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Abstract \ Review Article

Current study aims to summarise the different health-beneficial potential activity of non-platinum metal-based organic
compounds. Literature analysis shows that the organic complexes of Ag, Au, Co, Cu, Fe, Mn, Mo, Ni, Zn, Ce, Ga, Gd,
Ir, Os, Pd, Re, Rh, Ru, Ti, V, have been investigated to possess different pharmacological action. The more pronounced
effects of metal complexes are combinations of anticancer and the following different activities: 1) anti-Alzheimer: Co,
Cu, Ni, Pd, Ru, V; 2) antioxidant: Co, Cu, Fe, Ni, Zn, Mn, Ce, Nd, Ga, La; 3) antimicrobial: Ag, Au, Cr, Co, Cu, Fe,
Mn, Ni, Zn, Ga, Ir, La, Pd, Ru; 4) antimalarial: Au, Co, Cu, Fe, Zn, Ga, Os, Pd, Rh, Ru; 5) anti-Mycobacterium
tuberculosis: Cu, Fe, Os, Ru; 6) antifungal: Co, Cu, Ni, Ru, Pd; 7) anti-Leishmanial: Au, Ir, Ru, Os, Pd, La; 8)
antitrypanosomal: B, Ir, Os, Pd; 9) antiinflammatory: Co, Cu, Mn, Ni, Ru; 10) anti-rheumatic: Au. Schiff bases metal
agents possess antimicrobial, antifungal, antiviral, anti-inflammatory, antioxidant, and anticancer activities. N-
heterocyclic carbene derivatives are included as ligands in Ag, Au, and Pd complexes with anticancer, and antimicrobial
activity. An important trend in the investigation of novel antineoplastic agents is the development of arene complexes,
derivatives of Ferrocene, and scorpionates, dinuclear complexes, mixed-ligand strategy. An important perspective trend
is the development of natural product-conjugated metal complexes for cancer therapy with ligands from plant origin as
Ferrocene podophyllotoxin, Ferrocene conjugates with flavonoids, Ru(Il) complexes with 18B-glycyrrhetinic acid,
naphthoquinone/p-cymene, Curcumin metal-based complexes.
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INTRODUCTION

I. Pharmacological activities of metal-based
complexes

Different investigated metal-organic complexes
have been reported to be promising agents for biomedical
applications [1] in medicine and pharmacy [2]. The
possibilities of medicinal applications in the therapy of
coordination complexes are increased [3]. Due to their
specific mechanisms of action and different
pharmacological activities [4], metallopharmaceuticals

provide new trends for scientific research [5] and for
perspectives in the discovery and development [6] of
drug design [7]. Metal-based complexes can be divided
in accordance with the type of metal, type of ligand, and
pharmacological activity.

In Table 1. are summarised metals, whose
complexes with different ligands have shown potential
activity against different diseases.

Table 1: Pharmacological activities of metal-based complexes

Metal | Pharmacological effect

Ag anticancer [8-12], antimicrobial [13,14]

Au anticancer [8-10,15-20], anti-rheumatic [4], antimicrobial [21-23], antimalarial [24], anti-Leishmanial [4]

antifungal [3], antimalarial [41]

B multiple myeloma, antitrypanosomal [4]
Cr anticancer [25], antimicrobial [26-28]
Co anticancer [29-36], antioxidant [4], anti-Alzheimer [37], anti-inflammatory [38], antimicrobial [39-40],
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Cu anticancer [42,43], antioxidant [4], anti-Alzheimer [44], anti-inflammatory [45], antimicrobial
[26,27,40,46,47], anti-Mycobacterium tuberculosis [48], antifungal [3], antimalarial [41]

Fe anticancer [8,49,50], antioxidant [4], antidiabetic [51], antimicrobial [26-28], anti-Mycobacterium
tuberculosis [52], antimalarial [41]

Mo anticancer [8,53], antidiabetic [1,2]

Mn anticancer [8], antioxidant [54], antiinflammatory [1], antimicrobial [28,55]

Ni anticancer [8,56,57], antioxidant [1], anti-Alzheimer [37], anti-inflammatory [4], antimicrobial [58],
antifungal [3]

Zn anticancer [8,59-61], antioxidant [1], antidiabetic [1,2], antimicrobial [40,62], antimalarial [24]

Ce anticancer [8,63,64], antioxidant [65]

Ga anticancer [8], antioxidant [66], antimicrobial [67-69], antimalarial [24]

Ir anticancer [8,70], antibacterial [71], anti-Leishmanial [4], antitrypanosomal [72]

La anticancer [73], antioxidant [66,74], antimicrobial [75], anti-Leishmanial [76]

Nd anticancer [64], antioxidant [65]

Os anticancer [8,70], antimalarial [24], anti-Leishmanial [1], antitrypanosomal [72], anti-Mycobacterium
tuberculosis [77]

Pd anticancer [8], anti-Alzheimer [37], antimicrobial, antifungal [40], antimalarial [24], antitrypanosomal [72]

Rh anticancer [8,78-80], antimicrobial [81]

Ru anticancer [8,82-95], anti-Alzheimer [96], anti-inflammatory [45], antimicrobial [97], anti-Mycobacterium
tuberculosis, antifungal, antiamoebic, antimalarial and anti-Chagas disease [98], anti-Leishmanial [4]

\% anticancer [8], anti-Alzheimer [99, antidiabetic [99]

complexes are combinations of anticancer and the

The more pronounced different effects of metal 4) anti-Mycobacterium tuberculosis: Cu [48], Fe

[52], Os [77];

following different activities: 5) antifungal: Co, Cu, Ni [3], Pd [40];
1) anti-Alzheimer : Co [37], Cu [44], Ni [37], Pd 6) anti-Leishmanial: Au, Ir, Ru [4], Os, Pd, La
[74], Ru [96], V [99]; [76];
2) antioxidant: Co, Cu, Fe [4], Ni, Zn [4], Mn [54], 7) antitrypanosomal: B [4], Ir, Os, Pd [72];
Ce, Nd [65], Ga [66], La [66, 74]; 8) antiinflammatory: Co [38], Cu [45], Mn, Ni [4],
3) antimicrobial: Ag [13,14], Au [21-23], Cr [26- Ru [45];
28], Co [39,40], Cu [26,27,40,46,47], Fe [26- 9) anti-rheumatic: Au [4].
28], Mn [28,55], Ni[58], Zn [40,55,62], Ga [67-
69], Ir [71], La [75], Pd [40], Ru [97]; Table 2. presents different pharmacological activities of
antimalarial: Au [24], Co, Cu, Fe [41], Zn, Ga, metal complexes with specific ligands.
Os, Pd [24];
Table 2: Different pharmacological activities of metal complexes with specific ligands
Metal Ligand Pharmacological effect
Ag(D) N-heterocyclic carbenes [100] anticancer, antioxidant
Co (III) 2-acetylpyridine thiosemicarbazones [101] anticancer, antioxidant
N-heterocyclic carbenes
Cr (II) picolinate, dipicolinate, oxalate, 2,2'-bipyridine anticancer, antioxidant
4,4'-dimethoxy-2,2'-bipyridine [102] antimicrobial
Cu(l) 5-dimethyl-2-phenyl-4-[(pyridin-2-ylmethylene)-amino]-1,2- anticancer, antioxidant
dihydro-pyrazol-3-one Schiff base [103]
Cu(Il) complexes of dien and its Schiff dibases with heterocyclic anticancer,
aldehydes and 2-amino-2-thiazoline [104] anti-inflammatory
Ni (D) Macrocyclic complex [105] anticancer, antioxidant
Zn (1) S-methyl dithiocarbazone Schiff base [106] anticancer,
antimicrobial
Pd (ID 3-methoxy salicylaldehyde-thiosemicarbazones [107] anticancer, antibacterial
Pd (1D thiosemicarbazones [108] anticancer, antiviral
adamantloylhydrazone--diphenylphosphino) benzaldehyde [109]
Pd (ID) N, N-ligands derived from pyrazole [110] anticancer, antimalarial
C,N,N"" ligands derived from pyrazole [110]
Ag(D), Au(l), Pd(IT) | N-heterocyclic carbene complexes [111] anticancer,
antimicrobial
Cu (1), Co (II) Antipyrine [112] anticancer, antioxidant
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Cu (II), Ni (I)

2-[3-methyl-2-thienylmethylene] hydrazine carboxamide [113]

anticancer,
antimicrobial
antifungal

Ni (1D, Pd (I)

[(1H-1,2 4-triazole-3-ylimino)methyl]naphthalene-2-0l [114]

anticancer, antioxidant

Mn (IIT), Zn (I) macrocyclic ligands [115]

anticancer, antioxidant

Co(1I), Cu(II) N-isonicotinoyl-N'-(3-methoxy-2-hydroxybenzaldehyde)- anticancer,

Ni(ID), Zn(II) hydrazone [116] antimicrobial

Co(II), Cu(I) 8-hydroxyquinoline [117] anticancer, antioxidant
Ni(II), Zn(ID) 2-hydroxynapthaldehyde; salicylaldehyde hydrazones [117] antimicrobial

1,10-phenanthroline/4-nitrophenyl)quinoxaline-2,3-diamine [118]

Co(1I), Cu(1l),
Ni(I), Zn(ID),
Mn(II)

N-(furan-2-yl-methylene)quinolin-8-amine [119]

anticancer, antioxidant,
antimicrobial

Schiff base metal agents possess antimicrobial,
antifungal, antiviral, anti-inflammatory, antioxidant, and
anticancer activities [4]. N-heterocyclic carbene
derivatives [111] are included as ligands in Ag, Au, and
Pd complexes with anticancer, and antimicrobial
activity. The same effects were investigated in Co (II),
Cu (1), Ni (II), and Zn (IT) compounds with a hydrazone
derivative as the ligand [116]. Anticancer and
antioxidant effects display complexes of Cu (II) and Co
(II) with Antipyrine [112], Ni (II), and Pd (II) with a
naphthalene derivative [114], and Mn (II), Zn (II) with
macrocyclic ligands [115].

II. non-platinum metal-based complexes as potential
anticancer agents

II.1. Type of metals included in the chemical
structure of anticancer metal-based complexes with
antiproliferative activity

Complexes of the following metals are potential
therapeutic agents for medical applications due to
possess antiproliferative activity [8]: Ag(I) [9,10], Au(l)
[10], Au(IIl) [13], Ce(II]) [63], Co(II), Co(II) [29,30],
Cr(I1I) [120], Cu(1l) [42], Fe(IlI) [49,50], Mo(1I) [53],
Ni(ID) [56], Zn(1]) [59], Ce(1V) [64], Eu(I1l) [73], Ga(I1l)
[1], Ir(IID) [70,71,121], Nd(III) [64], Os(D) [71, 121,
122], Re(I) [71, 123-124], Rh(III) [78, 125], Ru(ll),
Ru(III) [82-84,121,122], Ti(IV) [126], V(IV) [127].

I1.2. Type of ligands included in the chemical
structure of anticancer metal-based complexes with
antiproliferative activity

I1.2.1. Common ligands in the chemical structure of
metal-based complexes

The most common ligands included in the structure of
metal complexes are presented in Table 3.

Table 3. Common ligands included in the chemical structure of metal-based complexes.

