
1. Introduction

The diagnosis and treatment of malignant tumours are

challenges for modern medicine. Cancer is the second most

common cause of death after cardiovascular diseases. The

development of new effective anticancer drugs is a signifi-

cant research area of medicinal chemistry. By 2017, the US

Food and Drug Administration (FDA) approved 150 anti-

cancer drugs, about 2/3 of them being approved in the past

two decades.1

Anticancer drugs containing metal ions play an impor-

tant role in cancer chemotherapy. Since the discovery of

anticancer activity, cisplatin (cis-[Pt(NH3)2Cl2]) has been

and remains one of the most common chemotherapeutic

drugs for the treatment of a number of different types of

cancer.2 Second- and third-generation platinum agents,
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such as carboplatin, oxaliplatin and picoplatin, have been

developed and introduced into clinical practice.3

However, the therapeutic application of Pt drugs has

disadvantages, such as severe side effects related to the

abiogenic nature of platinum and its accumulation in

patients because of the absence of naturally occurring

mechanisms of excretion of this metal from the body. The

most common adverse effects negating the positive effect of

chemotherapy are nephrotoxicity,4 neurotoxicity,5 as well

as ototoxicity and myelosuppression.3 Therefore, the

research attention is increasingly focused not on the mod-

ification of platinum compounds but on the search for new

cytotoxic coordination compounds of biogenic transitions

metals, which should have lower overall toxicity and should

be easily excreted from the body.4

Biogenic metals include zinc, iron, cobalt and copper, as

nutritionally essential trace elements in the human body,

which can potentially replace platinum drugs prevailing in

cytotoxic therapy. According to the Web of Science data-

base (Fig. 1), the past five years have witnessed an explosive

growth of the number of publications on coordination

compounds of these metals as anticancer agents.

The biological role of zinc was described in detail. This

element is the sixth most abundant metal in the human body

(behind calcium, sodium, potassium, magnesium and iron).

Zinc is involved in cell metabolism and is present in the

active sites of more than 200 metalloenzymes.6, 7 Zinc(II)

complexes with different organic ligands were successfully

tested in vitro for anti-inflammatory,8 antibacterial,9 anti-

oxidant 10 and antiproliferative activity (see Section 2.3).

Iron has important functions in mammalian cells. Iron

ions ensure the correct functioning of essential enzymes

containing either free iron or the haem, in particular

mitochondrial enzymes involved in cellular respiration,

enzymes necessary for DNA synthesis and the cell cycle,

enzymes of the antioxidant system, such as peroxidase and

catalase, and many other.11 Consequently, iron is required

for DNA replication, cell viability and cell growth. How-

ever, the ability of iron to accept and donate electrons

makes iron ions a critical component of the active site of

enzymes and allows iron to participate in the production of

free radicals potentially harmful for the body. These proc-

esses include the Fenton reaction of divalent iron with

hydrogen peroxide, in which iron donates an electron,

resulting in the formation of a hydroxyl radical and reactive

oxygen species (ROS). These species not only damage lipids

and proteins but also cause oxidative damage to DNA,

including base modification in double-stranded DNA and

DNA interstrand crosslinks,12, 13 which can be mutagenic.14

Consequently, iron in the human body is not only an

indispensable element but is also potentially toxic.

Cobalt is an essential redox trace element highly abun-

dant in mammalian cells. In the body, it exists in three

relatively stable (which are often converted into each other)

oxidation states: CoI, CoII and CoIII. This metal plays an

important role in the chemistry of vitamin B12 (cobalamin)

and is involved in redox processes, alkylation and the free

radical generation (destruction) in the living cell.15 Cobalt

ions actively participate in the maintenance of homeostasis

of reactive oxygen species and radicals, thereby making it

simultaneously indispensable in the cell and potentially

toxic.

Copper ions play an important role in the metabolism of

the human body due to the involvement in different phys-

iological processes (the development of connective, bone

and nerve tissues, angiogenesis) and the participation in the

functioning of a number of redox metalloenzymes.16, 17 A

number of copper coordination compounds are currently in

different phases of clinical trials as anticancer agents (e.g.,

first- and second-generation Casiopeinas 18). Some known

copper-containing derivatives exhibited significant cyto-

toxic activity in in vitro assays (see Section 5.8).

