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Heterocyclic Schiff base transition metal
complexes in antimicrobial and anticancer
chemotherapy
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Mohmmad Younus Wani @°° and Athar Adil Hashmi*®®

In recent years, the number of people suffering from cancer and multidrug-resistant infections has sharply
increased, leaving humanity without any choice but to search for new treatment options and strategies. Al-
though cancer is considered the leading cause of death worldwide, it also paves the way many microbial
infections and thus increases this burden manifold. Development of small molecules as anticancer and
anti-microbial agents has great potential and a plethora of drugs are already available to combat these dis-
eases. However, the wide occurrence of multidrug resistance in both cancer and microbial infections ne-
cessitates the development of new and potential molecules with desired properties that could circumvent
the multidrug resistance problem. A successful strategy in anticancer chemotherapy has been the use of
metallo-drugs and this strategy has the potential to be used for treating multidrug-resistant infections more
efficiently. As a class of molecules, Schiff bases have been the topic of considerable interest, owing to their
versatile metal chelating properties, inherent biological activities and flexibility to modify the structure to
fine-tune it for a particular biological application. Schiff base-based metallo-drugs are being researched to
develop new anticancer and anti-microbial chemotherapies and because both anticancer and anti-
microbial targets are different, heterocyclic Schiff bases can be structurally modified to achieve the desired
molecule, targeting a particular disease. In this review, we collect the most recent and relevant literature
concerning the synthesis of heterocyclic Schiff base metal complexes as anticancer and anti-microbial
agents and discuss the potential and future of this class of metallo-drugs as either anticancer or anti-
microbial agents.

cancer occurred globally resulting in 8.8 million deaths.”
Therefore, there is a critical requirement for the design and

Microbial infections have been haunting human civilization
since pre-historic times, resulting in a large proportion of
deaths worldwide, and cancer is a fatal and dreadful disease
without any appropriate cure, thus threatening humanity in
both the developing and developed world. As per report from
the Infectious Diseases Society of America, different microbial
species like Enterococcus, Staphylococcus, Enterobacter, Klebsi-
ella pneumoniae, Acinetobacter and Pseudomonas aeruginosa
are the pathogens of utmost concern' and according to the
World Cancer Report 2015, nearly 14.1 million new cases of
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synthesis of new classes of compounds to circumvent these
diseases. In antimicrobial chemotherapy particularly in the
development of antibacterial drugs, several compounds like
linezolid, GAR-936, daptomycin, and oritavancin have been
brought to market>* and the exploration of the cytotoxic
properties of cisplatin has given tremendous impetus to re-
search the utilization of new metal complexes as spectacular
anticancer agents.’

Intensive research efforts all over the world are ongoing, in
order to explore benign and effective metal-based biologically
active compounds as potential antimicrobial drugs. Among
the different therapeutic approaches to wipe out these micro-
bial menaces, the assessment of using transition metal com-
plexes as metallo-drugs has shown them to have great poten-
tial.>” Metal complexes are supposed to exert their effect by
inhibition of enzymes, interaction with intracellular biomole-
cules, enhanced lipophilicity, alteration of cell membrane
functions, arrest of the cell cycle, etc.® Due to a wide variety of
coordination spheres, ligand designs, oxidation states and
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redox potentials, metal complexes are supposed to alter the
kinetic and thermodynamic properties of the complexes to-
wards biological receptors. Thus, chelation causes drastic
changes in the biological properties of ligands as well as the
metal moiety. Many metal complexes of the quinoline group
of antibiotics, viz. ciprofloxacin, norfloxacin and tetracycline,
were evaluated and reported to possess enhanced activity
compared to antibiotics alone.”™" Recently, a bismuth-norfl-
oxacin complex was reported to possess enhanced antimicro-
bial activity compared to norfloxacin alone.' It is believed
that the enhanced activity is due to increased bioavailability
of the complex. Hence, transportation of organic ligands into
bacterial cells can be facilitated by the formation of metal
complexes. The Pd(u) complex of doxycycline is two times
more potent than doxycycline alone against the resistant
strain E. coli HB101/pBR322."*

Many reports on Schiff base (SB) transition metal com-
plexes explicate their efficient bioactivity against a range of
bacterial and fungal species. In particular, heterocyclic Schiff
base (HSB) metal complexes have dominated medicinal
chemistry due to their wide range of properties.'*'® SB com-
plexes  tethered  with  heterocyclic = moieties like
4-aminoantipyrine, pyrazole, 1,2,4-triazoles, benzoxazole, tri-
azines, and coumarins have received remarkable interest as
broad-spectrum antibacterial, antifungal and antiviral
agents.'®™"® The huge enthusiasm for the preparation of HSB
compounds is associated with the extraordinary properties
that the heterocyclic system imparts to such ligands and to
their metal complexes. Investigations on the synthetic ap-
proaches toward SB ligands and their metal complexes have
been reported recurrently due to their prospective
applications.”*®* In addition to their biological potential,
they also find applications as catalysts in several reactions
such as the polymerization reaction, reduction of thionyl
chloride, oxidation of organic compounds, reduction reaction
of ketones, aldol reaction, Henry reaction, epoxidation of al-
kenes, hydrosilylation of ketones, synthesis of bis(indolyl)-
methanes and Diels-Alder reaction.>*>’
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Besides antimicrobial infections, medicinal chemists are
also facing great challenges in pacifying the inconvenience
caused by cancer. The widespread success of cisplatin against
several types of cancers has placed metal-based drugs in the
frontline in the fight against cancer.”®>® Although highly ef-
fective in treating a variety of cancers, cisplatin shows dose-
limiting side effects®® and drug resistance, which is only par-
tially amended by employment of new platinum drugs.*'*
These problems have stimulated an extensive search and
prompted chemists to develop alternative strategies, based
on different ligands and metals, with improved pharmacolog-
ical properties and aimed at different targets.*”

This review describes advances in the synthesis, design, and
development of Schiff-base metal complexes as antimicrobial
and anticancer agents. Interest in this field has rapidly grown
in recent years, as illustrated by the increasing number of pub-
lications reported since 2000 (see Fig. 1). Although many re-
views related to Schiff bases and their metal complexes have al-
ready been published,**™*! there is no comprehensive review
discussing the potential of transition metal-based Schiff-base
complexes as antimicrobial and anticancer agents and their fu-
ture prospects. We are of the conviction that this review article
will turn out to be a helpful reference material for specialists ef-
fectively involved in the design and synthesis of HSBs and their
transition metal complexes.

2. Chemistry of Schiff bases

A Schiff base (SB), considered as a condensation product, is
typically prepared by the most familiar and classical method
discovered by Hugo Schiff, involving the condensation of an
aldehyde or a ketone (carbonyl compound) with an amine
under diverse reaction conditions and in different
solvents.*>™® A SB is a nitrogen cognate of an aldehyde or ke-
tone in which the carbonyl group (CO) has been supplanted
by an imine or azomethine (-C=N-) group (Fig. 2). The car-
bonyl group of the aldehydes gives aldimines while ketones
give ketoimines. The general formula of a SB is R;R,C=N-R;,
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Fig. 1 Number of articles in Web of Science on the topic “Schiff-base metal complexes” from 2000 to 2017.
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Fig. 2 A typical reaction scheme showing the formation of SBs.

where Ry, R, and R; may be an alkyl, aryl or any heteroaryl
group.”’"*° The -C=N- imine bond is responsible for endo-
wing a wide spectrum of biological actions to these
azomethinic compounds.®® Several SBs and their transition
metal complexes have attracted considerable interest from
medicinal chemists and biologists due to their advanced anti-
bacterial,”® antifungal,”® antitumour,”® anticancer,”® anti-
radical,®® anti-tubercular,®® antimalarial,”” ROS scavenging®
and antiviral activities.>® The enhanced biological activity of
these compounds is due to their excellent chelating ability
with metals.®® These compounds are considered as versatile
ligands due to their synthetic flexibility and structural stabil-
ity®"> and are thus being studied/examined deeply in view of
their brilliant pharmacological activities.®**> Additionally,
these moieties show dominance in the development of organ-
ometallic chemistry.®®

Today, we are provided with adequate literature about the
variety of methods involved in the synthesis of azomethines/
imines.”” In addition to the known classical and other
(microwave irradiation, ultrasonic irradiation, ionic solvent,
solvent-free, etc.) methods, SBs are prepared by a more effi-
cient, benign and green approach which involves the use of
universal solvent (water) in the preparation of these com-
pounds.®®®® SB reactions involve the formation of water mol-
ecules which impede the reaction rate by favoring a reversible
reaction.”’ Dehydrating agents (MgSO,, Na,SO, or molecular
sieves) or Dean-Stark apparatus can be employed to remove
the water and favor the formation of SBs.”' Among the sol-
vents, ethanol is the best choice and an imperative solvent
for the preparation of SBs at room temperature or under
refluxing conditions. Usually, a SB reaction is accelerated by
performing the reaction under acidic or basic conditions.”