Ligands - derivatives of: Metals

pyridine Ag(D) [11], Au(III) [19], Co(III) [34], Zn(II)
[60], Rh(III) [80], Ru(Il) [§9-91]

pyrazine Ag() 9]

imidazole Ag(D)[12]

benzimidazole Cu (II) [43]

bis-benzimidazole Zn (II) [59]

naphthopyrane Ru (II) [93]

oxadiazole Ag(D) [10], Au(D) [17]

quinoline: Co (ITI) [36]

1,10-phenanthroline Co (ITD) [35]

porphyrin Au (IID) [15]

hematoporphyrin IX Au (IT) [18]

thiosemicarbazone Co (1IT) [34], Zn(II) [60]

Ligands such as shiff bases and N-heterocyclic
carbene derivatives are also the most common. Shiff base
metal agents and N-heterocyclic carbene derivatives
belong to the most investigated types of anticancer
organometal compounds [128]. Schiff bases of pyrazine
and thiazole: Ag(I) [9], and benzimidazole: Cu (IT) [43]
have been shown to exert antiproliferative properties.

Very often in structures of organic complexes
of Ag(l) [10], Au(I) [10, 17], Ni(II) [57], and Ir(I) [71]
are included N-heterocyclic carbenes, with substituents
as 1,2,4-oxadiazole in Ag(I) [10] and Au(I) [17] agents,
4,5-dichloro-1H-imidazole in Ag(I) compounds [12],
and Caffeine-based N-heterocyclic carbenes in Au(l)
organometal agents [16]. Table 4. presents anticancer
complexes of metals with specific ligands.
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Table 4: Anticancer complexes of metals with specific ligands.

Metal | Ligand

Ag(D) pyridine 2.6-derivatives [11]; pyrazine and thiazole Schiff bases [9]
N-heterocyclic carbenes with 1,2,4-oxadiazole substituents [10]
N-heterocyclic carbenes with 4,5-dichloro-1H-imidazole [12]

Au(l) Caffeine-based N-heterocyclic carbenes [16]

N-heterocyclic carbenes with 1,2,4-oxadiazole substituents [10,17]

Au (II) | hematoporphyrin IX [18]

Au (IIT) | bipyridine [19]; 2-[(dimethylamino)methyl] phenyl [20]; porphyrin [15]

Co(Ill) | acetylene-hexacarbonyl complexes [31]; acetylsalicylic acid - alkyne complexes [32]
enkephalin-alkyne-carbonyl conjugates [33]; 2-acetylpyridine thiosemicarbazones [34]; 1,10-
phenanthroline-5,6-dione [35]; 5-chloro-8-hydroxyquinolines [36]
2-[{[2-(dimethylamino)ethyl]imino} methyl]-6-methoxyphenol [1]

Cu(l) triazol-dihydridobis((3-nitro-1,2,4-triazolyl) borate [129]

Adamantane- N-methyl-1,3,5-triaza-7-phosphoadamantane [130]

Cu () | N,N’-bis(substituted oxamides [131]

Cr (ITI) | tricarbonyl arene chromium [120]

Mo (II) | allyl dicarbonyl complexes with N-N coligands [53]

Ni (ID) N-heterocyclic carbenes [57]; triazine [56]

Zn (II) bis-benzimidazole [59]
2-acetyl pyridine 1-(4-fluorophenyl)-piperazinyl thiosemicarbazone [60=108]; salicylaldehyde [61]

Ce (III) | bis-coumarins [63-64]

Eu (III) | 5-Fluorouracil [73]

Ir(I) N-heterocyclic carbenes [71]

Ir(I1T) benzofuran [123]; pyridine-indole [132]

La (IIT) | 5-Fluorouracil [73]

Nd (III) | bis-coumarins [64]

Os (II) arene-picolinate derivatives [133]

Re(I) alkoxy- and hydroxyl- carbonyl complexes [134]
carbonyl 2-(dimethylamino) ethoxide complexes [135]
phosphine-derivatized amines [136]

Rh (II) | Ferrocene [79]; polypyridyl [80]

Ru (II) | amino acids [85]; glycyrrhetinic acid [86]; diamines [87] and diaminotriazines [88]; pyridine [89,90];
pyridine-Ferrocene [91]; naphthoquinone complexes with p-cymene [92]; naphthopyrans [93];
triphenylphosphine complexes [94]; Curcumin [95]

Complexes of more than one different metal
with the same type of ligand possess properties as
anticancer agents (Table 5.). Mercaptopyrimidine
derivative is included as an equal ligand in both Ag(l),
and Pd (II) organic complexes [137]. The most common
used ligands are derivatives of pyridine: Ag(I), Pd (II)

[137]; pyrolidine: Cu (II), Zu (II) [138]; triazine: Rh(I),
Ru (IT) [139]; piperidine: Zn (II), Pd (II) [ 140]. The most
investigated potential anticancer agents of different
metals with the same specific ligand are complexes of Co
(I), Ni (II), Cu (II), and Zn (IT) with Schiff bases of
quinoline, and pyridine derivatives [141]

Table 5: Anticancer complexes of different metals with equal ligands

Metal Ligand

Ag(D), Pd (1)

4,6-diamino-5-hydroxy-2-mercaptopyrimidine [137]; 2,2’-bipyridyl [137]

Cu(1l), Zu (1)

pyrolidine dithiocarbamate [138]

Rh(I), Ru (I)

2-amino-4-phenylamino-6-(2-pyridyl)-1,3,5-triazine [139]

Zn(11), Pd (I)

dipiperidine-2-carboxylic acid [140]

Co(II), Ni (II),
Cu(Il), Zn (I)

Schiff bases of 3-formyl quinoline and 2,6-diaminopyridine [141]
Schiff bases of 2-mercapto-3-formyl quinoline with 2,6-diaminopyridine [1]
schiff bases of 2-hydroxy-3-formylquinoline with 2,6-diaminopyridine [1]

Cu (II) complexes are the more suitable
example of complexes of the same metal with [different
ligands with anticancer activity. The most common

benzimidazoles,

ligands are derivatives of pyrrolidine, pyridine,
chinolone, purine or hydrazones,

oximes, and thiosemicarbazones (Table 6.)
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Table 6: Anticancer activity of Cu (II) complexes with specific different ligands

Ligands for Cu (II) complexes

I) Oxamides
1I) Pyrrolidine derivatives
IIT) Pyridine compounds

IV) Benzimidazoles [146]
V) Chinolone derivatives
VI) Pyrine analogs

VII) Schiff bases

VIII) Hydrazones [155]
IX) Thiosemicarbazones [156]
X) Oximes

XI) Mixed ligand Cu (II)
Complexes

N, N’-bis(substituted) [131]

Pyrrolidine dithiocarbamate [142]
2,4-diiodo-6-(pyridine-2-ylmethylamino) methyl phenolate [143]
2,6-bis(benzimidazo-2-yl) pyridine

(2-acetylpyridine) pyridine-2-carboxamidrazone [144]
pyridylmethylbenzene-1,4-diamine [ 145]

2,2-bipyridine/o-iodohippuric acid [147]

schiff base of benzimidazole [80]
N-propyl-Norfloxacin and 1,10-phenanthroline [148]
6-(2-chlorobenzyl amino) purine [149]
6-(3-chlorobenzylamino) purine [149]
aldehydes/2-amino-2-thiazoline [150]

vanillin-Schiff bases [151]
L-Glycine/1,10-Phenanthroline [152]
L-Tyrosine/salicylidene [153]

L-Valine/1,10- phenanthroline [154]

benzaldoxime [157]; resorcylaldoxime [157]; salicylaldoxime [158]

diimines/N,N-bis(benzimidazol-2-ylmethyl)amine [159]
diimines/L-Tyrosine [160]
hydroxyphenones/salicylaldehydes [161]

1,10 phenanthroline/bipyridine [[153]
1,10-phenanthroline/imidazolidine-2-thione [162]
1,10-phenanthroline/Doxycycline [163]
1,10-phenanthroline/Tetracycline [163]

An important trend in the investigation of novel
antineoplastic agents is the development of arene
complexes, derivatives of Ferrocene, and scorpionates.

CONCLUSION

The more pronounced different effects of metal
complexes are combinations of anticancer and the
following  different  activities:  anti-Alzheimer,
antioxidant, antimicrobial, antimalarial, anti-
Mycobacterium  tuberculosis,  antifungal,  anti-
Leishmanial, antitrypanosomal, antiinflammatory, anti-
rheumatic. Some metal-based complexes as Auranofin
and Bortezomib have been approved as drugs.

An important future trends include:

1) schiff base complexes of Co (II), Cu (II)
[164,165]. Ni (II), Mn (II), and Cd (1) [165];

2) scorpionate complexes, such as of Cu(l) [166],
Zn (1), Co (II) [167]. vanadium [168];

3) dinuclear complexes of Cu(l) [169];

4) mixed-ligand strategy [170];

5) Ruthenium (II) [171] arene complexes
containing ligands, such as benzhydrazone
[172]. isoquinoline [173]. Triazole [174],
quinoxaline [175];

6) iridium(I) [176], osmium (II) [177]. palladium
1D [178].

An important perspective trend is the
development of natural product-conjugated metal
complexes for cancer therapy with ligands from plant
origin as:

1) Ferrocene podophyllotoxin [179];
2) Ferrocene conjugates with flavonoids [180];
3) Ru (IT) complexes with 18B-glycyrrhetinic acid

[86]; naphthoquinone/p-cymene [92];

4) Curcumin metal-based complexes [95].

Funding: No funding was reported.

Conflicts of interest: The authors declare no conflict of
interest.

Author contributions: All authors have contributed
equal

Ethical statements

e  The authors declared that no clinical trials were
used in the present study.

e The authors declared that no experiments on
humans or human tissues were performed for
the present study.

e The authors declared that no informed consent
was obtained from the humans, donors or
donors’ representatives participating in the
study.

| © 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 61




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

e The authors declared that no experiments on
animals were performed for the present study.

e The authors declared that no commercially
available immortalized human and animal cell
lines were used in the present study

Data availability
All of the data that support the findings of this
study are available in the main text or Supplementary.