This review summarizes the data on the structures,

mechanisms of action and the efficiency and prospects of

further studies of cytotoxic coordination compounds based

on biogenic metals such as Zn, Fe, Co and Cu. The

published data are divided into sections. Each section is

devoted to the analysis of scientific publications over the
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Figure 1. Number of publications on zinc (a), iron (b), cobalt (c) and copper (d ) coordination compounds with anticancer activity over the
period from 2011 to 2020 (the search by key words `coordination compound', `anticancer' and the chemical symbol of the corresponding
metal) found in Web of Science of April 2021.
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past decade on complexes of a particular metal exhibiting

the proven anticancer activity. The main goal of the review

is to reveal the dependence of the mechanism of cytotoxic

activity on the oxidation state of the metal in the coordina-

tion compound and on the geometry and chemical nature of

the ligand environment. Hence, we selected mainly the

publications concerning the mechanisms of cytotoxic activ-

ity. The exceptions are studies of coordination compounds

having a rare geometry, in which only putative mechanisms

of their action or molecular targets are suggested because of

an insufficient number of representatives. The final section

of the review presents a comparative analysis of the advan-

tages and drawbacks of coordination compounds of the

metals under consideration, the mechanisms of their cyto-

toxic activity and prospects of application for the further

development of anticancer agents.

It is worth noting that most of the recent literature

reviews on the use of metal complexes as cytotoxic agents

focus on the analysis of coordination compounds of only

one transition metal, most often platinum,19 ± 21 or, in one

case, of platinum group metals.22 This review is the first to

bring together the data on cytotoxic compounds of different

biogenic metals and to compare them in terms of the

mechanisms of action. It should also be noted that there

are a few Russian reviews on this issue that summarize the

data on individual classes of platinum coordination com-

pounds 23 and different dosage forms of platinum drugs.24

Besides, there are reviews on cytotoxic coordination com-

pounds based on gold 25 rather than on platinum group

metals and on a small number of coordination compounds

with one ligand.26 The recent review 27 devoted to the

analysis of individual mechanisms of action of different

compounds includes a small Section on transition metal

complexes, in particular biogenic metals. Meanwhile,

reviews concerned with the cytotoxic and anticancer activity

of coordination compounds of biogenic metals were lacking

at the time of the writing of this review.

2. Zinc coordination compounds as cytotoxic
agents

Among oxidation states characteristic of zinc, the oxidation

state 2+ is the most stable under physiological conditions.

Hence, in studies aimed at searching for cytotoxic zinc

coordination compounds, the researchers varied the ligand

environment of zinc(II) ions, which are abundant in living

organisms. The published data on ZnII complexes with

proven cytotoxicity are summarized in Table 1.{

An analysis of the publications on the synthesis of zinc

coordination compounds with cytotoxic activity shows that

the tetrahedral (17 examples in 35 publications, the propor-

tion is 48%), octahedral (11 examples, 31%) and square-

pyramidal (6 examples, 17%) geometries of the coordina-

tion sphere are the most typical of ZnII ions, although rare

examples of square-planar ligand environment are also

known (5 examples, four of which refer to substituted zinc

porphyrinates, 14%). In the case of bulky and polydentate

ligands, the coordination polyhedra can be significantly

distorted, although they are not transformed into each

other and differ according to the X-ray diffraction data.

To establish the dependence of the mechanisms of

cytotoxic activity on the geometry and chemical nature of

the ligand environment, this Section focuses on mono-

nuclear ZnII coordination compounds exhibiting significant

cytotoxicity against cancer cell lines. An analysis of the

structure ± activity relationships for dinuclear and polynu-

clear structures is often a complicated issue because differ-

ent metal ions have different coordination geometry and it

is often difficult to distinguish the contributions of each

structure to the cytotoxicity, evaluate the synergistic effect,

etc.

The consideration of the chemical nature of ligands of

cytotoxic zinc complexes (see Table 1 and references

therein) shows that the coordination environment of the

metal ion in the majority of the characterized complexes

involves two or more oxygen atoms. This is attributed to

high oxophilicity of the zinc atom and its tendency to form

bonds with charged chalcogens atoms (primarily with oxy-

gen and sulfur). The vacancies of the zinc coordination

sphere are filled by donor ligands, most often by those

containing nitrogen atoms or halide ions and polar solvent

molecules, which do not leave the coordination sphere upon

the interaction of an inorganic zinc salt with an organic

ligand. Besides, it is worth noting that the small size of the

zinc ion has stimulated researchers to look for coordination

compounds stable under physiological conditions using

polydentante and chelating ligands (30 out of 35 papers),

which are less prone to exchange with solvent molecules or

polar moieties of cellular proteins.