3. Types of Schiff bases and their
metal complexes

As per the literature, presently we are familiar with diverse
types of SBs which include salen-type, salophen-type,
hydrazone-type and semicarbazone/thiosemicarbazone-type
SBs. All these types of SBs have caught the attention of re-
searchers owing to their unique and incogitable role in medi-
cine and coordination chemistry.

3.1. Salen-type ligands

Salen-type ligands are named so because the preliminary ma-
terials involved in their preparation are salicylaldehyde, ethyl-
enediamine and their derivatives. As a special SB, the salen li-

This journal is © The Royal Society of Chemistry 2018
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gand and its derivatives are condensation products from
salicylaldehyde and ethylenediamine.”®”* Salen-type ligands
and their transition metal complexes have been recognized
since 1933 and they represent a distinctive system in coordi-
nation chemistry, which have received substantial attention
because of their versatility and wide range of complexing
abilities, and are additionally the key focuses in the advance-
ment of bioinorganic chemistry, catalysis, magnetism, medi-
cal imaging, etc.”” In salens, the ligand backbone and the co-
ordinated metal ion can be effortlessly varied which makes
these ligand systems extensively useful in various industrial
and biological applications.”®”” A wide range of salen-type
compounds are present and, depending on the bonding
modes, they feature two covalent and two coordinate covalent
bonds occupying equatorial positions, thus behaving as [O,
N, N, O] tetradentate ligands with two axial sites occupied by
ancillary ligands as shown in Fig. 3.

3.2. Salophen-type ligands

On the other hand, salophen-type ligands are those in which
o-phenylenediamine is employed in place of ethylenediamine.
These types of ligands are prepared by a typical condensation
reaction which involves a reaction between two equivalents of
salicylaldehyde or its derivatives and one equivalent of 1,2-
phenylenediamine.”® The metal complexes of such ligands
have engrossed the attention of researchers to utilize these
compounds which are endowed with a huge number of in-
dustrial and biomedical applications. Salophen ligands are
among the oldest and most widespread class of compounds
in coordination chemistry and are very much like salen li-
gands having four coordinating sites (O, N, N, O) which lie in
a plane and hence behave as tetradentate ligands as shown
in Fig. 4.

3.3. Hydrazone-type ligands

Another important class of SB ligands comprises hydrazone-
type (R;R,C=NNHR;) ligands which are the condensation
products of carbonyl compounds with hydrazine/hydrazide
and their derivatives. Hydrazones play a vital role in enhanc-
ing the selectivity and lethality profile of certain drug candi-
dates. A vast content of the literature is present on
hydrazone-type  ligands unfolding their fascinating
properties.”® > A variety of multimetallic complexes of these
ligands have been reported to possess different coordination
behaviors with different metal atoms. Hydrazones may fur-
ther include acyl hydrazone or aroylhydrazone SB ligands

Salen Ligands

Fig. 3 Salen as an [O, N, N, O] tetradentate ligand.
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Salophen Ligands

Fig. 4 Salophen as an [O, N, N, O] tetradentate ligand.

which are obtained by the condensation of an acylhydrazide
or an aroylhydrazide with any carbonyl compound. An acyl or
arylhydrazone SB is provided with an additional donor site in
the form of a C—=O0 group which gives it more flexibility and
versatility.®® Actually, hydrazone-type ligands possess a single
donating atom (iminic nitrogen, N) and hence should be
unidentate but their subgroups (acyl and aroylhydrazones)
can behave as bidentate (N, O) or tridentate (N, O, X=0, N,
S) ligands as can be seen in Fig. 5.

3.4. Thiosemicarbazone/semicarbazone ligands

It was in 1800 that thiosemicarbazones/semicarbazones made
their first appearance in the literature and proved themselves
as excellent chelating agents.**  Thiosemicarbazone/
semicarbazone SBs represent a family of compounds that are
derived via the condensation reaction of a carbonyl com-
pound (aldehyde or ketone) with thiosemicarbazide or
semicarbazide. Their superior chelating ability and extensive
lipophilic nature are of remarkable importance.*>® Exten-
sive literature studies supported the verity that a wide range
of transition metal complexes of these typical SB ligands have
been synthesized and explored to be endowed with immense
applications. Thiosemicarbazones/semicarbazones exhibit a
variety of bonding modes due to the presence of different do-
nating sites. Such ligands generally have two donating sites
(N, O/S) and hence behave as bidentate, but they can act as
tridentate (N, S, X=N, S, O) ligands also. A typical representa-
tion of bonding modes in such types of ligands is shown in
Fig. 6.
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4. Biological importance of HSB
transition metal complexes

With the advancement in various fields of chemistry, re-
searchers are trying to explore new and versatile metal-based
compounds to treat human diseases. Toxicity and multidrug
resistance have forced scientists to devote their efforts to syn-
thesizing novel and efficient antimicrobial and anticancer
drugs. Among these compounds, HSBs are of prominent im-
portance owing to their unique chelating properties due to
the presence of important N, O, and S donor atoms.’® Among
the galaxy of compounds, SBs are the most widely used or-
ganic compounds and used as synthons for the preparation
of many industrial and biologically active molecules. HSBs
and their metal complexes are gaining prominent importance
because of their diverse applications in several fields.*®™® It
has been acknowledged that a large number of these com-
plexes could potentially behave as models for various biologi-
cally important species and thus may improve the interest of
researchers in the design and synthesis of HSB complexes. A
detailed overview of some biologically important HSBs is
summarized in Table 1.

5. Antimicrobial activity of HSB
transition metal complexes

To explore some potential antimicrobial Schiff-base metal
complexes, a series of metal complexes of V(u), Co(i), Ni(u)
and Cu(u) were synthesized by conventional and microwave
methods and screened for their biological potential. The syn-
thesized SBs and their metal complexes (Fig. 7) exhibited ex-
cellent inhibitory action against a panel of bacteria (S. aureus,
E. coli and S. fecalis) and fungi (A. niger, T. polysporum, C.
albicans and A. flavus). The metal complexes were found to
be better antimicrobial candidates compared with their par-
ent SBs with the MIC values of the complexes in the range
10-40 pg mL™". The enhanced efficiency of the metal com-
plexes was explained by taking Overtone's concept and

NH
Rl 2
R, R4 H
NHy 7o o N__Ro
J \:( VAN
Possible geometry
X=-0OH,S,0O,N of the complexes Acyl/Aroylhydrazone
R4=H, Alkyl, Aryl

R, = Alkyl or Aryl

Fig. 5 Hydrazone as a mono-(N), bi-(N, S/N/O) or tri-(N/S/O, N, O) dentate ligand.
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Fig. 6 Thiosemicarbazone/semicarbazone as a bi-(N, O) or tri-(N/S/O, N, O) dentate ligand.

chelation theory into consideration. Chelation increases the
delocalization of sigma electrons in the entire chelate ring
and reduces the polarity of the metal ion to a larger extent,
thereby favoring easy penetration of the complexes into the
lipid membrane (a diagrammatic representation is provided
in Fig. 8) and blocking metal binding sites in enzymes of
microorganisms.'®

To assess the biological profile, another series of chemother-
apeutic agents based on metals Cu(u), Co(u), Ni(u) and Zn(u)
with a 2,4-diiodo-6-((pyridin-2-ylmethylimino)methyl)phenol SB
possessing a N, N, O donor system respectively was synthesized
and thoroughly analyzed (Fig. 9). The metal chelates showed
non-intercalative DNA binding with herring sperm (HS-DNA),
probably through grooves and/or on the surface, and displayed
potential antimicrobial potency. Although all the metal com-
plexes showed good antimicrobial activity, Co(un) metal complex
1.6 showed the maximum zone of inhibition (21 mm) compared
to the positive control streptomycin (19 mm). The Cu(u) 1.5,
Ni(u) 1.7 and Zn(n) 1.8 complexes also showed significant activ-
ity towards MRSA, K. pneumoniae, S. typhi and P. mirabilis com-
pared to the positive control streptomycin. This higher antimi-
crobial activity of the metal complexes compared to Schiff bases
and the disparity in activity arise from the different nature of
the metal ions and their coordination modes. Chelation reduces
the polarity of the metal ion and improves the lipophilicity of
the metal complex and, among all the tested complexes, Co(x)
metal complex 1.6 completely inhibited the growth of E. coli
cells as shown by the AFM images in Fig. 10. The complete rup-
ture of the cells depicted that the complex bound to the cell wall
and ruptured it due to oxidative stress on E. coli, entering into
the nucleus, thereby degrading the chromosomal DNA by
preventing protein synthesis which is essential for all cellular
metabolism."*