REFERENCES

1. Loginova, N.V.; Harbatsevich, H.I.; Osipovich,
N.P.; Ksendzova, G.A.; Kovalchuk, T.V.; Polozov,
G.I. Metal complexes as promising agents for

biomedical applications. Curr. Med.
Chem. 2020, 27(31), 5213-5249.
https://doi.org/10.2174/

0929867326666190417143533

2. Habala, L.; Valentova, J. Metal complexes in
medicine and pharmacy — the past and the present:
III. Ceska Slov. Farm. 2020, 69(3), 121-129.
PMID: 32972155

3. Mohammed, H.S.; Tripathi, V.D. Medicinal
applications of coordination complexes. J. Physics:
Conference Series 2020, 1664(1), 012070.
https://doi.org/10.1088/17426596/1664/1/012070

4. Selvaganapathy, M.; Raman, N. Pharmacological
activity of a few transition metal complexes: a short
review.J. Chem. Biol. Ther. 2016, 1(2), 108.
https://doi.org/10.4172/2572-0406.1000108

5. Chylewska, A.; Biedulska, M.; Sumczynski, P.;
Makowski, M. Metallopharmaceuticals in therapy —
a new horizon for scientific research. Curr. Med.
Chem. 2018, 25(15), 1729-1791.
https://doi.org/10.2174/
0929867325666171206102501

6. Anthony, E.J.; Bolitho, E.M.; Bridgewater, H.E.;
Carter, O.W.L.; Donnelly, J.M.; Imberti, C.; Lant,
E.C.; Lermyte, F.; Needham, R.J.; Palau, M. et al.
Metallodrugs are unique: opportunities and
challenges of discovery and development. Chem.
Sci. 2020, 11(48), 12888-12917.
https://doi.org/10.1039/d0sc04082g

7. Sodhi, RK.; Paul, M.S. Metal complexes in
medicine: an overview and update from drug design
perspective. Canc. Ther. Oncol. Int. J. 2019, 14(2),
555883.
https://doi.org/10.19080/CTO1J.2019.14.555883

8. Marloye, M.; Berger, G.; Gelbcke, M.; Dufrasne, F.
A survey of the mechanisms of action of anticancer
transition metal complexes. Future Med.
Chem. 2016, 8(18), 2263-2286.
https://doi.org/10.4155/fmc-2016-0153

9. Tan, X.J.; Liu, HZ.; Ye, C.Z.; Lou, J.F.; Liu, Y.;
Xing, D.; Li, S.; Liu, S.; Song, L. Synthesis,
characterization and in vitro cytotoxic properties of
new silver(I) complexes of two novel schiff bases
derived from thiazole and pyrazine. Polyhedron.
2014, 71(1), 119-132.
https://doi.org/10.1016/j.poly.2014.01.014

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Maftei, C.V.; Fodor, E.; Jones, P.G.; Freytag, M.;
Franz, M.H.; Kelter, G.; Fiebig, H.H.; Tamm, M.;
Neda, I. N-heterocyclic carbenes (NHC) with 1,2,4-
oxadiazole substituents related to natural products:
synthesis, structure and potential antitumor activity
of some corresponding gold(I) and silver(I)
complexes. Eur. J. Med. Chem. 2015, 101(28),431—
444. https://doi.org/10.1016/j.ejmech.2015.06.053
Ali, K.A.; Abd-Elzaher, M.M.; Mahmoud, K.
Synthesis and anticancer properties of silver(I)
complexes containing 2,6-bis(substituted)pyridine
derivatives. Int. J. Med. Chem. 2013, 2013(1),
256836. https://doi.org/10.1155/2013/256836
Medvetz, D.A.; Hindi, K.M.; Panzner, M.J.; Ditto,
A.J.; Yun, Y.H.; Youngs, W.J. Anticancer activity
of Ag(I) N-heterocyclic carbene complexes derived
from 4,5-dichloro-1H-imidazole. Metal Based
Drugs. 2008, 2008(1), 384010.
https://doi.org/10.1155/2008/384010

Bassetti, S.; Hu, J.; D’Agostino, R.B.; Sherertz, R.J.
Prolonged antimicrobial activity of catheter
containing  Chlorhexidine silver Sulfadiazine
extends protection against catheter infection in vivo.
Antimicrob. Agent Chemother. 2001, 45(5), 1535—
1538. https://doi.org/10.1128/AAC.45.5.1535-
1538.2001

Kascatan-Nebioglu, A.; Panzner, M.J.; Tessier,
C.A.; Cannon, C.L.; Youngs,W.J. N-heterocyclic
carbene-silver complexes: a new class of
antibiotics. Coord. Chem. Rev. 2007, 251(1), 884—
895. https://doi.org/10.1016/j.ccr.2006.08.019

Sun, R.W.Y.; Che, C.M. The anticancer properties
of gold(Il) compounds with dianionic porphyrin
and tetradentate ligands. Coord. Chem. Rev. 2009,
253(11-12), 1682-1691.
https://doi.org/10.1016/j.ccr.2009. 02.017

Bertrand, B.; Stefan, L.; Pirrotta, M.; Monchaud, D.;
Bodio, E.; Richard, P.; Le Gendre, P.; Warmerdam,
E.; de Jager, M.; Groothuis, G.M.M. ef al. Caffeine-
based gold(I) N-heterocyclic carbenes as possible
anticancer agents: synthesis and biological
properties. Inorg. Chem. 2014, 53(4), 2296-2303.
https://doi.org/10.1021/ic403011h

Mora, M.; Gimeno, M.C.; Visbal, R. Recent
advances in gold-NHC complexes with biological
properties. Chem. Soc. Rev. 2019, 48(2), 447—462.
https://doi.org/10.1039/c8cs00570b

Momekov, G.; Ferdinandov, D.; Konstantinov, S.;
Arpadjan, S.; Tsekova, D.; Gencheva, G.; Bontchev,
P.R.; Karaivanova, M. In vitro evaluation of a stable
monomeric gold(IT) complex with hematoporphyrin
IX: cytotoxicity against tumor kidney cells, cellular
accumulation and induction of apoptosis. Bioinorg.
Chem.  Appl. 2008,  2008(1), 367471.
https://doi.org/10.1155/2008/367471

Marcon, G.; Carotti, S.; Coronnello, M.; Messori,
L.; Mini, E.; Orioli, P.; Mazzie, T.; Cinellu, M.A_;
Minghetti, G. Gold(IIT) complexes with bipyridyl
ligands: solution chemistry, cytotoxicity, and DNA

| © 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 62




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

binding properties. J. Med. Chem. 2002, 45(8),
1672-1677. https://doi.org/10.1021/jm010997w
Messori, L.; Abbate, F.; Marcon, G.; Orioli, P.;
Fontani, M.; Mini, E.; Carroti, S. Gold(III)
complexes as potential anti tumor agents: solution
chemistry, cytotoxicity and DNA binding
properties. J. Med. Chem. 2000, 43(19),3541-3548.
https://doi.org/ 10.1021/jm990492u

Harbut, M.B.; Vilchéze, C.; Luo, X.; Hensler, M.E.;
Guo, H.; Yang, B.; Chatterjee, A.K.; Nizet, V.;
Jacobs, W.R.; Schultz, P.G. et al. Auranofin exerts
broad-spectrum bactericidal activities by targeting
thiol-redox homeostasis. Proc. Natl. Acad. Sci.
USA. 2015, 112(14), 4453-4458.
https://doi.org/10.1073/pnas.1504022112

Glisi¢, B.D.; Djuran, M.I. Gold complexes as
antimicrobial agents: an overview of different
biological activities in relation to the oxidation state
of the gold ion and the ligand structure. Dalton
Trans. 2014, 43, 5950-5969.
https://doi.org/10.1039/c4dt00022f

Ozdemir, I.; Denizci, A.; Ozturk, H.T.; Cetinkaya,
B. Synthetic and antimicrobial studies on new
gold(I) complexes of imidazolidin-2-ylidenes. Appl.
Organomet. Chem. 2004, 18(7), 318-322.
https://doi.org/10.1002/a0c.668

Navarro, M.; Castro, W.; Madamet, M.; Amalvict,
R.; Benoit, N.; Pradines, B. Metalchloroquine
derivatives as possible antimalarial drugs:
evaluation of antimalarial activity and mode of
action. Malaria J. 2014, 13(1), 471.
https://doi.org/10.1186/1475-2875-13-471
Elloumi-Mseddi, J.; Mnif, S.; Akacha, N.; Hakim,
B.; Pigeon, P.; Jaouenb, G.; Top, S.; Aifa, S.
Selective cytotoxicity of arene tricarbonylchromium
towards tumour cell lines. J. Organometallic Chem.
2018, 862(5), 7-12.
https://doi.org/10.1016/j.jorganchem.2018.01.036
Frei, A. Metal complexes, an untapped source of
antibiotic potential? Antibiotics, 2020, 9(2), 90.
https://doi.org/10.3390/antibiotics9020090

Frei, A.; Zuegg, J.; Elliott, A.G.; Baker, M.V_;
Braese, S.; Brown, C.; Chen, F.; Dowson, C.G.;
Dujardin, G.; Jung, N. et al. Metal complexes as a
promising source for new antibiotics. Chem.
Sci. 2020, 11(17),4531-4531. https://doi.org/
10.1039/d0sc90075¢

Kumar, G.; Devi, S.; Johari, R.; Kumar, D.
Synthesis, spectral characterization and
antimicrobial evaluation of schiff base Cr(IIl),
Mn(I1I) and Fe(IIl) macrocyclic complexes. Eur. J.
Med. Chem. 2012, 52(1), 269-274.
https://doi.org/10.1016/j.ejmech.2012.03.025

Das, K.; Datta, A.; Liu, P.H.; Huang, J.; Hsu, C.;
Chang, W.; Machura, B.; Sinha, C. Structural
characterization of cobalt(Il) complexes of an N, O
donor schiff base and their activity on carcinoma
cells. Polyhedron, 2014, 71(1), 85-90.
https://doi.org/ 10.1016/j.poly.2013.12.035

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Munteanu, C.R.; Suntharalingam, K. Advances in
cobalt complexes as anticancer agents. Dalton
Trans. 2015, 44(31), 13796-13808.

Schmidt, K.; Jung, M.; Keilitz, R.; Schnurr, B.;
Gust, R.  Acetylenchexacarbonyl  dicobalt
complexes, a novel class of antitumor drugs. Inorg.
Chim. Acta. 2000, 306(1), 6-16.
https://doi.org/10.1016/S0020-1693(00)00139-0
Ott, I.; Schmidt, K.; Kircher, B.; Schumacher, P.;
Wiglenda, T.; Gust, R. Antitumor-active cobalt-
alkyne complexes derived from acetylsalicylic acid:
studies on the mode of drug action. J. Med. Chem.
2005, 48(2), 622-629.
https://doi.org/10.1021/jm049326z

Neukamm, M.A.; Pinto, A.; Metzler-Nolte, N.
Synthesis and cytotoxicity of a cobalt-carbonyl-
alkyne enkephalin bioconjugate. Chem. Commun.
2008, 2, 232-234. https://doi.org/10.1039/b712886j
Manikandan, R.; Viswanathamurthi, P.;
Velmurugan, K.; Nandhakumar, R.; Hashimoto, T.;
Endo, A. Synthesis, characterization and crystal
structure of cobalt(Ill) complexes containing 2-
acetylpyridine thiosemicarbazones: DNA/protein
interaction, radical scavenging and cytotoxic
activities. J. Photochem. Photobiol. Biol. 2014,
130(1), 205-216. https://doi.org/:
10.1016/j.jphotobiol.2013.11.008

Luis, D.V.; Silva, J.; Tomaz, A.l; de Almeida,
R.F.M.; Larguinho, M.; Baptista, P.V.; Martins,

LM.D.R.S.; Silva, T.F.S.; Borralho, P.M.;
Rodrigues, C.M.P. et al Insights into the
mechanisms underlying the antiproliferative

potential of a Co(II) coordination compound bearing
1,10-phenanthroline-5,6-dione: DNA and protein
interaction studies. J. Biol. Inorg.
Chem. 2014, 19(6), 787-803.
https://doi.org/10.1007/s00775-014-1110-0

Zhang, H.R.; Meng, T.; Liu, Y.C.; Chen, Z.F.; Liu,
Y.N.; Liang, H. Synthesis, characterization and
biological evaluation of a cobalt (II) complex with
5-chloro-8-hydroxyquinoline as anticancer agent:
synthesis and biological evaluation of a new Co-
quinoline complex. Appl.  Organomet. Chem.
2016, 3009), 740-747.
https://doi.org/10.1002/a0c.3498

Spinello, A.; Bonsignore, R.; Barone, G.; Keppler,
B.K.; Terenzi, A. Metal ions and metal complexes
in Alzheimer's disease. Curr. Pharm. Des. 2016,
22(26), 3996-4010.
https://doi.org/10.2174/1381612822666160520115
248

