whereas chelation
plays a significant role, several other important factors such as
geometry of complexes, bond length between metal and the
ligand, structural specificity, dipole moment, coordinating sites
redox potential of metal ion, high toxicity of the metal complexes
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Table 6. Different biological activities of Schiff-base ligands and their metallic derivatives.
Schiff-base Ligands/ Type of Activity Pathogens/Target Cells/ Concentration (Conc.)/ Inhibition Zone Minimum Inhibitory Ref.
Metal Complexes Target compounds IC, Values (12) Values Concentration (MIC)
Values
Nd" complex 1 Anti-bacterial B. subtilis Conc. 100 ugmL™" 86.5% - [65]
Anti-fungal A. niger Conc. 100 pgmL™' 88.3% - [65]
L1 Anti-bacterial B. subtilis Conc. 100 ugmL™" 75.0% - [65]
Anti-fungal A. niger Conc. 100 ugmL ™" 80.5% - [65]
Co" Complex 13 Anti-bacterial B. subtilis - - >25mgmL™’ [70]
Ni" complex 14 Anti-bacterial S. aureus - - 14 ugmL™’ [71
Anti-fungal A. niger (MTCC-281) - - 100 pgmL™' [71]
Ni" complex 17 Anti-bacterial E sp - 40 mm 0.042 pmolmL™' [721
L11 Anti-bacterial E.sp - 24 mm - [72]
Zn" complex 26 Anti-bacterial S. aureus - - 0.0179 uMmL™" [76]
Anti-fungal C. albicans - - 0.0006 pMmL ™"
Zn" complex 27 Anti-bacterial E. coli - - 0.0160 uMmL"™" [76]
Anti-fungal A. niger - - 0.0080 uMmL™"
Ni" complex 31 Anti-bacterial P. aeruginosa - 19 mm - [81]
Anti-fungal C. albicans - 16 mm -
Cu" complex 35 Anti-bacterial E. coli - - 1.25 mmol L' [83]
L22 Anti-bacterial E. coli - - 5mmol L' [83]
UO,Saln Complex 38 Anti-bacterial S. aureus Conc. 20 ugmL™! 44+0.25 mm - [84]
Anti-fungal C. albicans Conc. 10 ugmL™" 36+0.17 mm -
L23 Anti-bacterial S. aureus Conc. 20 pgmL™! 14+0.24 mm - [84]
Anti-fungal C. albicans Conc. 10 pgmL™" 7+0.16 mm -
Zn" complex 43 Anti-fungal C. Albicans, C. Tropicalis - - <4.87 pgmL™' [87]
L25 Anti-fungal C. Albicans, C. Tropicalis - - 78,39 pgmL™' [871
Cu" complex 46 Anti-bacterial E. coli, S. aureus - - 64,32 ugmL' [89]
Cu'" complex 47 Anti-bacterial E. coli, S. aureus - - 64,32 ugmL™'
Zn" complex 49 Anti-bacterial Bacillus SP - - 50 mgmL™' [90]
Co" complex 52 Anti-cancer A549 (human small 1C5p: 65 pM - - [61]
cell lung carcinoma)
Co" complex 56 Anti-cancer A549 (human small 1C50: 50 UM - - [99]
cell lung carcinoma)
Cu" complex 59 Anti-cancer Lung carcinoma (H157) IC5p: 1.5440.04 uM - - [100]
L40 Anti-cancer Lung carcinoma (H157) 1C50: 2.324+0.11 uM - - [100]
Cu" complex 61 Anti-cancer Lung carcinoma (H157) 1Cs5: 1.29+0.06 uM - - [100]
Cu" complex 67 Anti-cancer Breast cancer cells 1C5p: 8.1 UM - - [102]
(MDA-MB-231) (72 h)
Cu" complex 73 Anti-tumor Cervical carcinoma 1C5: 11.024+0.16 uM - - [104]
cell line (HelLa) 1Cs: 19.86 £0.62 uM
L49 Anti-tumor Cervical carcinoma - [104]
cell line (HelLa)
Zn" complex 76 Anti-tumor Colon carcinoma 1C5: 17.61 - - [73]
HCT-116 cells pgmL!
Zn" complex 78 Anti-cancer Breast carcinoma MCF7 1C5p: 4.3 M - - [76]
Prostate carcinoma DU145 1Cs6: 5.8 UM - - [76]
Ru" complex 82 Anti-proliferative Lung carcinoma A549 1C5o: 2.37 +0.04 uM - - [75]
Anti-proliferative Breast carcinoma MCF7 1C5: 2.534+0.10 pM - - [75]
Anti-oxidant DPPH free radical 1Cy: 5.28 £0.24 uM - - [75]
Ligand L56 Anti-oxidant DPPH free radical 1C5y: 67.28 £1.44 uM - - [75]
Ru" complex 92 Anti-tumor Lung carcinoma A549 1C5p: 2.8+ 1.0 uM - - [107]
Cd" complex 99 Anti-cancer Colon cancer cell HT-29 1Cs: 2.57 +0.39 - - (11
pugmL" (72 h)
La" complex 100 Anti-cancer Colorectal adenocarcinoma IC5p: 0.3772 pgmL™' - - [112]
cells (Caco-2)
L66 Anti-cancer Colorectal adenocarcinoma IC5p: 0.4571 pgmL™" - - [112]
cells (Caco-2)
I" complex 101 Anti-cancer Lung carcinoma A549 1C5p: 4.7 pM - - [115]
Zn" complex 33 Anti-inflammatory Bovine serum albumin (BSA) Conc. 500 mgmL™' 95.314+3.1% - [82]
Anti-inflammatory Bovine serum albumin (BSA) [124]
L20 Conc. 500 mgmL™' 78.16+2.0% - [82]
[124]