With the specific goal of assessing the impact of metal atoms
upon chelation, some biologically active SB ligands obtained
from  5-chloro-3-phenyl-1H-indole-2-carboxyhydrazide  and
3-formyl-2-hydroxy-1H-quinoline and their Cu(u), Co(u), Ni(u),
Zn(u), Cd(u), and Hg(u) complexes were thoroughly studied and
characterized by various sophisticated spectral studies (Fig. 11).
Antibacterial and antifungal studies were performed by
checking the minimum inhibitory concentration (MIC), which
revealed that the activity of the ligands against E. coli sharply in-

This journal is © The Royal Society of Chemistry 2018

creased upon complexation. The MIC values were in the range
of 12.50-75 pg mL ™" and 12.50-50 pug mL™" for the bacterial and
fungal species, respectively."*°

In another study, some novel Co(u), Ni(u), and Zn(u) metal
complexes (Fig. 12) of a HSB obtained from N-(4-
phenylthiazol-2-yl)hydrazinecarboxamide and 2-thioxo-1,2-
dihydroquinoline-3-carbaldehyde exhibited good antibacterial
and antifungal activities against E. aerogenes and P.
aeruginosa bacteria and A. niger and A. flavus fungal strains,
respectively.'" The MIC values of the metal complexes were
found to be in the range 0.78-25 ug mL™". The biological re-
sults obtained showed that the metal complexes were more
active compared with the ligand, which was explained on the
basis of chelation theory, as explained above."*®

Perimidine and its derivatives display diverse biological
properties due to the presence of a pyrimidine ring system in
nucleic acids, vitamins, co-enzymes and antibiotics. A novel
SB ligand, 2-(2-thienyl)-2,3-dihydro-1H-perimidine, has been
synthesized from 2-thiophenecarboxaldehyde and 1,8-
diaminonaphthalene and analyzed using various sophisti-
cated spectral techniques.''” X-ray crystallographic structure
analysis revealed that the ligand crystallizes in the centrosym-
metric monoclinic P2,/c space group with all atoms located
in general positions and two crystallographically independent
2-(2-thienyl)-2,3-dihydro-1H-perimidine ligands in its asym-
metric unit, with four such units in the unit cell (see Fig. 13).
The integrated ligand and its Pd(n) complex 2.8 (Fig. 14) were
investigated for their capacity to control the in vitro develop-
ment of organisms like E. coli, S. aureus, P. aeruginosa,
Citrobacter sp., B. subtilis and S. acidaminiphila. The out-
comes uncovered that the Pd(u) complex 2.8 displayed note-
worthy antimicrobial activity with an MIC of 50 ug mL™" as
compared to the positive control, amoxicillin, which
exhibited an MIC of up to 30 ug mL".'"*

Microbial resistance has necessitated reiterating the
search for new and effective drug molecules. A series of novel
biologically active metal [Co(u), Cu(u), Ni(u) and Zn(u)] com-
plexes were synthesized (Fig. 15). The SB was obtained by the
condensation of 4-aminoantipyrine with furfural and amino
acids (glycine, alanine, valine). The synthesized ligand and
its metal complexes were analyzed using various analytical
and spectral methods. The metal chelates were evaluated for
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Table 1 The chemical structures of some noteworthy heterocyclic Schiff base ligands, metal atoms involved in chelation and their biological proclivity

S. no HSB ligand Metal atoms Biological activity Ref.
1 N Co(n) Antifungal 97
/« 3\ Ni(m)
H3C N | Cu()
oﬁ)
HN.
N
N
T "
=
2 HO Co(u) Anticancer 98
ﬂi\ OCH;8 Ni()
_ Cu(u)
N\ ”°N N X Zn(u)
N={_
R
— N=—
=N\ s
3 /\ Mn(u) Antibacterial 99
HC=N  N=CH Colt)
(11
- — Cu(u)
~NH HN>;
4 Co(m) Antibacterial 100
A HsC
N N

5 Fe(u) Antibacterial 101
Co(n)

HsC N N CH; Ni()
Cu(u)
Zn(u)

Z7ONH HNTY

6 R Cu(u) Antibacterial 102
H CHsH _/ Antitumor
é’ﬂ —\"7
I N
N-" G
R=H, OH, Br, Cl, OCH,, NO,
7 Pt(n) Antitumor 103
/ . CHs
CEE\
N H
Ly
s” N
H
8 CHs H Cu(u) Antibacterial 104
~ N NH, Antifungal

/
=
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Table 1 (continued)
S. no HSB ligand Metal atoms Biological activity Ref.
9 AN — Antitumor 105
| Anticancer
N
H H
SN N AR
N
S =
R=—p-Br, p-Cl, 2,4-Me, 3,4-OMe
3,5-OMe, p-OMe, m-OMe,
0-OMe, p-Me, m-Me
10 O O Cu(u) Anticancer 106
N N
= NS
ZNS ST
11 Ru(r) Anticancer 107

O 3
NH
— (N

R=ph, naph, et

Fj@ HN
cl N7
\V,o
0" \O
L _N cl

S0,

= -
)@ g@
cl N
N o
O’M\
L__N cl
LI

cl,

1.1

M= Co (1.2), Ni (1.3), Cu (1.4)

Fig. 7 The above metal chelates displayed potential antifungal and antibacterial activities against a range of fungal and bacterial species.

their expected antibacterial and antifungal actions. Disc dif-
fusion and MIC studies revealed that the metal chelates 2.9-
2.12 possessed enhanced antibacterial activity against S. au-
reus, P. aeruginosa, E. coli, S. epidermidis and K. pneumoniae
with MIC values in the range of 2.2-26.4 pg mL™". In vitro
antifungal tests reveal that these complexes are good antifun-
gal substitutes against A. niger, A. flavus, C. lunata, R.
bataticola and C. albicans with MIC values in the range of
3.1-26.4 ug mL .1

Similar Schiff base ligands from 4-aminoantipyrine,
phenyl-3-methyl-5-pyrazolone and their transition metal com-
plexes have been exposed to show interesting antimicrobial
activities although not higher than those of standard drugs
used as positive controls."**™*** Metal complexes (Fig. 16) de-

This journal is © The Royal Society of Chemistry 2018

rived from 3-acetylcoumarin and isonicotinoyl hydrazide li-
gand systems have been subjected to antimicrobial screening.
The Zn(u) complex (2.13) showed the highest antifungal activ-
ity with an MIC value of 6.25 ug mL™ while the Cu(n) com-
plex (2.14) showed the highest antibacterial activity at the
same concentration."*!

A series of novel mononuclear Pd(n) complexes (Fig. 17)
derived from 3-amino-2-methyl-4(3H)-quinazolinone and
substituted aldehydes were analyzed and screened for their
biological activities. The structural elucidation of the com-
plexes was confirmed by several spectroscopic studies like IR,
'"H NMR, elemental analysis, molar conductance, mass and
UV-vis spectrometric and thermal studies. All the ligands
(2.15-2.18) and their Pd(u) complexes (2.19-2.22) were

Med. Chem. Commun., 2018, 9, 409-436 | 415
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Schiff base

Schiff-base
metal complex

Enhanced Lipophilicity
on Chelation

Fig. 8 Schematic showing enhanced lipophilicity of metal complexes
on chelation favoring easy penetration of the complexes into the
bacterial lipid membrane.

\

Cu (1.5) Co (1.6), Ni (1.7), Zn (1.8)

Fig. 9 Structure of Cuf(i), Co(n), Ni(n) and Zn(i) metal complexes 1.5-
1.8 with 2,4-diiodo-6-((pyridin-2-ylmethylimino)methyl)phenol SB.

screened against three bacterial species (B. subtilis, S. aureus
and E. coli) and showed promising activity against these
microorganisms. The biological profile of the Schiff base li-
gands and their Pd(u) complexes is summarized below in
Table 2.'**

H H,O
N 2
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(a) (b)

Fig. 10 AFM images of (a) control: rod shape of E. coli and (b) treated
sample: Co(il) complex 1.6 induces cell disruption of E. coli. Copyright
permission obtained from Elsevier.1%°

A series of Cu(u) SB ligand complexes (Fig. 18) derived
from furfurylidene-4-aminoantipyrine and aniline,
p-nitroaniline, and p-hydroxyaniline, respectively, were synthe-
sized. The ligands 2.23-2.25 and their metal complexes 2.26-
2.28 were characterized using analytical and spectral tech-
niques confirming the square planar geometry of the com-
plexes. The biological profile of these complexes was checked
against the bacterial species S. aureus, E. coli, K. pneumoniae,
P. vulgaris and P. aeruginosa and contagious species A. niger,
R. stolonifer, A. flavus, R. bataticola and C. albicans by the se-
rial dilution method. A related study of the inhibition values
of the SB ligands 2.23-2.25 and their complexes 2.26-2.28 re-
veals that the complexes display superior antimicrobial activ-
ity to the SB ligands with their MIC values given in Tables 3
and 4, respectively.'**

Mixed ligand complexes of Cu(u), Ni(u), Co(u) and Zn(m)
with 1,10-phenanthroline and SB 2-aminomethylthiophenyl-4-
bromosalicylaldehyde (Fig. 19) have been synthesized, charac-
terized and explored for their biological activities using the
disc diffusion method."** The biological studies of the li-
gands and their metal complexes 2.29-2.32 against different
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Fig. 11 Structures of metal complexes containing hydrazone-type ligands. Such bioactive metal complexes on screening were found to possess

enhanced antimicrobial activities especially against E. coli.
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Fig. 12 Structure of Co, Ni and Zn metal complexes containing
heterocyclic moieties.

selected types of bacteria (S. flexneri, P. vulgaris, S. aureus
and B. subtilis) and fungi (A. fumigatus and C. albicans) re-
vealed that they possessed better antimicrobial action than
those of standard antibiotics. Among the metal complexes,
Zn(u) complex 2.32 displayed MIC values of 0.06-9.9 ug mL™
on bacterial species and 1.95-7.81 ug mL ™" on fungal species.