Dimiza, F.; Papadopoulos, A.N.; Tangoulis, V.;
Psycharis, V.; Raptopoulou, C.P.; Kessissoglou,
D.P.; Psomas, G. Biological evaluation of non-
steroidal  anti-inflammatory  drugs  cobalt(Il)
complexes. Dalton Trans. 2010, 39(19),4517-4528.
https://doi.org/10.1039/b927472¢

Irgi, E.P.; Geromichalos, G.D.; Balala, S.; Kljun, J.;
Kalogiannis, S.; Papadopoulos, A.; Turel, I;
Psomas, G. Cobalt(IT) complexes with the quinolone

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 63




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

antimicrobial drug oxolinic acid: structure and
biological perspectives. RSC Adv. 2015, 5(46),
36353-36367. https://doi.org/10.1039/c5ra05308k
Khosravi, F..; Mansouri-Torshizi, H. Antibacterial
combination therapy using Co*', Cu?', Zn?" and
Pd>" complexes: their calf thymus DNA binding
studies. J. Biomol. Struct. Dyn. 2018, 36(2), 512—
531.
https://doi.org/10.1080/07391102.2017.1281171
Hubin, T.J.; Amoyaw, P.N.A.; Roewe, K.D.;
Simpson, N.C.; Maples, R.D.; Freeman, T.N.; Cain,
AN.; Le, J.G.; Archibald, S.J.; Khan, S.I. et al.
Synthesis and antimalarial activity of metal
complexes of cross-bridged tetraazamacrocyclic
ligands. Bioorg. Med. Chem. 2014, 22(13), 3239—
3244, https://doi.org/10.1016/j.bmc.2014.05.003
Santini, C.; Pellei, M.; Gandin, V.; Porchia, M.;
Tisato, F.; Marzano, C. Advances in copper
complexes as anticancer agents. Chem. Rev. 2014,
114(1), 815-862. https://doi.org/10.1021/cr400135x
Song, W.J.; Cheng, J.P.; Jiang, D.H.; Guo, L.; Cai,
M.E.; Yang, H.; Lin, Q. Synthesis, interaction with
DNA and antiproliferative activities of two novel
Cu(Il) complexes with schiff base of
benzimidazoles. Spectrochimica Acta Part A:
Molecul. Biomol. Spectrosc. 2014, 121(1), 70-76.
https://doi.org/10.1016/j.saa.2013.09.142
Boulguemh, L.E.; Beghidja, A.; Khattabi, L.; Long,
J.; Beghidja, C. Monomeric and dimeric copper(Il)
complexes based on bidentate N’-(propan-2-
ylidene) thiophene carbohydrazide schiff base
ligand: synthesis, structure, magnetic properties,
antioxidant and anti-Alzheimer activities. Inorgan.
Chim. Acta. 2020, 507(1), 119519.
https://doi.org/10.1016/j.ica.2020.119519

Andrade, A.; Namora, S.F.; Woisky, R.G.; Wiezel,
G.; Najjar, R.; Sertié, J.A.; de Oliveira-Silva, D.
Synthesisand characterization of a diruthenium-
ibuprofenato complex comparing its anti-
inflammatory activity with that of acopper(Il)-
ibuprofenato complex.). Inorg. Biochem. 2000,
81(1-2), 23-27. https://doi.org/10.1016/s0162-
0134(00)00106-9

lTakovidis, I.; Delimaris, I.; Piperakis, S.M. Copper
and its complexes in medicine: a biochemical
approach. Mol. Biol. Int. 2011, 2011(1), 594529.
https://doi.org/10.4061/2011/594529

Raman, N.; Joseph, J.; Sakthivel, A.; Jeyamurugan,
R. Synthesis, structural characterization and
antimicrobial studies of novel schiff base copper(1l)
complexes. J. Chil. Chem. Soc. 2009, 54(4), 354—

357. https://doi.org/10.4067/s0717-
97072009000400006
Kharadi, G.J. Antitubercular and fluorescence

studies of copper(Il) complexes with quinolone
family member, Ciprofloxacin. Spectrochim. Acta A
Mol. Biomol. Spectrosc 2011, 79(5), 898-903.
https://doi.org/10.1016/j.saa.2011.03.032

Bouché, M.; Hognon, C.; Grandemange, S.; Monari,
A.; Gros, P.C. Recent advances in iron-complexes

50.

51.

52.

53.

54.

55.

56.

57.

58.

as drug candidates for cancer therapy: reactivity,
mechanism of action and metabolites. Dalton Trans.
2020, 49(33), 11451-11466.
https://doi.org/10.1039/DODT02135k

Wani, W.A.; Baig, U.; Shreaz, S.; Shiekh, R.; Igbal,
P.; Jameel, E.; Ahmad, A.; Mohd-Setapar, S.;
Mushtaque, M.; Hun, L.T. Recent advances in iron
complexes as potential anticancer agents. New J.
Chem. 2016, 40(2), 1063-1090. https://doi.org/
10.1039/c5nj01449b

Kongot, M.; Reddy, D.S.; Singh, V.; Patel, R,;
Singhal, N.K.; Kumar, A. Oxidovanadium(IV) and
iron(Ill) complexes with O,N, donor linkage as
plausible antidiabetic  candidates:  synthesis,
structural characterizations, glucose uptake and
model biological media studies. Appl. Organometal.
Chem. 2019, 34(2), e5327.
https://doi.org/10.1002/a0c.5327

Tarallo, M.B.; Urquiola, C.; Monge, A.V.; Costa,
B.P.; Ribeiro, R.R.; Costa-Filho, A.J.; Mercader,
R.C.; Pavan, F.R.; Leite, C.Q.F.; Torre, M.H. et al.
Design of novel iron compounds as potential
therapeutic agents against tuberculosis. J. Inorg.
Biochem. 2010, 7104(11), 1164-1170.
https://doi.org/10.1016/j.jinorgbio.2010.07.005
Pfeiffer, H.; Dragoun, M.; Prokop, A.;
Schatzschneider,  U. Biological  activity  of
molybdenum(ITI) allyl dicarbonyl complexes with N-
N coligands of variable aromatic surface area on
adherent and non-adherent human cancer cells. Z.
Anorg. Allg. Chem. 2013, 639(8-9), 1568—1576.
https://doi.org/10.1002/zaac.201300055

Failli, P.; Bani, D.; Bencini, A.; Cantore, M.;
Mannelli, L.C.; Ghelardini, C.; Giorgi, C.;
Innocenti, M.; Rugi, F.; Spepi, A. et al. A novel
manganese complex effective as superoxide anion
scavenger and therapeutic agent against cell and
tissue oxidative injury. J. Med. Chem. 2009, 52(22),
7273-7283. https://doi.org/10.1021/jm901298x
Uivarosi, V. Metal complexes of quinolone
antibiotics and  their applications: an
update. Molecules 2013, 18(9), 11153-11197.
https://doi.org/10.3390/molecules 180911153

Duan, R.R.; Ou, Z.B.; Wang, W.; Chen, S.; Zhou,
X.H. Synthesis, crystal structures,
photoluminescence properties and DNA binding of
triazine nickel(I) complexes for DNA detection.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 2015,
151(1), 64-71.
https://doi.org/10.1016/j.saa.2015.05.063

Ray, S.; Asthana, J.; Tanski, J.M.; Shaikh, M.M.;
Panda, D.; Ghosh, P. Design of nickel chelates of
tetradentate N-heterocyclic carbenes with subdued
cytotoxicity. J. Organomet. Chem. 2009, 694(15),
2328-2335.

Mondelli, M.; Bruné, V.; Borthagaray, G.; Ellena, J.;
Nascimento, O.R.; Leite, C.; Batista, A.; Torre, M.

New Ni(Il)-sulfonamide complexes: synthesis,
structural  characterization and  antibacterial
properties. X-ray diffraction of

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 64




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

[Ni(sulfisoxazole)2(H,0)4]-2H,O and
[Ni(sulfapyridine),]. J. Inorg. Biochem. 2008,
102(2), 285-292.
https://doi.org/10.1016/j.jinorgbio. 2007.09.001
Liu, S.; Cao, W.; Yu, L.; Zheng, W.; Li, L.; Fan, C.;
Chen, T. Zinc(Il) complexes containing bis-
benzimidazole derivatives as a new class of
apoptosis inducers that trigger DNA damage-
mediated p53  phosphorylation in  cancer
cells. Dalton Trans. 2013, 42(16), 5932-5940.
https://doi.org/10.1039/c3dt33077j

Stanojkovic, T.P.; Kovala-Demertzi, D.; Primikyri,
A.; Garcia-Santos, I.; Castineiras, A.; Juranic, Z.;
Demertzis, M.A. Zinc(II) complexes of 2-acetyl
pyridine 1-(4-fluorophenyl)-piperazinyl
thiosemicarbazone: synthesis, spectroscopic study
and crystal structures - potential anticancer drugs. J.
Inorg. Biochem. 2010, 104(4), 467-476.
https://doi.org/10.1016/j.jinorgbio.2009.12.021
Zianna, A.; Psomas, G.; Hatzidimitriou, A.;
Coutouli-Argyropoulou, E.; Lalia-Kantouri, M.
Zinc complexes of salicylaldehydes: synthesis,
characterization and DNA-binding properties. J.
Inorg.  Biochem. 2013, 127(1), 116-126.
https://doi.org/10.1016/j.jinorgbio.2013.07.031
Alaghaz, ANM.A. Synthesis, spectral
characterization,  molecular = modeling  and
antimicrobial activity studies on 2-aminopyridine-
cyclodiphosph-(V)-azane derivative and its homo-
binuclear zinc(I) complexes. J. Mol. Struct. 2014,
1068(1), 27-42.
https://doi.org/10.1016/j.molstruc.2014.03.048
Kostova, 1.; Manolov, I.; Momekov, G.; Tzanova,
T.; Konstantinov, S.; Karaivanova, M. Cytotoxic
activity of new cerium(Ill) complexes of bis-
coumarins. Eur. J. Med. Chem. 2005, 40(12), 1246—
1254. https://doi.org/10.1016/j.ejmech.2005.07.010
Kostova, 1.; Rastogi, V.K.; Kiefer, W.; Kostovski,
A. New cerium(III) and neodymium(IIl) complexes
as cytotoxic agents. Appl.Organometal. Chem. 2006,
20(1),483-493. https://doi.org/10.1002/a0c.1113
Kostova, I.; Traykova, M. Cerium(Ill) and
neodymium(III) complexes as scavengers of X/XO-
derived superoxide radical. Med. Chem. 2006, 2(5),
463-470.
https://doi.org/10.2174/157340606778250289
Todorov, L.; Kostova, 1.; Traykova, M. Lanthanum,
gallium and their impact on oxidative stress. Curr.
Med.  Chem. 2019, 26(22), 4280-4295.
https://doi.org/10.2174/0929867326666190104165
311

Hijazi, S.; Visaggio, D.; Pirolo, M.; Frangipani, E.;
Bernstein, L.; Visca, P. Antimicrobial activity of
gallium compounds on ESKAPE pathogens. Front.
Cell. Infect. Microbiol. 2018, &(1), 316.
https://doi.org/10.3389/fcimb.2018.00316

Pandey, A.; Savino, C.; Ahn, S.H.; Yang, Z.; Van
Lanen, S.G.; Boros, E. Theranostic gallium
ssiderophore Ciprofloxacin conjugate with broad
spectrum antibiotic potency. J. Med. Chem. 2019,