at cell surface, solubility, steric, pharmacokinetic, concentration
and hydrophobicity, can also influence substantially.®¥ Some-
times, the ability of the central metal atom to increase its
coordination number may also affect the anti-microbial property
of the complexes and that's why, the metal atoms containing 4f
orbitals exhibit relatively higher anti-microbial potential. The low
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lipid solubility of the complexes across the microbial walls, may
result in the lower activity of complexes as compared to others.®
In addition, the variation in the ribosomes of the various microbial
cells or a difference in the cell membrane permeability of these
microbes can lead to the variation in the activity of the metal
complexes against the different microbes. Moreover, the electron-
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withdrawing or electron-donating nature of the substituent
groups present in Schiff-base metal complexes exert positive or
negative influence on the anti-bacterial activities of the
complexes. 7

The presence of additional phenyl ring(s) in the Schiff-base
ligand in the metal complexes affect the anti-microbial and anti-
cancer activities of the complexes.”"® The higher DNA-binding
propensity of the metal complexes result in higher anti-cancer
activity which stem from the enhancement of stacking interaction
of the metal complexes with the DNA bases due to the presence
of additional phenyl groups in the complex moiety. Several metal
complexes have been found to exhibit higher anti-cancer
activities due to their higher degree of lipophilicity enabling them
to bind with the receptor sites by crossing the lipid membrane."
In this regard, bromo-substituted compounds exhibit remarkable
anti-cancer activity. The presence of a nitro group (-NO,) in metal
complexes results in remarkable cytotoxicity against the breast
cancer cell lines due to their capability to generate selective
intracellular reactive oxygen species (ROS) and the larger DNA
fragmentation abilities in contact with the target cells."® The
ability of the complexes to intercalate the DNA base pairs and/or
their free radical scavenging activity may be the key point for
some metal complexes to exhibit their anti-cancer activities.”

To this end, compounds can show efficient antioxidant
activity by the effective radical scavenging ability which is
facilitated through the proton (H) donating capabilities of the
compounds."™® The liberation of proton (H) by the metal
complexes is facilitated by the presence of protonated func-
tional group in the complex moiety. The radical-scavenging
activity of the Schiff-base and its metal complexes may be
enhanced through the presence of ample positive charge
density in the central metal ions. Sometimes, the radical-
scavenging activity of the Schiff-base and its metal complexes
may also be affected by the presence of electron donor groups
such as hydroxyl moiety in Schiff-base."™

5. Conclusions and Outlook

Schiff-base ligands possess exceptional structural flexibility and
they can be modified into various metallic and non-metallic
derivatives. Numerous articles on Schiff-bases and their metal
complexes have been reported along with their interesting
biological applications. The presence of nitrogen containing
imine groups (—C=N-) in Schiff-bases give rise to their unique
biological properties. On the other hand, the versatile bio-
logical applications of Schiff-base metal complexes stem from
their increased lipophilicity resulting from the chelation of the
Schiff-base ligands with the metal elements. The increased
lipophilicity of the complexes improves their cell permeability
which in turn allows them to exhibit better biological proper-
ties compared to the Schiff-base ligands themselves. The
purpose of this Review article is to summarize various Schiff-
base ligands and their different metal complexes reported in
the last decade in a convenient way along with their important
biological applications such as anti-bacterial and anti-fungal
activities, anti-tumor and anti-cancer activities, anti-oxidant
activities, anti-inflammatory activities and other therapeutic
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and medicinal activities. Development of new biologically
active Schiff-bases and their metal complexes are now
attracting the attention of medicinal chemists and pharmacists.
The understanding of the structure-activity relationships of
various Schiff-bases and their metallic derivatives mentioned in
this Review article along with their mode of actions would
guide the future researchers to identify new strategies for the
development of new Schiff-bases and their different metallic
derivatives with improved biological properties.
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