Cu(u), Co(u), and Ni(u) metal complexes of a SB ligand, 1,4-
bis[(2-hydroxybenzaldehyde)propyl]piperazine (BHPP), were
synthesized and characterized using various spectroscopic
techniques. The synthesized ligand exhibited hexavalent coor-
dination involving the two azomethine nitrogen atoms, two
nitrogen atoms of the piperazine ring and two deprotonated
phenolic OH groups. Spectral and magnetic studies have re-
vealed an octahedral geometry of the metal(n) complexes
(Fig. 20). The synthesized ligand 2.33 and its metal com-
plexes 2.34-2.36 were tested for their antimicrobial actions
against various Gram-positive and Gram-negative bacterial
strains and fungal strains using a modified Kirby-Bauer disc
diffusion method. The bioactive nature of the ligand 2.33 is
due to the presence of piperazine-N, the hydroxyl group and
the two azomethinic groups. On accessing the biological po-
tential of the ligand and its metal chelates, it was established
that the metal chelates were more toxic than the parent SB li-
gand. It was established that the antimicrobial activity of the
synthesized compounds was due to their ability to inhibit the
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Fig. 14 Molecular structure of the perimidine-based metal complex.
Palladium complex 2.8 exhibits enhanced bioactivity compared to its
corresponding ligand.

M= Co (2.9), Ni (2.10), Cu (2.11) and Zn (2.12)

Fig. 15 Proposed structure of metal complexes 2.9-2.12. These
complexes have great potential to mitigate the chances of bacterial
and fungal infections which has been confirmed from their biological
screening.

synthesis of peptidoglycans necessary for the formation of
the cell wall."*®

Co(u), Ni(u), Cu(u) and Zn(u) complexes with three different
Schiff base ligands were synthesized (Fig. 21) and character-
ized using various spectroscopic techniques to affirm the
structure of all the complexes.'”® The ligands 2.37-2.39 were
obtained by the condensation reaction of 3-amino-1H-1,2,4-
triazole with pyrrole-2-carboxaldehyde, 4-bromothiophene-2-
carboxaldehyde, and 5-iodo-2-hydroxybenzaldehyde, respec-
tively. On biological screening, the ligands displayed varying

4

Fig. 13 (a) 2-(2-Thienyl)-2,3-dihydro-1H-perimidine ligand showing intermolecular hydrogen bonding; (b) crystal packing of 2-(2-thienyl)-2,3-

dihydro-1H-perimidine viewed (perspective) along the crystallographic b direction. Copyright permission obtained from Elsevier.
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Fig. 16 Molecular structures of Zn(i) 2.13 and Cu(i) 2.14 complexes displaying promising antimicrobial activity.

degrees of inhibitory effects with 2.37 showing significant ac-
tivity (66% inhibition as determined by MIC). All the metal
complexes (2.40-2.51) were tested for their antimicrobial ac-
tions using the disc diffusion method against four different
Gram-negative, i.e., E. coli, S. sonnei, P. aeruginosa and S.
typhi, and two Gram-positive, i.e., B. subtilis and S. aureus,
bacterial species. Metal complexes 2.41, 2.45, 2.47, 2.49, 2.50
and 2.51 displayed efficient activity (54-82%) against all the
tested bacterial strains. The agar-well diffusion method was
employed to check the antifungal activity against fungal spe-
cies, i.e., T. longifusus, C. albicans, A. flavus, M. canis, F. solani
and C. glabrata. The metal complexes displayed significant
activity as shown by the higher zone of inhibition compared
to their parent ligands. Metal complex 2.41 displayed effi-
cient activity with 73% inhibition against C. glabrata.

Metal chelates of Cu(u), Ni(u) and Co(n) (Fig. 22) with SB li-
gands prepared via the condensation of 2-aminobenzamide
with pyrrole-2-carboxaldehyde and furan-2-carboxaldehyde
were screened for their in vitro antimicrobial activities.'*”
Biological studies revealed that the metal complexes pos-
sessed significant antimicrobial potential against four strains
of bacteria and two fungal strains. The ligands 2.52 and 2.53
showed MIC values in the range of 6.250-12.250 ug mL™"
while the complexes 2.54-2.59 exhibited enhanced activity
with MIC values of 0.125-12.250 pug mL ™.

6. Anticancer activity of HSB
transition metal complexes
Normally, our body is incessantly in the process of generating

new cells in order to reinstate the dysfunctional and old dead
cells. Sometimes, this normal process is disrupted and this
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Fig. 17 Proposed structure of Pd(i)complexes 2.19-2.22. These novel
mononuclear complexes exhibited proficient antimicrobial activities.
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results in the formation of new cells even when our body
does not need them. This undesired and uncontrolled growth
of cells is termed cancer. There seems an unending battle
among medicinal chemists about the design and synthesis of
potential drugs to treat this deadly and notorious disease.
However, efforts are ongoing to develop some new metallo-
drugs with improved properties compared to the currently
available metal-based drugs available in the market.

A new chiral HSB ligand (2.60) was obtained by a simple
condensation reaction of 2-amino-3-formylchromone with (R)-
2-amino-2-phenylethanol involving the combination of the
amine functionality and a naturally occurring heterocyclic
chromone, 4H-benzopyran-4-one (Fig. 23).

Subsequently, its complexes 2.61 and 2.62 with Cu(NOs;),
and Zn(NOjs),, respectively, were prepared (Fig. 24). The DNA
binding studies of the ligand 2.60 and metal chelates 2.61
and 2.62 with CT-DNA were compared with the established
anticancer medication cisplatin by utilizing different optical
strategies, viz., UV-visible, fluorescence, circular dichroism
and viscosity estimations. Besides, 'H and *'P absorption
studies with mononucleotides were likewise conducted to ex-
amine the base-specific interactions of the transition metal
complexes which revealed a higher inclination of copper(n)
complex 2.61 for 50-GMP while for zinc(u) complex 2.62 to-
wards 50-TMP involving a groove binding mechanism of the
complexes towards DNA. The copper(u) complex 2.61 exhibits
an extraordinary DNA cleavage activity with pBR322 DNA in
the presence of different activators and the cleavage reaction
involves various oxygen species signifying the involvement of
active oxygen species in DNA scission."*®

Copper(n) complexes (2.63, 2.64) of a HSB resulting from
the condensation of salicylaldehyde, histamine and pyridyl li-
gands were prepared, analyzed and studied for their photo-

Table 2 Antibacterial activity (zone of inhibition) of ligands (2.15-2.18)
and their Pd(1) complexes (2.19-2.22)

Antibacterial activity
(zone of inhibition in %)

Concentration
Compound (ug mL™) B. subtilis E. coli S. aureus
2.15 100 45 48 44
2.16 100 33 39 37
217 100 54 52 51
2.18 100 35 40 38
2.19 100 78 81 78
2.20 100 67 72 77
2.21 100 80 83 81
2.22 100 67 66 71
Gentamicin 100 100 100 100

This journal is © The Royal Society of Chemistry 2018
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Fig. 18 Proposed structure of the Cu(i) complexes 2.26-2.28.