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

62(21), 9947-9960.
acs.jmedchem.9b01388
Choi, S.-R.; Britigan, B.E.; Narayanasamy, P. Dual
inhibition of  Klebsiella  pneumoniae  and
Pseudomonas aeruginosa iron metabolism using
gallium porphyrin and gallium nitrate. ACS Infect.

https://doi.org/10.1021/

Dis. 2019, 5¢9), 1559-1569. https://doi.org
10.1021/acsinfecdis.9b0010
Konkankit, C.C.; Marke, S.C.; Knopf, K.M.;

Wilson, J.J. Anticancer activity of complexes of the
third row transition metals, rhenium, osmium, and
iridium. Dalton Trans. 2018, 47(30), 9934-9974.
https://doi.org/10.1039/c8dt01858h

Chen, F.; Moat, J.; McFeely, D.; Clarkson, G.;
Hands-Portman, 1.J.; Furner-Pardoe, J.P.; Harrison,
F.; Dowson, C.G.; Sadler, P.J. Biguanide
iridium(IIl) complexes with potent antimicrobial
activity. J. Med. Chem. 2018, 61(16), 7330-7344.
https://doi.org/10.1021/acs.jmedchem.8b00906

Lorisean, P.M.; Carciunescu, D.G.; Villarejo,
D.J.C; Fombona C.G,; Gayyal, P.
Pharmacomodulation of new organometallic

complexes of Ir, Pt, Os, Rh, Pd: in vivo and in vitro
trypanocidal study against Trypanosoma brucci
brucci. Trop. Med. Parasitol. 1992, 43(2), 110-114.
PMID: 1519021

Abo-El-Maali, N.; Wahman, A.Y.; Aly, A.AM,;
Nassar, A.Y.; Sayed, D.M. Anticancer activity of
lanthanum(II) and europium(IIl) 5-Fluorouracil
complexes on Caco-2 cell line. Appl
Organometal.Chem. 2020, 34(6), e5594.
https://doi.org/10.1002/a0c.5594

Kostova, I.; Traykova, M.; Rastogi, V.K. New
lanthanide complexes with antioxidant activity.
Med. Chem. 2008, 4(4), 371-378.
https://doi.org/10.2174/157340608784872181
Gudasi, K.B.; Havanur, V.C.; Patil, S.A.; Patil, B.R.
Antimicrobial study of newly synthesized
lanthanide(Ill) complexes of 2-[2-hydroxy-3-
methoxyphenyl]-3-[2-hydroxy-3-
methoxybenzylamino]-1,2-dihydro-quinazolin-
4(3H)-one. Metal Based Drugs 2007, 2007(1),
37348. https://doi.org/10.1155/2007/37348
Caballero, A.B.; Rodriguez-Diéguez, A.; Salas,
J.M.; Sanchez-Moreno, M.; Marin, C.; Ramirez-
Macias, I.; Santamaria-Diaz, N.; Gutiérrez-Sanchez,
R. Lanthanide complexes containing S-methyl-
1,2,4-triazolo[1,5-a]pyrimidin-7(4H)-one and their
therapeutic potential to fight Leishmaniasis and
Chagas disease. J. Inorg. Biochem. 2014, 138(1),
39-46.
https://doi.org/10.1016/j.jinorgbio.2014.04.016
Coverdale, J.P.C.; Guy, C.S.; Bridgewater, H.E.;
Needham, R.J.; Fullam, E.; Sadler, P.J. Osmium—

arene complexes with high potency
towards Mycobacterium tuberculosis. Metallomics.
2021, 13(4),

mfab007. https://doi.org/10.1093/mtomcs/mfab007
Ma, D.L.; Wang, M.; Mao, Z.; Yang, C.; Ng, C.T.;
Leung, C.H. Rhodium complexes as therapeutic

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 65




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

agents. Dalton Trans. 2016, 45(7), 2762-2771.
https://doi.org/10.1039/c5dt04338¢g

Weber, B.; Serafin, A.; Michie, J.; Van Rensburg,
C.E.J.; Swarts, J.C.; Bohm, L. Cytotoxicity and cell
death pathways invoked by two new rhodium-
ferrocene complexes in benign and malignant
prostatic cell lines. Anticancer Res. 2004, 24(28),

763-770. PMID: 15161024

Scharwitz, M.A.; Ott, I.; Geldmacher, Y.; Gust, R.;
Sheldrick, =~ W.S.  Cytotoxic  half-sandwich
rhodium(Ill)  complexes: polypyridyl ligand
influence on their DNA binding properties and
cellular uptake. J. Organomet. Chem. 2008,
693(13), 2299-2309.

https://doi.org/10.1016/j.jorganchem.2008.04.002
Li, F.; Collins, J.G.; Keene, F.R. Ruthenium
complexes as antimicrobial agents. Chem. Soc. Rev.
2015, 44(8), 2529-2542.
https://doi.org/10.1039/c4cs00343h

Kenny, R.G.; Marmion, C.J. Toward multi-targeted
platinum and ruthenium drugs — a new paradigm in
cancer srug treatment regimens? Chem. Rev. 2019,
119(2), 1058-1137. https://doi.org/10.1021/
acs.chemrev.8b00271

Meier-Menches, S.M.; Gerner, C.; Berger, W.;
Hartinger, C.G.; Keppler, B.K. Structure-activity
relationships for ruthenium and osmium anticancer
agents — towards clinical development. Chem. Soc.
Rev. 2018, 47(3), 909-928. https://doi.org/
10.1039/c7¢s00332¢

Thota, S.; Rodrigues, D.A.; Crans, D.C.; Barreiro,
E.J. Ru(Il) compounds: next-generation anticancer
metallotherapeutics? J. Med. Chem. 2018, 61(14),
5805-5821.
https://doi.org/10.1021/acs.jmedchem.7b01689
Dos Santos, E.R.; Corréa, R.S.; Pozzi, L.V
Graminha, A.E.; Selistre-de-Aratjo, H.S.; Pavan,

F.R.; Batista, A.A. Antitumor and anti-
Mycobacterium tuberculosis agents based on
cationic ruthenium complexes with amino acids.
Inorg.  Chim. Acta. 2017, 463(1), 1-6.

https://doi.org/10.1016/j.ica.2017.04.012

Kong, Y.; Chen, F.; Su, Z.; Qian, Y.; Wang, F.X.;
Wang, X.; Zhao, J.; Mao, Z.W.; Liu, H.K. Bioactive
ruthenium(II)-arene complexes containing modified
18B-glycyrrhetinic acid ligands. J. Inorg. Biochem.
2018, 182(1), 194-199.
https://doi.org/10.1016/j.jinorgbio.2018.02.004
Bugarcic, T.; Habtemariam, A.; Deeth, R.J;
Fabbiani, F.P.A.; Parsons, S.; Sadler, P.J.
Ruthenium(Il) arene anticancer complexes with
redox-active diamine ligands. Inorg. Chem. 2009,
48(19), 9444-9453.
https://doi.org/10.1021/ic9013366

Busto, N.; Valladolid, J.; Aliende, C.; Jalon, F.A.;
Manzano, B.R.; Rodriguez, A.M.; Gaspar, J.F.;
Martins, C.; Biver, T.; Espino, G. et al. Preparation
of organometallic ruthenium-arene-diaminotriazine
complexes as binding agents to DNA. Chemistry —

89.

90.

91.

92.

93.

94.

95.

96.

917.

Asian J. 2012, 7(4),
https://doi.org/10.1002/asia.201100883
Mital, M.; Ziora, Z. Biological applications of Ru(Il)
polypyridyl complexes. Coord. Chem. Rev. 2018,
375(1), 434-458.
https://doi.org/10.1016/j.ccr.2018.02.013

Poynton, F.E.; Bright, S.A.; Blasco, S.; Williams,
D.C.; Kelly, JM.; Gunnlaugsson, T. The
development  of  ruthenium(Il)  polypyridyl
complexes and conjugates for for in vitro cellular
and in vivo applications. Chem. Soc. Rev. 2017,
46(24), 7706-7756.
https://doi.org/10.1039/c7cs00680b

Auzias, M.; Therrien, B.; Suess-Fink, G.; Stepnicka,
P.; Ang, W.H.; Dyson, P.J. Ferrocenoyl pyridine
arene ruthenium complexes with anticancer
properties: synthesis, structure, electrochemistry,
and cytotoxicity. Inorg. Chem. 2008, 47(2), 578—
583. https://doi.org/10.1021/ic7018742

Tabrizi, L.; Chiniforoshan, H. Ruthenium(II) p-
cymene complexes of naphthoquinone derivatives
as antitumor agents: a structure-activity relationship
study. J. Organomet. Chem. 2016, 822(1), 211-220.
https://doi.org/10.1016/j.jorganchem.2016.09.003
Schmitt, F.; Kasparkova, J.; Brabec, V.; Begemann,
G.; Schobert, R.; Biersack, B. New arene
ruthenium(IT) complexes of 4-aryl-4H-
naphthopyrans with anticancer and anti-vascular
activities. J. Inorg. Biochem. 2018, 184(1), 69-78.
https://doi.org/10.1016/j.jinorgbio.2018.03.013
Oliveira, K.M.; Corréa, R.S.; Barbosa, M.I.; Ellena,
J; Cominetti, MR, Batista, AA.
Ruthenium(Il)/triphenylphosphine complexes: an
efective way to improve the cytotoxicity of lapachol.
Polyhedron. 2017, 130(1), 108-114.
https://doi.org/10.1016/j.poly.2017.04.005

Caruso, F.; Rossi, M.; Benson, A.; Opazo, C.;
Freedman, D.; Monti, E.; Gariboldi, M.B.; Shaulky,
J.; Marchetti, F.; Pettinari, R.; et al. Ruthenium-
arene complexes of curcumin: X-ray and density
functional theory structure, synthesis, and
spectroscopic characterization, in vitro antitumor
activity, and DNA docking studies of (p-cymene)
Ru (curcuminato) chloro. J. Med. Chem. 2012,
55(3), 1072-1081.
https://doi.org/10.1021/jm200912j

Messori, L.; Camarri, M.; Ferraro, T.; Gabbiani, C.;
Franceschini, D. Promising in vitro anti-Alzheimer
properties for a ruthenium (III) complex. ACS Med.
Chem. Lett. 2013, 403), 329-332.
https://doi.org/10.1021/m13003567

Weber, D.K.; Sani, M.-A.; Downton, M.T.;
Separovic, F.; Keene, F.R.; Collins, J.G. Membrane
insertion of a dinuclear polypyridylruthenium(II)
complex revealed by solid-state NMR and
molecular dynamics simulation: implications for
selective antibacterial activity. J. Am. Chem. Soc.
2016, 138(46), 15267-15277.
https://doi.org/10.1021/jacs.6b09996

788-801.

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 66




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

98. Sanchez-Delgado, R.A.; Navarro, M.; Pérez, H.;
Urbina, J.A. Toward a novel metal-based
chemotherapy against tropical diseases. Synthesis
and antimalarial activity in vitro and in vivo of new
ruthenium— and rhodium—Chloroquine complexes.
J  Med. Chem. 1996, 39(5), 1095-1099.
https://doi.org/10.1021/jm950729w

99. Dong, Y.; Stewart, T.; Zhang, Y.; Shi, M.; Tan, C;
Li, X.; Yuan, L.; Mehrotra, A.; Zhang, J.; Yang, X.
Anti-diabetic ~ vanadyl = complexes  reduced
Alzheimer’s disease pathology independent of
amyloid plaque deposition. Sci. China Life
Sci. 2019, 62(1), 126—
139. https://doi.org/10.1007/s11427-018-9350-1

100.Schmidt, C.; Karge, B.; Misgeld, R.; Prokop, A.;
Franke, R.; Bronstrup, M.; Ott, I. Gold(I) NHC
complexes: antiproliferative activity, cellular
uptake, inhibition of mammalian and bacterial
thioredoxin reductases, and gram-positive directed
antibacterial effects. Chem. FEur. J. 2017, 23(8),
1869-1880.
https://doi.org/10.1002/chem.201604512

101.Manikandan, R.; Viswanathamurthi, P.;
Velmurugan, K.; Nandhakumar, R.; Hashimoto, T.;
Endo, A. Synthesis, characterization and crystal
structure of cobalt(Il) complexes containing 2-
acetylpyridine thiosemicarbazones: DNA/protein
interaction, radical scavenging and cytotoxic
activities. J.  Photochem.  Photobiol.  B:
Biol. 2014, 130(1), 205-216. https://doi.org/
10.1016/j.jphotobiol.2013.11.008

102.Drzezdzon, J.; Koirschling, A.P.; Malinowski, J.;
Kloska, A.; Gawdzik, B.; Chmurzynski, L.;
Jacewicz, D. Antimicrobial, cytotoxic, and
antioxidant  activities and  physicochemical
characteristics of chromium(IIl) complexes with
picolinate, dipicolinate, oxalate, 2,2'-bipyridine, and
4,4'-dimethoxy-2,2'-bipyridine as ligands in
aqueous solutions. J. Mol. Liquids. 2019, 282(1),
441-447.
https://doi.org/10.1016/j.molliq.2019.03.049

103.Sathiyaraj, S.; Sampath, K.; Butcher, R.J;
Pallepogu, R.; Jayabalakrishnan, C. Designing,
structural elucidation, comparison of DNA binding,
cleavage, radical scavenging activity and anticancer
activity of copper(I) complex with 5-dimethyl-2-
phenyl-4-[(pyridin-2-ylmethylene)-amino]-1,2-
dihydro-pyrazol-3-one schiff base ligand. Eur. J.
Med. Chem. 2013, 64(1), 81—
89. https://doi.org10.1016/j.ejmech.2013.03.047

104.Chaviara, A.T; Cox, P.J.; Repana, K.H.; Papi, R.M;
Papazisis, K.T; Zambouli, D.; Kortsaris, A.H.;
Kyriakidis, D.A; Bolos, C.A. Copper(II) schiff base
coordination compounds of dien with heterocyclic
aldehydes and 2-amino-5-methyl-thiazole:
synthesis, characterization, antiproliferative and
antibacterial  studies.  Crystal structure of
CudienOOCL. J. Inorg.  Biochem. 2004, 98(8),
1271-1283.
https://doi.org/10.1016/].jinorgbio.2004.05.010

105.Ramadan, A.E.M.M. Macrocyclic  nickel(II)
complexes: synthesis, characterization, superoxide
scavenging activity and DNA-binding. J. Mol
Struct. 2012, 1015(1), 56—66.
https://doi.org/10.1016/j.molstruc.2012.01.048
106.Ramilo-Gomes, F.; Addis, Y.; Tekamo, I.; Cavaco,
I.; Campos, D.L.; Pavan, F.R.; Gomes, C.S.B.;
Brito, V.; Santos, A.O.; Domingues, F. et al
Antimicrobial and antitumor activity of S-methyl
dithiocarbazate schiff base zinc(II) complexes. J.
Inorg. Biochem. 2021, 216(1), 111331.
https://doi.org/10.1016/j.jinorgbio.2020.111331
107.Kalaivani, P.; Prabhakaran, R.; Ramachandran, E.;
Dallemer, F.; Paramaguru, G.; Renganathan, R.;
Poornima, P.; Padma, V.; Natarajan, K. Influence of
terminal substitution on structural, DNA, Protein
binding, anticancer and antibacterial activities of
palladium(IT) complexes containing 3-methoxy
salicylaldehyde-4(N) substituted thiosemicarba-
zones. Dalton Trans. 2012, 41(8), 2486-2499.
https://doi.org/10.1039/c1dt11838b
108.Karakiigiik-Iyidogan, A.; Tagdemir, D.; Orug-Emre,
E.E.; Balzarini, J. Novel platinum(Il) and
palladium(II) complexes of thiosemicarbazones
derived from S-substituted  thiophene-2-
carboxaldehydes and their antiviral and cytotoxic
activities. Eur. J. Med. Chem. 2011, 46(11), 5616—
5624. https://doi.org/10.1016/j.ejmech.2011.09.031
109.Simic, V.; Kolarevic, S.; Brceski, 1.; Jeremic-Jera,
D.; Vukovic-Gacic, B. Cytotoxicity and antiviral
activity of palladium(II) and platinum(II) complexes
with  2-(diphenylphosphino) benzaldehyde 1-
adamantoylhydrazone. Turk. J. Biol. 2016, 40(3),
661-669. https://doi.org/10.3906/biy-1503-23
110.Quirante, J.; Ruiz, D.; Gonzalez, A.; Loépez, C.;
Cascante, M.; Cortés, R.; Messeguer, R.; Calvis, C.;
Baldoma, L.; Pascual, A. et al Platinum(Il) and
palladium(Il) complexes with (N,N’) and
(CN,N)" ligands derived from pyrazole as
anticancer and antimalarial agents: synthesis,
characterization and in vitro activities. J. Inorg.
Biochem. 2011, 105(12), 1720-1728.
https://doi.org/10.1016/j.jinorgbio.2011.09.021
111.Ray, S.; Mohan, R.; Singh, J.K.; Samantaray, M.K.;
Shaikh, M.M.; Panda, D.; Ghosh, P. Anticancer and
antimicrobial metallopharmaceutical agents based
on palladium, gold, and silver N-heterocyclic
carbene complexes. J. Am. Chem. Soc. 2007,
129(48), 15042-15053.
https://doi.org/10.1021/ja075889z.
112.Sathiyaraj, S.; Sampath, K.; Raja, G.; Butcher, R.J;
Gupta, S.K.; Jayabalakrishnan, C. DNA
binding/cleavage, antioxidant and cytotoxic
activities of water soluble cobalt(Il) and copper(II)
Antipyrine complexes. Inorg. Chimica Acta 2013,
4006(1), 44-52.
https://doi.org/10.1016/j.ica.2013.07.001
113.Chandra, S.; Vandana; Kumar, S. Synthesis,
spectroscopic,  anticancer, antibacterial and
antifungal studies of Ni (I) and Cu(Il) complexes

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India | 67




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

with hydrazine carboxamide, 2-[3-methyl-2-thienyl
methylene]. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 2015, 135(1), 356-363.
https://doi.org/10.1016/j.saa.2014.06.143.
114.Gaber, M.; El-Ghamry, H.A.; Fathalla, S.K. Ni(Il),
Pd(II) and Pt(II) complexes of (1H-1,2,4-triazole-3-
ylimino)methyl]naphthalene-2-ol. Structural,
spectroscopic, biological, cytotoxicity, antioxidant
and DNA binding. Spectrochim. Acta Part A: Mol.
Biomol.  Spectrosc. 2015,  139(1),396—404.
https://doi.org/10.1016/j.saa.2014.12.057
115.Keypour, H.; Ansari, N.; Mahmoudabadi, M.;
Karamian, R.; Farida, S.H.M.; Moghadam, M.E.;
Gable, R.W. Mn(I1l), Zn(II) and Pt(II) macroacyclic
complexes: Synthesis, X-ray structures, anticancer
and antioxidant activities. Inorgan. Chim. Acta.
2020, 509(11), 119705.
https://doi.org/10.1016/j.ica.2020.119705
116.Cui, Y.; Wu, L.; Yue, W.; Lian, F.; Qu, J. Two
polypyridyl-chelating nickel(Il) and copper(Il)
complexes: synthesis, structural characterization
and in vitro anticancer  activity in  osteogenic
sarcoma. J. Mol. Structure 2019, 1191, 145-151.
https://doi.org/10.1016/j.molstruc.2019.04.081
117.Pramanik, A.; Laha, D.; Dash, S.K.; Chattopadhyay,
S.; Roy, S.; Das, D.K.; Pramanik, P.; Karmakar, P.
An in-vivo study for targeted delivery of copper-
organic complex to breast cancer using chitosan
polymer nanoparticles. Materials Sci. Engineer.
C, 2016, 68, 327-337.
https://doi.org/10.1016/j.msec.2016.05.014
118.Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.;
Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer
statistics 2020: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185
countries. Cancer J. Clin. 2021, 71(3), 209-249.
https://doi.org/10.3322/caac.21660
119.Ruiz, M.C.; Perelmulter, K.; Levin, P.; Romo,
A.LB.; Lemus, L.; Bollati-Fogolin, M.; Leon, L.E.;
Di Virgilio, A.L. Antiproliferative activity of two
copper(Il) complexes on colorectal cancer cell
models: Impact on ROS production, apoptosis
induction and NF-kB inhibition. Eur. J. Pharm. Sci.
2022, 169, 106092.
https://doi.org/10.1016/j.ejps.2021.106092
120.Jones, G.B.; Mathews, J.E. Tricarbonyl 16 arene
chromium(0) based antitumor agents. Bioorg. Med.
Chem. Lett. 1995, 5(1), 93-96.
https://doi.org/10.1016/0960-894X(94)00465-r
121.Chu, W.K.; Rono, C.K.; Makhubela, B.C.E. New
triazolyl N"N bidentate Rh(III), Ir(III), Ru(Il) and
Os(II) complexes: synthesis and characterization,
probing possible relations between cytotoxicity with
transfer hydrogenation efficacy and interaction with
model biomolecules. Molecules. 2022, 27, 2058.
https://doi.org/10.3390/molecules27072058
122.Meier-Menches, S.M.; Gerner, C.; Berger, W.;
Hartinger, C.G.; Keppler, B.K. Structure — activity
relationships for ruthenium and osmium anticancer
agents — towards clinical development. Chem. Soc.