Table 3 Minimum inhibitory concentration of the synthesized com-
pounds against growth of bacteria (ug mL™)

E. K p. p. S.
Compound coli  pneumoniae  vulgaris  aeruginosa  aureus
2.23 60 64 66 66 72
2.24 24 26 20 16 28
2.25 28 36 26 32 30
2.26 34 38 32 28 42
2.27 26 28 30 26 48
2.28 52 54 58 60 63
Penicillin G 10 15 6 12 4
Ampicillin 12 10 8 4 6
Vancomycin 6 14 12 10 8
Ofloxacin 8 10 4 6 14

Table 4 Minimum inhibitory concentration of the synthesized com-
pounds against growth of fungi (ug mL™)

A. R. A R. C.
Compound niger  stolonifer  flavus  bataticola  albicans
2.23 60 66 72 80 50
2.24 19 20 20 25 22
2.25 24 28 28 34 30
2.26 28 30 34 38 22
2.27 32 26 46 36 6
2.28 52 55 68 80 50
Nystatin 10 16 8 14 12
Ketoconazole 12 8 16 6 12
Clotrimazole 8 6 12 10 4

activated DNA cleavage activity, DNA binding and photo-
cytotoxicity.">* The distorted square-pyramidal geometry of
the complexes (Fig. 25) showed intercalative CT-DNA binding

Br

M= Cu (2.29),Co (2.30) and Ni (2.31)
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with a binding constant (K,) of ~10°> M™'. Unlike other
copper(n) complexes of phenanthroline bases that are known
to show undesirable high chemical nuclease activity, the
dppz copper(u) complex 2.64 with moderate chemical nucle-
ase activity is suitable for PDT applications. The SB produced
from salicylaldehyde and histamine has been used due to its
inherent anti-tumorigenesis activity. The planar polypyridyl
ligands are well known for their intercalative DNA binding,
photoactivity and preferential nuclear uptake. Significant re-
sults of this study include remarkable DNA photocleavage ac-
tivity in red light involving hydroxyl radicals (-OH) and visi-
ble light-induced photocytotoxicity of 2.64 in HeLa cells with
low cytotoxicity in the dark and an ICs, value of 1.6 uM. It is
found that cell death occurs through an apoptotic pathway
involving photo-induced production of intracellular reactive
oxygen species (ROS)."*°

Co(m) complexes (2.65-2.67) from 2-acetylpyridine
N-substituted thiosemicarbazone ligands were prepared and
analyzed by various sophisticated spectral studies (Fig. 26).
Single crystal X-ray diffraction studies were carried out to de-
termine the molecular structure of the complexes. The coor-
dination geometry around the Co(ur) metal ion was described
as a distorted octahedron, where the cobalt atom is bonded
to two tridentate NNS donor ligand molecules in such a way
that four 5-membered chelate rings are formed. The
azomethinic nitrogen atoms [N(2) and N(6)] are placed in a
trans-position and the chlorine atom acts as a counterion
(Fig. 27). In vitro DNA binding studies of the metal chelates
carried out by fluorescence studies showed that the com-
plexes have greater binding constant (K;) values and con-
firmed the binding of the complexes to DNA via intercalation.
It has also been confirmed through gel electrophoresis assay
that the complexes proved to be good DNA cleavage agents.
The synthesized metal complexes exhibited enhanced antioxi-
dant activities as compared to the standards BHT and vita-
min C. Furthermore, the in vitro cytotoxicity of the metal che-
lates against human skin carcinoma (A431) and human
breast cancer (MCF-7) cell lines was evaluated, which showed
prominent action and competently removed the cancer cells
even at low concentrations, showing that the complexes pos-
sess higher activity than cisplatin [IC5, value = 3.19 uM
(MCF-7) and 12.33 uM (A431)]."*° Complex 2.67 is more ac-
tive than the other complexes 2.65 and 2.66 in the cell lines
tested, and it exhibited much better activity than cisplatin in

(2.32)

Fig. 19 Structures of SB metal (Cu, Co, Ni and Zn) complexes. Zn(i) complex 2.32 displayed better antimicrobial activity compared to the other

metal complexes 2.29-2.31.

This journal is © The Royal Society of Chemistry 2018
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Fig. 20 Scheme for synthesis of the piperazine-based SB ligand and its metal(i) complexes. The above metal chelates inhibit cell wall synthesis in

microbes and hence behave as potent antimicrobial agents.
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Fig. 21 Molecular structures of Co(u), Ni(), Cu(n) and Zn(i) complexes with potent biological actions against a range of bacterial and fungal

strains.

the MCF-7 cell line as shown in Table 5. The cytotoxicity of
the tested complexes against both cancer cell lines follows
the order 2.67 > 2.66 > 2.65. The higher cytotoxic activity of
complex 2.67 may be due to the terminal phenyl substitution
in the coordinated HL3 ligand.

Novel Cu, Zn and Cd transition metal coordination com-
plexes 2.68-2.70 (Fig. 28) have been synthesized and analyzed
thoroughly by IR, UV, "H NMR, single crystal X-ray diffraction
and elemental analyses. The ligand involved in complexation
was derived by the condensation reaction of 2-acetylpyridine
and i-tryptophan. Crystallographic structural analysis re-
vealed that the crystals crystallize in the tetragonal crystal sys-
tem in which each metal coordinates through six atoms,
namely, two nitrogen atoms from C=N, two nitrogen atoms
from pyridine rings and two carboxylic oxygen atoms from
different ligands, forming a type of the 4N + 20 neutrality

420 | Med. Chem. Commun., 2018, 9, 409-436

complex. The molecular structure of the most active Cd com-
plex (2.70) is shown in Fig. 29. The synthesized metal che-
lates were investigated for their anticancer action on breast
cancer cells (MDA-MB-231) which resulted in the inhibition
of cellular proliferation. It was well established that the metal
complexes have immense potential to be used as proteasome
inhibitors and anticancer agents and, among all the synthe-
sized complexes, Cd complex 2.70 (IC5, = 27 uM) had an in-
hibitory activity higher than that of cisplatin (IC5, = 82 uM)
on human breast cancer."*"

SBs derived from quinolinone heterocycles have received
tremendous interest in several fields due to their ability to
behave as potential drugs in eliminating dreadful diseases
like tuberculosis, cancer and heart failure. Creaven et al
reported a novel series of metal chelates of Cu(u) with SB li-
gands derived from condensation of substituted aldehydes

This journal is © The Royal Society of Chemistry 2018
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Fig. 22 Scheme for synthesis of biologically active ligands 2.52 and 2.53 and their Co, Ni and Zn metal complexes 2.54-2.59.
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Fig. 23 Synthesis of ligand 2.60 from 2-amino-3-formylchromone and (R)-2-amino-2-phenylethanol via a simple condensation reaction.
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Fig. 24 Structures of synthesized Cu (2.61) and Zn (2.62) complexes containing a naturally occurring heterocyclic chromone (4H-benzopyran-4-
one) moiety. These heterocyclic chiral metal complexes possess significant DNA binding properties and hence display interesting anticancer
activity.
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Fig. 25 Structure of mixed ligand (dipyridophenazine, bipyridyl) Cu(i) complexes. These mixed ligand complexes obtained by simple condensation
of salicylaldehyde, histamine and pyridyl possessed prominent anticancer activity.
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Fig. 26 Structure of bioactive Co(i) complexes 2.65-2.67. The metal
chelates have been proved to be potential candidates to fight several
types of cancers.

Fig. 27 ORTEP view of complex 2.65. Copyright permission obtained
from Elsevier.*°

Table 5 ICso (uM) values of cobalt(i) complexes 2.65-2.67 and cisplatin
against human breast cancer (MCF-7) and skin carcinoma (A431) cell lines

ICs50 (uM)
Complex MCEF-7 A431
2.65 22.99 £ 0.08 32.12 £ 1.03
2.66 7.24 £ 0.09 16.85 + 2.09
2.67 1.99 £ 0.13 9.30 £ 0.03
Cisplatin 3.19 £ 0.02 12.33 £ 0.07

with  7-amino-4-methyl-quinolin-2(1H)-one which showed
promising biological applications (Fig. 30). Besides showing
antifungal activity, these metal complexes showed interesting
anticancer activity on in vitro evaluation, using a human he-
patic carcinoma cell line (Hep-G2). Among all the ligands
and metal complexes screened, Cu(u) complex 2.71 showed
the most potent activity (IC5, = 17.90 + 3.75 uM), comparable
to that of the standard drug cisplatin (IC5, = 15.00 + 2.65
HM).132

Pyridazine-based binuclear nickel(u), copper(n) and zinc(m)
complexes with tridentate Schiff base ligands have been syn-

422 | Med. Chem. Commun., 2018, 9, 409-436
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Fig. 28 Structure of amino acid-based SB metal complexes 2.68-2.70
having potent breast cancer activity.

thesized as anticancer agents, targeting the protein EGFR ki-
nase, which is over-expressed in a number of solid tumors.
The crystal structure of the ligand 2.74 as observed by the
single crystal X-ray diffraction method showed that it crystal-
lizes in a monoclinic crystal system with the P2,/n space
group as shown in the ORTEP diagram in Fig. 31. Characteri-
zation of the ligands and their metal complexes through vari-
ous spectroscopic studies revealed that the ligands behaved
as tridentate ligands and coordinated to the metal atoms
through the iminic nitrogen (-C=N-), phenolic hydrogen
and the pyridazine ring (Fig. 32). The emission studies
proved that the metal complexes can be possibly used as fluo-
rescent probes due to the enhancement of fluorescence inten-
sity compared to the ligands, which could be due to the
chelation-enhanced  fluorescence effect (CHEF). On
deciphering their anticancer potential, it was exposed that
some of the synthesized metal complexes were competently
more active against a breast cancer cell line (MDA-MB-231)
compared to a normal cell line (L-6 myoblast), but complexes
2.75, 2.78 and 2.80 showed no difference in IC;, values be-
tween normal and cancer cells, which makes them unsuitable

Fig. 29 The molecular structure of Cd complex 2.70. Copyright
permission obtained from Elsevier.**

This journal is © The Royal Society of Chemistry 2018
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Fig. 30 Cu(n) complex 2.71 with anticancer activity comparable to
cisplatin.