Rev. 2018, 47(3), 909-928.
https://doi.org/10.1039/C7CS00332C

123.Bauer, E.B.; Haase, A.A.; Reich, R.M.; Crans, D.C.;
Kithn, F.E. Organometallic and coordination
rhenium compounds and their potential in cancer
therapy. Coord. Chem. Rev. 2019, 393(1), 79-117.
https://doi.org/10.1016/j.ccr.2019.04.014

124.Capper, M.S.; Packman, H.; Rehkdmper, M.
Rhenium-based complexes and in vivo testing: a
brief history. Chembiochem. 2020, 21(15), 2111—
2115. https://doi.org/10.1002/cbic.202000117

125.Malikova, K.; Masaryk, L.; Starha, P. Anticancer
half-sandwich rhodium(III)
complexes. Inorganics. 2021, 9(4), 26.
https://doi.org/10.3390/inorganics9040026

126.Caruso, F.; Rossi, M. Antitumor titanium
compounds. Mini Rev. Med. Chem. 2004, 4(1), 49—
60. https://doi.org/ 10.2174/1389557043487565

127.Kioseoglou, E.; Petanidis, S.; Gabriel, C.;
Salifoglou, A.The chemistry and biology of

vanadium compounds in cancer
therapeutics. Coordin. Chem. Rev. 2015, 301-
302(1), 87-105.

https://doi.org/10.1016/j.ccr.2015.03.010
128.Barry, N.P.E.; Sadler, P.J. 100 years of metal
coordination chemistry: from Alfred Werner to
anticancer metallodrugs. Pure Appl.
Chem. 2014, 86(12), 1897-1910.
https://doi.org/10.1515/pac-2014-0504
129.Marzano, C.; Pellei, M.; Alidori, S.; Brossa, A.;
Lobbia, G.G.; Tisato, F.; Santini, C. New copper(I)
phosphane complexes of dihydridobis(3-nitro-1,2,4-
triazolyl)borate ligand showing cytotoxic activity. J.
Inorg.  Biochem. 2006, 100(2), 299-304.
https://doi.org/10.1016/j.jinorgbio.2005.11.014
130.Porchia, M.; Benetollo, F.; Refosco, F.; Tisato, F.;
Marzano, C.; Gandin, V. Synthesis and structural
characterization of copper(I) complexes bearing N-
methyl-1,3,5-triaza-7-phosphaadamantane (mPTA).
Cytotoxic activity evaluation of a series of water
soluble Cu(I) derivatives containing PTA, PTAH
and mPTA ligands. J. Inorg. Biochem. 2009,
103(12), 1644-1651.
https://doi.org/10.1016/j.jinorgbio.2009.09.005
131.Zheng, K.; Zhu, L.; Li, Y.T.; Wu, Z.Y.; Yan, C.W.
Synthesis and crystal structure of new dicopper(II)
complexes having asymmetric N,N’-bis(substituted)
oxamides with DNA/protein binding ability: irn vitro
anticancer activity and molecular docking studies. J.
Photochem. Photobiol. B. 2015, 149(1), 129-142.
https://doi.org/10.1016/j.jphotobiol.2015.05.014
132.Lau, J.S.Y.; Lee, P.-K.; Tsang, K.H.K.; Ng, C.H.C.;
Lam, Y.-W.; Cheng, S.-H.; Lo, KKW.
Luminescent cyclometalated iridium(I1I)
polypyridine  indole = complexes;  synthesis,
photophysics, electrochemistry, protein-binding
properties, cytotoxicity, and cellular uptake. Inorg.
Chem. 2009, 48(2), 708-718.
https://doi.org/10.1021/ic801818x

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India | 68




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

133.Van Rijt, S.H.; Peacock, A.F.A.; Johnstone, R.D.L.;
Parsons, S.; Sadler, P.J. Organometallic osmium(II)
arene anticancer complexes containing picolinate
derivatives. Inorg. Chem. 2009, 48(4), 1753-1762.
https://doi.org/10.1021/ic8020222

134.Yan, Y.K.; Cho, S.E.; Shaffer, K.A.; Rowell, J.E.;
Barnes, B.J.; Hall, I.H. Cytotoxicity of rhenium(I)
alkoxo and hydroxo carbonyl complexes in murine
and human tumor cells. Pharmazie. 2000, 55(4),
307-313. PMID: 10798247

135.Wang, W.; Yan, Y.K.; Hor, T.S.A.; Vittal, J.J.;
Wheaton, J.R.; Hall, LH. Synthesis, X-ray
structures, and cytotoxicity of rhenium(I) carbonyl
2-(dimethylamino)ethoxide complexes.
Polyhedron. 2002, 21(20), 1991-1999.
https://doi.org/10.1016/s0277-5387(02)01045-8

136.Zhang, J.; Vittal, J.J.; Henderson, W.; Wheaton,
JR.; Hall, I.LH; Hor, T.S.A.; Yan, Y.K.
Tricarbonylrhenium(I) complexes of phosphine-
derivatized amines, amino acids and a model
peptide:  structures, solution behavior and
cytotoxicity. J. Organomet. Chem. 2002, 650(1-2),
123-132. https://doi.org/10.1016/s0022-
328x(02)01200-7

137.Mostafa, S.I.; Badria, F.A. Synthesis, spectroscopic,
and anticancerous properties of mixed ligand
palladium(II) and silver(I) complexes with 4,6-
diamino-5-hydroxy-2-mercaptopyrimidine and
2,2’-bipyridyl. Metal Based Drugs. 2008, 2008(1),
723634. https://doi.org/10.1155/2008/723634

138.Milacic, V.; Chen, D.; Giovagnini, L.; Diez, A.;
Fregona, D.; Dou, Q.P. Pyrrolidine dithiocarbamate-
zinc(II) and copper(Il) complexes induce apoptosis
in tumor cells by inhibiting the proteasomal activity.
Toxicol. Appl. Pharmacol. 2008, 231(1), 24-33.
https://doi.org/10.1016/j.taap.2008.03.009

139.Ma, D.-L.; Che, C.M.; Siu, F.M.; Yang, M.; Wong,
KY. DNA  binding and cytotoxicity of
ruthenium(Il) and rhenium(I) complexes of 2-
amino-4-phenylamino-6-(2-pyridyl)-1,3,5-triazine.
Inorg. Chem. 2007, 46(3), 740-749.
https://doi.org/10.1021/ic061518s

140.Alie-El-Deen, A.A.; El-Askalany, A.E.M.E.;
Halaoui, R.; Jean-Claude, B.J.; Butler, I.S.; Mostafa,
S.I. New zinc(Il), palladium(II) and platinum(II)
complexes of dipiperidine-2-carboxylic acid; X-ray
crystal structure of trans-[Zn,(u-Ca)(Hpa)2Clg] and
anticancer activity of some complexes. J. Mol
Struct. 2013, 1036(1), 161-167.
https://doi.org/10.1016/j.molstruc.2012.09.045

141.Narayanachar; Dhumwad, S.D.; Mutalik, S.; Hugar,
M.H,; Naik, P.N. Synthesis, spectral
characterization of Co(II), Ni(II), Cu(Il) and Zn(II)
complexes of schiff bases derived from 3-formyl
quinoline and 2,6-diaminopyridine and their
biological studies. Main Group
Chemistry. 2013, 12(1), 87-104. https://doi.org/
10.3233/MGC-130092

142.Chen, D.; Peng, F.; Cui, Q.C.; Daniel, K.G.; Orlu,
S.; Liu, J.; Dou, Q.P. Inhibition of prostate cancer

cellular proteasome activity by a pyrrolidine
dithiocarbamate copper complex is associated with
suppression of proliferation and induction of
apoptosis. Front. Biosci. 2005, 10(15), 2932-2939.
https://doi.org/10.2741/1749

143.Hindo, S.S.; Frezza, M.; Tomco, D.; Heeg, M.J;
Hryhorczuk, L.; McGarvey, B.R.; Dou, Q.P; Verani,
C.N. Metals in anticancer therapy: copper(Il)
complexes as inhibitors of the 20S proteasome. Eur.
J. Med. Chem. 2009, 44(11), 4353-4361.
https://doi.org/10.1016/j.ejmech.2009.05.019

144.Gokhale, N.H.; Padhye, S.S.; Padhye, S.B.; Anson,
C.E.; Powell, A.K. Copper complexes of
carboxamidrazone derivatives as anticancer agents.
Synthesis, characterization and crystal structure of
[Cu(appc)Cly], (appc=N1-(2-acetylpyridine)
pyridine-2-carboxamidrazone). Inorg. Chim. Acta.
2001, 319(1-2), 90-94. https://doi.org/
10.1016/S0020-1693(01)00446-7

145.Li, D.D.; Tian, J.L.; Gu, W.; Liu, X.; Zeng, H.H.;
Yan, S.P. DNA bindingoxidative DNA cleavage,
cytotoxicity, and apoptosis-inducing activity of
copper(Il) complexes with 1,4-tpbd (N,N,N’,N’-
tetrakis(2-pyridylmethyl)benzene-1,4-diamine)
ligand. J. Inorg. Biochem. 2011, 105(6), 894-901.
https://doi.org/10.1016/j.jinorgbio.2011.03.012

146.Song, W.J.; Lin, Q.Y.; Jiang, W.J.; Du, F.Y.; Qi,
Q.Y.; Wei, Q. Synthesis, interaction with DNA and
antiproliferative activities of two novel Cu(Il)
complexes with norcantharidin and benzimidazole
derivatives. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 2015, 137(1), 122-128.
https://doi.org/10.1016/j.saa.2014.08.069

147 Barcelo-Oliver, M.; Garcia-Raso, A.; Terron, A.;
Molins, E.; Prieto, M.J.; Moreno, V.; Martinez, J.;
Llado, V.; Lopez, I.; Gutiérrez, A. et al
Synthesisand mass spectroscopy kinetics of a novel
ternary copper(Il) complex with cytotoxic activity
against cancer cells.J. Inorg. Biochem. 2007, 101(4),
649-659.
https://doi.org/10.1016/].jinorgbio.2006.12.008

148.Katsarou, M.E.; Efthimiadou, E.K.; Psomas, G
Karaliota, A.; Vourloumis, S.D. Novel copper(Il)
complex of N-propyl-Norfloxacin and 1,10-
phenanthroline with enhanced antileukemic and
DNA nuclease activities. J. Med.Chem. 2008, 51(3),
470-478. https://doi.org/10.1021/jm7013259

149.Travnicek, Z.; Malof, M.; Sindelaf, Z.; Dolezal, K.;
Rol¢ik, J.; Krystof, V.; Strnad, M.; Marek, J.
Preparation, physicochemical properties and
biological activity of copper(Il) complexes with 6-
(2-chlorobenzylamino) purine (HL1) or 6-(3-
chlorobenzylamino) purine (HL2). The singlecrystal
X-ray structure of [Cu(H'L»)Cl3]CLLH,0. J. Inorg.
Biochem. 2001, 84(1-2), 23-32.
https://doi.org/10.1016/s0162-0134(00)00218-x

150.Chaviara, A.T.; Christidis, P.C.; Papageorgiou, A.;
Chrysogelou, E.; Hadjipavlou-Litina, D.J.; Bolos,
C.A. In vivo anticancer, anti-inflammatory, and
toxicity studies of mixed-ligand Cu(Il) complexes of

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India | 69




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

dien and its schiff dibases with heterocyclic
aldehydes and 2-amino-2-thiazoline. Crystal
structure  of  [Cu(dien)(Br)(2a-2tzn)](Br)(H20).
JInorg. Biochem. 2005, 99(11), 2102-2109.
https://doi.org/10.1016/j.jinorgbio.2005.07.011

151.Tabassum, S.; Amir, S.; Arjmand, F.; Pettinari, C.;
Marchetti, F.; Masciocchi, N.; Lupidi, G.; Pettinari,
R. Mixed ligand Cu(Il)-vanillin schiff base
complexes; effect of coligands on their DNA
binding, DNA cleavage, SOD mimetic and
anticancer activity. Eur. J. Med. Chem. 2013, 60(1),
216-232. https://doi.org/10.1016/j.ejmech.
2012.08.019

152.Martin-Hernandez, A.; Gracia-Mora, 1.; Ruiz-
Ramirez, L.; Moreno-Sanchez, R. Toxic effects of
copper-based antineoplastic drugs (Casiopeinas) on
mitochondrial functions. Biochem. Pharmacol.
2003, 65(12), 1979-1989.
https://doi.org/10.1016/s0006-2952(03)00212-0

153.Reddy, P.R.; Shilpa, A. Oxidative and hydrolytic
DNA cleavage by Cu(ll) complexes of salicylidene

tyrosine schiff base and 1,10-
phenanthroline/bipyridine.  Polyhedron. 2011,
30(4), 565-572.

https://doi.org/10.1016/j.poly.2010.11.015
154.Dong, J.; Li, L.; Liu, G; Xu, T.; Wang, D. Synthesis,
crystal structure and DNA-binding properties of a
new copper(Il) complex with L-Valine schiff-base
and 1,10-phenanthroline. J. Mol Struct. 2011,
986(1-3), 57-63.
https://doi.org/10.1016/j.molstruc.2010.11.036
155.Chew, S.T.; Lo, K.M.; Lee, S.K.; Heng, M.P.; Teoh,
W.Y.; Sim, K.S.; Tan, K.W. Copper complexes with
phosphonium  containing  hydrazone ligand:
topoisomerase inhibition and cytotoxicity study.
Eur. J. Med. Chem. 2014, 76(1), 397-407.
https://doi.org/10.1016/j.ejmech.2014.02.049
156.Hancock, C.N.; Stockwin, L.H.; Han, B.; Divelbiss,
R.D.; Jun, J.H.; Malhotra, S.V.; Hollingshead, M.G.;
Newton, D. A copper chelate of thiosemicarbazone
NSC 689534 induces oxidative/ER stress and
inhibits tumor growth in vitro and in vivo. Free
Radical Biol. Med. 2011, 50(1), 110-121.
https://doi.org/10.1016/j.freeradbiomed.2010.10.69
6
157.Elo, H. The antiproliferative agents trans-
bis(resorcylaldoximato) copper(I) and trans-bis
(2,3,4-trihydroxybenzaldoximato) copper(Il) and
cytopathic effects of HIV. Zeitschrift Naturforsch.
2004, 59(7-8), 609-611.
https://doi.org/10.1515/znc-2004-7-828
158.Jayaraju, D.; Kondapi, A.K. Anti-cancer copper
complex inhibits topoisomerase I catalytic activity.
Curr. Sci. 2001, 81(7), 787-792.
https://www.jstor.org/stable/24106398
159.Loganathan, R.; Ramakrishnan, S.; Suresh, E.;
Riyasdeen, A.; Akbarsha, M.A.; Palaniandavar, M.
Mixed ligand copper(I) complexes of N,N-
bis(benzimidazol-2-ylmethyl)amine (BBA) with
diimine co-ligands: efficient chemical nuclease and

protease activities and cytotoxicity. Inorg.
Chem. 2012, 51(10), 5512-5532.
https://doi.org/10.1021/ic2017177

160.Ramakrishnan, S.; Rajendiran, V.; Palaniandavar,
M.; Periasamy, V.S.; Srinag, B.S.; Krishnamurthy,
H.; Akbarsha, M.A. Induction of cell death by
ternary copper(Il) complexes of L-Tyrosine and
diimines: role of coligands on DNA binding and
cleavage and anticancer activity.  [norg.
Chem. 2009, 48(4), 1309-
1322. https://doi.org/10.1021/ic801144x

161.Zianna, A.; Psomas, G.; Hatzidimitriou, A.; Lalia-
Kantouri, M.  Copper(Il)  complexes of
salicylaldehydes and 2-hydroxyphenones: synthesis,
structure, thermal decomposition study and
interaction with calf-thymus DNA and albumins.
RSC  Advances. 2015, 5(47), 37495-37511.
https://doi.org/10.1039/C4RA16484a

162.Pivetta, T.; Cannas, M.D.; Demartin, F.; Castellano,
C.; Vascellari, S.; Verani, G.; Isaia, F. Synthesis,
structural characterization, formation constants and
in vitro cytotoxicity of phenanthroline and
imidazolidine-2-thione copper(Il) complexes. J.
Inorg. Biochem. 2011, 105(3), 329-
338. https://doi.org/10.1016/j.jinorgbio.2010.11.01
7

163.Silva, P.P.; Guerra, W.; Silveira, J.N.; da Ferreira,
A.M.C.; Bortolotto, T.; Fischer, F.L.; Terenzi, H.;
Neves, A.; Pereira-Maia, E.C. Two new ternary
complexes of copper(Il) with Tetracycline or
Doxycycline and 1,10-phenanthroline and their
potential as antitumoral: cytotoxicity and DNA
cleavage. Inorg. Chem. 2011, 50(14), 6414—6424.
https://doi.org/10.1021/ic101791r

164.Chen, Y.T.; Zhang, S.N.; Wang, Z.F.; Wei, Q.M.;
Zhang. S.H. Discovery of thirteen cobalt(II) and
copper(Il) salicylaldehyde schiff base complexes
that induce apoptosis and autophagy in human lung
adenocarcinoma AS549/DDP cells and that can
overcome cisplatin resistance in vitro and in
vivo. Dalton  Trans. 2022, 51(10), 4068—4078.
https://doi.org/10.1039/d1dt0374%h

165.El-Sonbati, A.Z.; Diab, M.A.; El-Sayed, A.K,;
Abou-Dobara, M.I.; El-Sayad, S.A. Synthesis,
characterization, molecular docking, biological
activity, and DNA cleavage studies of Cu(Il),
Co(II), Ni(II), Mn(Il), and Cd(II) schiff base
complexes. Appl. Organomet. Chem. 2022, 36(35).
https://doi.org/10.1002/a0c.6623

166.Porchia, M.; Dolmella, A.; Gandin, V.; Marzano,
C.; Pellei, M.; Peruzzo, V.; Refosco, F.; Santini,
C.; Tisato, F. Neutral and charged
phosphine/scorpionate copper(I) complexes: effects
of ligand assembly on their antiproliferative activity.
Eur. J  Med  Chem. 2013, 59, 218-
226. https://doi.org/10.1016/j.ejmech.2012.11.022

167.Das, K.; Datta, A.; Frontera, A.; Wen, Y.S.; Roma-
Rodrigues, C.; Raposo, L.R.; Fernandes, A.R.;
Hung, C.-H. Zn(II) and Co(II) derivatives anchored
with  scorpionate precursor: antiproliferative

| © 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 70




Dobrina Tsvetkova et al, Sch Acad J Pharm, Apr, 2026; 15(4): 57-71

evaluation in human cancer cell lines.J. Inorg.
Biochem. 2020, 202, 110881.
https://doi.org/10.1016/j.jinorgbio.2019.110881
168.Silva, T.F.S.; Alegria, E.C.B.A.; Martins,
L.M.D.R.S.; Pombeiro, A.J.L. Half-sandwich
scorpionate vanadium, iron and copper complexes:
synthesis and application in the catalytic
peroxidative oxidation of cyclohexane under mild
conditions. Adv. Synthesis Catal. 2008; 350(5), 706—
716. https://doi.org/10.1002/adsc.200700529
169.Balakrishna, M.S.; Suresh, D.; Rai, A.; Mague, J.T.;
Panda, D. Dinuclear copper(l) complexes containing
cyclodiphosphazane derivatives and pyridyl ligands:
synthesis, structural studies, and antiproliferative
activity toward human cervical and breast cancer
cells. Inorg. Chem. 2010, 49(19), 8790-8801.
https://doi.org/10.1021/ic100944
170.Yu, L.G.; Sun, Y.G.; Wang, Z.L. Mixed-ligand
strategy  affording two new metal-organic
frameworks: photocatalytic, luminescent and anti-
lung cancer properties. J. Mol Structure. 2019, 1180,
209-214.
https://doi.org/10.1016/j.molstruc.2018.11.063
171.Allardyce, C.S.; Dyson, P.J. Ruthenium in
medicine: current clinical uses and future prospects.
Platinum Metals Rev. 2001, 45(2), 62—69.
172.Subarkhan, M.K.M.; Ramesh, R. Ruthenium(II)
arene complexes containing benzhydrazone ligands:
synthesis, structure and antiproliferative
activity/norg. Chem. Front. 2016, 3(10), 1245-—
1255. https://doi.org/10.1039/C6QI00197a
173.Chelopo, M.P.; Pawar, S.A.; Sokhela, M.K;
Govender, T.; Kruger, H.G.; Maguire, G.E.
Anticancer activity of ruthenium(Il) arene
complexes bearing 1,2,3,4-tetrahydroisoquinoline
amino alcohol ligands Fur. J. Med. Chem. 2013; 66,
407-
414. https://doi.org/10.1016/j.ejmech.2013.05.048
174.Riedl, C.A.; Flocke, L.S.; Hejl, M.; Roller, A.;
Klose, M.H.M.; Jakupec, M.A; Kandioller, W_;
Keppler, B.K. Introducing the 4-phenyl-1,2,3-
triazole moiety as a versatile scaffold for the
development of cytotoxic ruthenium(Il) and
osmium(Il) arene cyclometalates. /norg. Chem.

2017, 56(1), 528-541.
https://doi.org/10.1021/acs.inorgchem.6b02430
175.Matveevskaya, V.V.; Pavlov, D.I.; Sukhikh, T.S.;

Gushchin, A.L.; Ivanov, A.Y.; Tennikova, T.B.;
Sharoyko, V.V.; Baykov, S.V.; Benassi, E.;
Potapov, A.S. Arene-ruthenium(Il) complexes
containing  11H-indeno[1,2-b]quinoxalin-11-one
derivatives and Tryptanthrin-6-oxime: synthesis,
characterization, cytotoxicity, and catalytic transfer
gydrogenation of aryl ketones. ACS Omega. 2020,
5(19), 11167-11179.
https://doi.org/10.1021/acsomega.0c01204
176.Gothe, Y.; Marzo, T.; Messori, L.; Metzler-Nolte, N.
Iridium(I) compounds as prospective anticancer
agents: solution chemistry, antiproliferative profiles
and protein and protein interactions for a series of
iridium(I) N-heterocyclic carbene complexes.
Chemistry. 2016, 22(35), 12487-12494.
https://doi.org/10.1002/chem.201601542
177.Needham, R.J.; Sanchez-Cano, C.; Zhang, X.;
Romero-Canelon, 1.; Habtemariam, A.; Cooper,
M.S.; Meszaros, L.; Clarkson, G.J., Blower, P.J.;
Sadler, P.J. In-cell activation of organo-osmium(II)
anticancer complexes. Angew. Chem. Int. Ed. 2017,
56(4), 1017-1020.
https://doi.org/10.1002/anie.201610290
178.Fanelli, M.; Formica, M.; Fusi, V.; Giorgi, L.;
Micheloni, M.; Paoli, P. New trends in platinum and
palladium complexes as antineoplastic
agents. Coordin. Chem. Rev. 2016, 310(1), 41-79.
https://doi.org/10.1016/j.ccr.2015.11.004
179.Beauperin, M.; Polat, D.; Roudesly, F.; Top, S.;
Vessiéres, A.; Oble, J.; Jaouen, G.; Poli, G.
Approach to ferrocenyl-podophyllotoxin analogs
and their evaluation as anti-tumor agents. J.
Organomet.  Chem. 2017, 839(1), 83-90.
https://doi.org/10.1016/j.jorganchem.2017.02.005f
180.Monserrat, J.P.; Tiwari, K.N.; Quentin, L.; Pigeon,
P.; Jaouen, G.; Vessiéres, A.; Chabot, G.G.; Hillard,
E.A. Ferrocenyl flavonoid-induced morphological
modifications of endothelial cells and cytotoxicity
against B16 murine melanoma cells. J. Organomet.
Chem. 2013, 734(1), 78-85.
https://doi.org/10.1016/j.jorganchem.2012.12.031

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India 71