Fig. 31 ORTEP diagram of the ligand 2.74 with the atomic numbering
scheme. Copyright permission obtained from the Royal Society of
Chemistry.**3

anticancer candidates, owing to their lack of selectivity. Com-
plexes 2.76, 2.77 and 2.83 showed lower ICs, values against
cancer cells and were relatively less toxic to normal cells,
thereby exhibiting selectivity to these cancer cells as shown
in Table 6. Further studies of the active metal complexes 2.77
and 2.83 on the MDA-MB-231 cancer cell line using

View Article Online

Review

Table 6 [Csq values for complexes 2.75-2.83 and cisplatin against MDA-
MB-231 and L-6 cell lines obtained using MTT assay

ICs0 (uM)
Ligand Metal Complexes MDA-MB-231 L-6
2.72 Ni(u) 2.75 0.36 0.40
— — 2.76 59.29 67.48
— — 2.77 74.65 94.63
2.73 Cu(n) 2.78 0.34 0.36
— — 2.79 306.2 386.1
— — 2.80 12.0 14.17
2.74 Zn(u) 2.81 512.5 741.2
— — 2.82 462.1 470.0
— — 2.83 36.48 47.27
Cisplatin 91.28 —

clonogenic assay, apoptotic studies and cell cycle analysis en-
sured that these complexes inhibit the growth and prolifera-
tion of MDA-MB-231, causing cell cycle arrest in the S phase.
The strong hydrophobic interactions, strong hydrogen bond-
ing, and n-n interactions of these complexes with EGFR as
evaluated by docking studies suggest that these complexes
can be stored and released by the EGFR protein (Fig. 33),
which is significant for further exploration of the protein
interaction of these complexes (see Table 7). The relatively
lower binding energy of complex 2.83 indicates its stronger
binding affinity to EGFR than complex 2.77, because it con-
tains a large hydrophobic cavity in subdomain IIA, which
plays a key role in the metabolism and transportation of
EGFR.'*

Most of the drugs developed to combat the alarming situa-
tion created by cancer are losing their importance due to the
development of drug resistance and other associated multiple
side-effects. An interesting methodology to deal with this re-
sistance is to evaluate new anticancer medications exhibiting
different modes of action. A distinctive series of ruthenium(u)
arene Schiff (RAS) base complexes (Fig. 34) were synthesized

H/Nﬂ*CI

_0
=N N=N
.y OH
o— Rz . R OH
N=N Rs
Ry R
Ro
R4 R1 cl
U
=N M(NOy),nH,0  HN’ \ / \ | 2NOy)
UCI ¢ / \ / \ / (NO3)
Ri, Ry =H (2.72) Ni(ll) = (2.75 - 2.77)

R1= H, R2= N02 (273)
R1=NEty, Ry=H (2.74)

Cu(ll) = (2.78 - 2.80)
Zn(ll) = (2.81 - 2.83)

Fig. 32 Schematic representation of the preparation of pyrimidine core structure-based ligands and their complexes. The synthesized ligand acts
as a tridentate ligand which upon complexation results in bimetallic complexes. For R; and Ry, groups are from the respective ligands and for metal

complexes, see Table 6.

This journal is © The Royal Society of Chemistry 2018
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Fig. 33 Molecular docked model of complex 2.77 located within the hydrophobic pocket of EGFR (a) and the interaction mode between 2.77 and
EGFR (b). Molecular docked model of complex 2.83 located within the hydrophobic pocket of EGFR (c) and the interaction mode between 2.83

and EGFR (d). Copyright permission obtained from the Royal Society of Chemistry.

133

Table 7 Protein EGFR docking results for complexes 2.77 and 2.83 (kcal mol™)

vdW + H bond + desolv Electrostatic

Total internal

Torsional free Unbound system's Binding free

Complexes energy (AGyaw-+hb+desoly) energy (AGejec) energy (AGiotal) energy (AGor) energy (AGunp) energy (AGpinding)”
2.77 -7.86 -0.18 -0.82 -1.34 -0.42 -7.10
2.83 -9.02 -0.20 -0.83 -1.65 -0.55 -7.86

a —
AGpinding = AGyaw+hb+desolv T AGelec T AGiotal T AGior + AGunp-

and assessed for their anticancer action via Pp53-
independence. The synthesized RAS complexes exhibited sig-
nificant cytotoxic effects on various cancer cell lines,
depending on their structure and the presence of different
hydrophobic moieties.”** The effect of the structure and hy-
drophobicity on the cytotoxicity profile of the complexes
against colorectal cancer cell lines HCT116 and SW480 and
gastric cancer cell lines AGS and KATOIII showed that the
complexes bearing the more hydrophobic HMB and TPB ar-
ene ligands demonstrated the highest cytotoxicity in the cell
lines, with ICs, values in the low pM range. Complex 2.88
displayed the greatest efficacies with 1Cs, ca. 1.0 uM in
HCT116, AGS, and KATOIII and 4.1 uM in SW480, which was
34- and 7-fold more cytotoxic than CDDP in AGS and
KATOIII, respectively (see Table 8), suggesting a marked ef-

424 | Med. Chem. Commun., 2018, 9, 409-436

fect of hydrophobicity on cytotoxicity, which in turn was at-
tributed to the higher cellular uptake of the more hydropho-
bic compounds via passive diffusion. These complexes also
exerted their anticancer activities via p53-independent path-
ways, as confirmed by the lack of activation of p53 and down-
stream targets and their unchanged activity in the presence
of small molecule p53 inhibitors.

A series of Cu(u) complexes 2.93-2.95 from an N-alkyl-
substituted benzimidazole-based SB were synthesized and an-
alyzed for their biological activities (Fig. 35). In vitro cytotox-
icity results suggested that the complexes proved to be effec-
tive drug candidates against lung (A-549), breast (MDA-MB-
231) and cervical (HeLa) cancer cell lines in contrast to the
commonly used cisplatin (ICs, = 27.2 + 1.71 pM) as can be

evidenced from their ICs, values given in Table 9.

This journal is © The Royal Society of Chemistry 2018
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Fig. 34 Synthesis of Ru(i) arene SB complexes (RAS) as anticancer agents with p53-independent activity. For R; and R, see Table 8.
Table 8 Cytotoxicity data of RAS complexes
<®/: R4 <®/: Ry ICs0 (1M)
Complex HCT116 Sw480 AGS KATOIII
2.84 Benzene 4-OMe 288 + 44 155+ 4 300 £ 10 213 + 24
2.85 Toluene — 175 + 22 62.1 +17.9 117 £ 10 103 + 21
2.86 Cymene — 25.5+4.0 27.0 £12.0 124 +1.7 14.2 £ 2.5
2.87 Hexamethylbenzene (HMB) — 5.76 + 1.22 34.7 +19.3 3.04 £ 0.91 13.7 £ 5.0
2.88 1,3,5-Triisopropylbenzene (TPB) — 1.19 + 0.12 4.07 +1.35 1.01 + 0.07 1.22 + 0.24
2.89 1,3,5-Triisopropylbenzene (TPB) 3.48 £ 0.36 5.32 +2.09 1.16 £ 0.28 1.86 + 0.24
2.90 1,3,5-Triisopropylbenzene (TPB) : CF; 6.87 + 1. 11 13.9 +5.5 3.07 + 0.72 3.89 +0.15
2.91 1,3,5-Triisopropylbenzene (TPB) : Cl 5.76 + 0.13 11.0 + 4.7 2.76 + 0.82 3.28 + 1.12
2.92 Hexamethylbenzene (HMB) : Cl 3.05 £ 0.26 16.0 + 6.1 1.95 + 0.40 2.22 + 0.35
Oxaliplatin 1.22 +0.18 1.08 + 0.36 n.d. n.d.
Cisplatin n.d. n.d. 34.7 £ 0.8 8.64 + 0.11
0
ol
T,
Cu
4 N\
N__N ‘ o

Fig. 35 Synthesis of benzimidazole-based Cu(i) SB complexes 2.93-2.95.

Copper(n) complexes (Fig. 36) with the tridentate (NNO)
SB N-2-pyridylmethylidene-2-hydroxy-5-chlorophenylamine
have been synthesized and evaluated for their cytotoxic ef-
fects on human cancer cell lines."*® In these complexes, the

This journal is © The Royal Society of Chemistry 2018

copper atom showed a 4 + 1 pyramidal coordination with a
water oxygen atom in the apical position, three of the basal
positions occupied by the NNO tridentate ligand and the
fourth by an acetate oxygen as shown in Fig. 37. Several
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Table 9 ICsq values of metal complexes 2.93-2.95

IG5 (1M)
Compound R A-549 MDA-MB-231  Hela
2.93 Methyl 16.7 £ 0.29 29.58 + 1.17 32.66 + 0.58
2.94 Ethyl 24.0 £ 1.99 31.92 £ 0.73 33.79 £ 0.36
2.95 Propyl 29.1 £ 1.12 46.03 £ 1.12 45.27 £ 0.65

CH3

Cl
i \Téﬁ N7 | AN

o u/N = (o Ny I _N_~
OH,"~ "OAc Cu
Cl

(2.96) (2.97)
Fig. 36 Structures of tridentate HSBs with Cu(OAc),-H,O and Cu(Cl).
Metal chelates of this kind exhibited potent anticancer activity on Hela
cells.

b/‘\os

Fig. 37 OPTEP view of the molecular structure and atom labeling
scheme of 2.96. Hydrogen atoms and solvent H,O molecules are
omitted for clarity. Copyright permission obtained from Elsevier.'*®

A. Control

D. 20 uM

Fig. 38 Morphological changes of Hela cells treated with various
concentrations of 2.96 for 48 h which were double stained with
Hoechst 33258/PI and detected using a fluorescence microscope.
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techniques like fluorescence spectroscopy, UV-visible spectro-
scopy and agarose gel electrophoresis were employed to dis-
close their DNA interaction and binding energy constants.
The binding constant (K,p,) value of 6.40 x 10° M ™" for 2.96
with DNA suggested a moderate intercalative binding mode
and the efficient oxidative cleavage of supercoiled DNA at pH
= 7.2 and 37 °C, involving hydroxyl radicals, singlet oxygen-
like species, and hydrogen peroxide as reactive oxygen spe-
cies, revealed that the complex could induce scission of
pBR322 supercoiled DNA effectively without addition of exter-
nal agents. In vitro cytotoxicity results established that 2.96
exhibited prominent cytotoxicity (ICso = 16.123 + 1.207 puM)
and induced S-phase cell cycle arrest, cytopathologic effects
and apoptosis of HeLa cells as can be seen in Fig. 38. The po-
tential mechanism for apoptosis induction was attributed to
the stimulation of an intrinsic mitochondrial apoptotic path-
way owing to the activation of caspase-9 and caspase-3."3°

Cu(mw), Ni(u), Co(u) and Zn(un) metal chelates 2.98-3.2 were
prepared from a tridentate ONO donor ligand (3.3), which in
turn was prepared by carrying out a simple condensation re-
action between 3-(2-aminoethylamino)quinoxalin-2(1H)-one
and o-vanillin (Fig. 39). The in vitro anticancer action of the
blended ligands and complexes on a human cervical cancer
cell line (HeLa) was explored and it was confirmed that the
metal chelates act as potential anticancer agents compared to
the ligand. The inhibitory effects obtained by MTT assay
displayed ICs, values of 69.51 uM for the ligand 3.3 and
66.83, 33.23, 35.61 and 17.67 uM for complexes 2.98-3.2,
respectively.'®’

Phenolate ligand complexes 3.4 and 3.5 possessing a
distorted square-based geometry and tridentate 3N ligand
complexes 3.6-3.9 with pyridyl and quinolyl nitrogen donors
possessing a distorted trigonal bipyramidal geometry showed
interesting cell killing activities."*® All the complexes (Fig. 40)
bind with calf thymus (CT) DNA through a covalent mode of
DNA interaction involving the replacement of an easily re-
movable chloride ion with DNA nucleobases and exhibit oxi-
dative cleavage of supercoiled (SC) plasmid DNA in the pres-
ence of hydrogen peroxide as an activator. Complexes 3.8 and
3.9 completely degraded SC DNA into undetectable minor
fragments and thus they act as efficient chemical nucleases.
All the complexes displayed remarkable cytotoxicity against
the HBL-100 human breast cancer cell line (ICs, = 8.6-21.4
uM) with a potency more than that of the widely used drug
cisplatin (IC5, = 25 uM)."*®

Metal complexes of bioactive SB ligands (E)-5-(pyridin-4-yl)-
4-((thiophen-2-ylmethylene)amino)-4H-1,2,4-triazole-3-thiol and
(E)-4-((furan-2-ylmethylene)amino)-5-(pyridin-4-yl)-4H-1,2,4-
triazole-3-thiol were prepared and characterized (Fig. 41). An
octahedral geometry was predicted for all the complexes
3.10-3.21. On analyzing them for their biological potential, it
was confirmed that the complexes had a profound effect on
cancer cell lines, viz.,, human breast cancer cell line (MCF-7)
and human hepatocellular liver carcinoma cell line (Hep-G2),
respectively. The results suggested that all the metal com-
plexes showed moderate to significant % inhibition of cell

This journal is © The Royal Society of Chemistry 2018
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Fig. 39 Scheme for the preparation of quinoxalinedione-tethered SB ligand 3.3 and its metal complexes 2.98-3.2.

H
| ~N~cu /j\ <\/7‘l(\/ /j\
Y9 ~N7NH CU—NZ NH

Fig. 40 Structures of some imperative HSB metal complexes 3.4-3.9. The metal chelates demonstrated potential cytotoxic effects compared to

the reference drug cisplatin.

X=S, M= Co (3.10)
Ni (3.11)
Cu (3.12)

X= 0, M= Co (3.13)
Ni (3.14)
Cu (3.15)

X= 8, M= Co (3.16)
Ni (3.17)
Cu (3.18)

X= 0, M= Co (3.19)
Ni (3.20)
Cu (3.21)

Fig. 41 Structures of biologically active triazole-based metal complexes with interesting anticancer activity.

proliferation. Complexes 3.15 and 3.18 showed 38% and 49%
inhibition of cell proliferation against the HepG2 cell line,
whereas complexes 3.18, 3.19 and 3.20 greatly reduced malig-
nant MCF-7 cell growth by 34%, 38% and 33%,
respectively.'*®

Novel 2-oxoquinoline-3-carbaldehyde SB ligands and their
Cu(un) complexes were prepared and analyzed by various

This journal is © The Royal Society of Chemistry 2018

spectroscopic techniques (Fig. 42). The prepared ligands and
their Cu(u) complexes were explored for their potential anti-
cancer activity. MTT [3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-
2H-tetrazolium bromide] and SRB (sulforhodamine B) assays
indicated that the Cu(n) complexes exhibited more effective
cytotoxic activity against HL60 cells and HeLa cells and po-
tential DNA binding efficiency compared to the
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Fig. 42 SB ligand metal complexes 3.22-3.24 with versatile biological applications especially as anticancer agents.

corresponding ligands."*® Complex 3.24 showed higher cyto-

toxic activity (ICso = 38 uM) than the metal complexes 3.22
(ICs0 = 160 uM) and 3.23 (IC5, = 43 uM).

Copper(1) SB complex 3.25 with a distorted tetrahedral ge-
ometry has been found to show interaction through intercala-
tion with CT-DNA using an absorption titration technique.
The cytotoxic impact of the complex analyzed on carcino-
genic cell lines (human cervical cancer cell line (HeLa), hu-
man laryngeal epithelial carcinoma cell line (Hep-2) and hu-
man breast cancer cell line (MCF-7)) demonstrated that the
complex displayed considerable anticancer activity. The ICs,
values of the Cu(1) complex for HeLa, Hep-2 and MCF-7 can-
cer cell lines were found to be 3.04, 19.25 and 4.34 uM, re-
spectively. In addition, the Cu(1) complex (Fig. 43) displayed
four and three times higher inhibitory activity against HeLa
and MCF-7 than the widely used cisplatin."*"

Pyridine-based heterocyclic thiosemicarbazone ligand-
based Ni(un) and Cu(un) metal complexes have been prepared
and thoroughly examined using several spectroscopic tech-
niques (Fig. 44). The coordination of the mono-deprotonated
anionic form of the ligand via NNS donor atoms yielded an
octahedral Ni(n) complex 3.26 and a distorted square planar
Cu(u) complex 3.27. Biological studies made it clear that the
metal chelates exhibited significant interaction with DNA via
intercalation but could not induce DNA cleavage, although
complex 3.27 was able to strongly bind to DNA and interfere
with its electrophoretic mobility and proteins. A comparative
evaluation specified that complex 3.26 showed superior DNA
binding, but complex 3.27 proved to be an effective antican-
cer chemotherapeutic agent against HeLa cells with an ICs,
value of 31.27 pm.**?

A tridentate heterocyclic hydrazone ligand was prepared
and tethered with three transition metals to prepare the
metal chelates 3.28-3.30 as anticancer agents (Fig. 45). The

PPh; CI
CH3 \c /
A

N
NN\N
\/

HsC.
N

SN

Fig. 43 Structure of Cu() complex 3.25 obtained from
4-aminoantipyrine and pyridinecarbaldehyde. This metal chelate has
been proved to be a potential anticancer agent with lesser toxicity.

(3 25)

428 | Med. Chem. Commun., 2018, 9, 409-436

cytotoxicity profile revealed that among the three metal che-
lates, the Cu(u) complex (3.28) displayed more efficient activ-
ity than Ni(u) 3.29 and Co(u) complex 3.30 due to significantly
higher intracellular reactive oxygen species (ROS) genera-
tion.’** Complex 3.30 could induce caspase-mediated apopto-
sis in A549 cells through the activation of the mitochondrial
signaling pathway and showed affinity towards human serum
albumin (HSA) as evidenced by fluorescence spectroscopy
and molecular docking. Complex 3.30 showed hydrophobic
interaction with Leu-238, Leu-219, Ala-291, Phe-223 and Phe-
157 residues and hydrogen bonds within the binding pocket
of sub-domain IIA (the warfarin binding pocket). The pheno-
lic hydroxyl group of 3.30 interacted with Glu-450 and the ox-
ygen atom bound to Cu showed interaction with Lys-199. The
Cu() center of complex 3.30 located approximately 6.7 A
away from Trp-214 (see Fig. 46) allowed for quenching of
fluorescence from the tryptophan residue of HSA, consistent
with the fluorescence quenching studies.'*?

Interesting and efficient phenyl, naphthyl and biphenyl-
substituted pyrazolone-based fB-ketoamine proligands 3.31-
3.34 and their ruthenium(u) arene complexes (3.35-3.43) were
synthesized and assessed for their in vitro anticancer activity
toward the human ovarian cancer cell lines A2780 and
A2780cisR."** Biological studies showed that the ligands were
not cytotoxic, indicating that DNA intercalation is unlikely.
Nevertheless, some of the resulting compounds were ratio-
nally cytotoxic and, fascinatingly, the biphenyl-containing
complex 3.35 showed the highest levels of cytotoxicity to the
nonresistant A2780 cell line (IC5o = 7.6 = 1.3 uM) and 3.36
also with a biphenyl ring was cytotoxic toward the resistant
A2780cisR cell line (IC5, = 13 + 1 uM) compared to the stan-
dard drug cisplatin (IC5, = 25 + 1 uM). The difference in ac-
tivity could be due to the different nature of the m6-arene
ring, i.e., p-cymene in 3.35 and benzene in 3.36 (see Fig. 47
and Table 10). Complexes 3.39 and 3.40 were slightly more
cytotoxic than cisplatin to this resistant cell line, although
not as efficient as complex 3.36. Overall, the cytotoxicity of
3.35, 3.36, 3.39, and 3.40 was like that detected for many
other series of organoruthenium compounds.

7. Conclusion and future prospects

There have been enormous advances in almost every sphere
of science and technology during the last couple of decades.
Despite these advances, the treatment of microbial infections
and cancer is still far from over. The application of presently

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c7md00526a

Published on 06 December 2017. Downloaded by RSC Internal on 30/05/2018 13:31:30.

MedChemComm

"Ni/
o0
SLANe
(3.26)

View Article Online

Review

(|3I
Cu
S/ l \N/ |
O N)\\N,N\ X
H
(3.27)

Fig. 44 Structures of the pyridine-based heterocyclic thiosemicarbazone ligand and its Ni(i1) and Cu(i) complexes.

OH

(3.30)

Fig. 45 Structures of Co(n), Ni(n) and Cu(i) metal chelates 3.28-3.30 with the heterocyclic hydrazone ligand.

available antimicrobial and anticancer drugs is limited
due to their side effects and drug resistance and there is
no doubt that microbial infections and cancer are a big
threat to human beings and a challenge to our society.
The development of novel antimicrobial and anticancer
agents is associated with many impediments and the
main problem lies in the fact that no general guideline is
available that could direct the synthesis of new active
antimicrobial and anticancer agents with the least or no

Fig. 46 Docking studies of 3.30 and HSA using Autodock Vina: (A) the
Cu complex is buried beneath the HSA protein surface. (B) Cu complex
interacting with a variety of amino acid residues. Copyright permission
obtained from the Royal Society of Chemistry.'*®

This journal is © The Royal Society of Chemistry 2018

possibilities of the onset of resistance. To date, there have
been significant advances in the understanding of the mo-
lecular aetiology of microbial infections and cancer, but
ideal therapeutic modalities are still missing. In view of
these facts, it is very urgent to speed up the development
of new antimicrobial and anticancer agents. The therapeu-
tic potential of the diversity of molecules (both ligands
and metal complexes) can be fully harnessed for the de-
sign of novel and efficient antimicrobial and anticancer
agents. Thus, it would be beneficial to explore other
heterocyclic Schiff base metal complexes with diverse mo-
lecular features and topologies as antimicrobial and anti-
cancer agents. Besides, targeting and activation strategies
may be helpful in the development of future generations
of antimicrobial and anticancer drugs with the ability to
overcome the disadvantages of available agents. Modern
theoretical methods such as density functional theory, mo-
lecular operating environments and techniques such as
high-resolution electrospray mass spectrometry and
multinuclear polarization transfer NMR (nuclear magnetic
resonance) spectroscopy are greatly helpful and can surely
improve our understanding of the chemical and bio-
chemical reactivity of drugs, which might help in
establishing some meaningful structure-activity
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Fig. 47 Structures of ligands 3.31-3.34 and their Ru(i) metal complexes 3.35-3.43. For complete structures, see Table 10.

Table 10 Cytotoxicity of the metal complexes 3.35-3.43 and cisplatin
following exposure to the ovarian carcinoma cells A2780 and A2780cisR
(cisplatin-resistant) for 72 h

IC5o (UM)

Complex R; Ligand A2780 A2780cisR
3.35 cym 3.31 7.6 +1.3 61+5
3.36 benz 3.31 16.7 £ 1.2 13+1
3.37 hmb 3.31 63.1+1.2 442 + 20
3.38 cym 3.32 96 + 4 243 +19
3.39 benz 3.33 23 +2 20+1
3.40 hmb 3.33 201 21+4
3.41 cym 3.33 20+1 24 +3
3.42 benz 3.34 31+2 30+10
3.43 cym 3.34 126 + 14 49 +1
Cisplatin 1.0 £0.2 25+1

relationships. Therefore, chemical studies of antimicrobial
and anticancer agents under physiologically relevant condi-
tions become very important in drug development
rationales.

In the present review, we collected all the scattered infor-
mation about transition metal complexes with bioactive HSB
ligands. It is noteworthy to mention that transition metals
containing heterocyclic scaffolds display promising pharma-
cological activities compared to conventional SBs, encourag-
ing us to carry out further research in this field. As per the ex-
tent of this survey, we have attempted to give straightforward
features accounting for the integrative uses of HSB-transition
metal complexes. In view of these facts, the sensible design
and synthesis of new HSB-transition metal complexes are ex-
ceptionally significant to design novel drug libraries with
fewer side effects and expunge the dilemma of multiple drug
resistance. Although plenty of Schiff-base metal complexes

430 | Med. Chem. Commun., 2018, 9, 409-436

show excellent antimicrobial and anticancer profiles, none of
these complexes have been put to advanced studies or have
been brought to market, which could be due to a lack of at-
tention from researchers or belief that Schiff-base complexes
do not possess the potential to be used as antimicrobial or
anticancer drugs. Through this review, we want to make it
clear that Schiff-base transition metal complexes have all the
inherent properties that are required to bring a drug to the
market. The only thing required is more scientific attention
and focus on this otherwise magnificent Schiff-base transi-
tion metal-based drug discovery field.

List of abbreviations

SB Schiff base

HSB  Heterocyclic Schiff base

HIV ~ Human immunodeficiency virus

MIC Minimum inhibitory concentration

BHPP 1,4-Bis[(2-hydroxybenzaldehyde)propyl]piperazine
IR Infrared

X Halide
ICso  Concentration at which 50% inhibition of cell growth
occurs

NMR Nuclear magnetic resonance

MS Mass spectrometry

DPPH 2,20-Diphenyl-1-picrylhydrazyl

DNA Deoxyribonucleic acid

Salen Salicylaldehyde ethylenediamine

BHT Butylated hydroxytoluene

RAS  Ruthenium(u) arene Schiff

MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

dppz Dipyridophenazine
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PDT  Photodynamic therapy
bpy  2,2-Bipyridine

SRB  Sulforhodamine B
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