In some of these studies, the authors attempted to

elucidate the mechanism of cytotoxic activity of the synthe-

sized compounds and concluded that zinc complexes are

characterized by a wide spectrum of the possible mecha-

nisms of action. These mechanisms involve those common

to all metal coordination compounds (DNA intercalation

and binding, the generation of reactive oxygen species, the

induction of apoptosis via the mitochondrial pathway) and

also the possibility of inhibition of haem oxygenase-1

(HO-1) unique for zinc compounds and the Wnt signaling

pathway. However, a comparison of the data on the

putative mechanism of cytotoxic activity in representative

samples of biologically active zinc compounds with differ-

ent coordination geometry makes it possible to reveal a

number of general patterns.

2.1. Octahedral, square-pyramidal and tetrahedral zinc(II)
coordination compounds
Zinc(II) coordination compounds with octahedral, square-

pyramidal and tetrahedral geometry were characterized in

most detail. These compounds have a common mechanism

of action but differ in interactions with the same molecular

targets, affecting the overall IC50 values. Thus, a compar-

ison of the interactions of different Zn complexes with

DNA shows that the intercalation is most typical of the

octahedral coordination compounds [Zn(dppt)2Cl2] (1),36

[Zn3(fen)6(MeOH)2] (2), [Zn(fen)2(tmen)] (3),

[Zn(bapen)(fen)]fen (4) and [Zn(cyclam)(fen)2] (5).48

Meanwhile, square-pyramidal complexes 6 ± 13 bind to

DNA via two pathways Ð by intercalating into DNA 60, 61

or electrostatically binding to the minor groove.43

Tetrahedral structures 14 ± 27 bind to double-stranded

DNA mainly through electrostatic interactions,32 occupying

the major or minor groove.46, 49, 58

{ In this review, the references in all tables are given in chronological order

(according to the publication date of the original paper beginning from

2010), the serial numbers of the compounds are given in accordance with

the numbers of their structures in the respective subsections, and the

names of the cell lines are decoded in the List of acronyms and abbrevia-

tions (Section 7).
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Table 1. Cytotoxic zinc coordination compounds.

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism IC50 max (cell line) Ref.
of the compound) sphere geometry of cytotoxic activity

1 [Zn(AcPipPheF)2] (36), ZnN2O2S Tridentate chelate Square-pyramidal Arrest of the cell 25.5� 6 nM (K562) 28

[Zn(OAc)(AcPipPheF)]2 (37) with a bridging acetate or octahedral cycle at the S phase

anion

2 [Zn(R-DT)2] (38 ± 41, 45) ZnS4 Bidentate Tetrahedral Induction of apoptosis 0.1 ± 1 mM (A431, A431Pt) 29

(also active against

Pt-resistant cell lines)

3 ZnPP (48) ZnN4 Chelate Square-planar Inhibition of haem 3.1 mM (MCF-7), 30

oxygenase-1 (HO-1) the toxicity against a number

of cell lines is*10 mM

4 ZnPP (48) ZnN4 Chelate Square-planar Inhibition of the Wnt/b *10 mM 31

signaling pathway

5 a,o-Bis{diacetyl-2-(4-N-thio- ZnN2S2 Chelate Tetrahedral Binding to DNA <0.1 mM (MCF-7, HepG2) 32

semicarbazone)-3-(4-N-thio- (electrostatic)

semicarbazone)zinc(II)}alkanes

(14 ± 17)

6 [Zn(L1)2 . 2 H2O](AcO)2 (see a) ZnN2S2(H2O)2 Bidentate Distorted octahedral Unknown 97% Inhibition at 33

C=100 mM (HT-29)

7 Zn bis(pyrazolyl)acetamide complexes ZnN4O2 Tridentate chelate Octahedral Induction of apoptosis 18� 5 mM (MCF-7) 34

(26 ± 29) through caspase-7 activation

8 [Zn(pysR)2], [Zn(pysR)2)(AcO)]2 ZnN4S2 Tridentate chelate Distorted octahedral Unknown, substituents 0.39 ± 0.84 mM (HeLa, 35

(R=Me, Bn) in the ligand have HL-60)

no effect on IC50

9 [Zn(dppt)2Cl2] (1) ZnN4Cl2 Bidentate chelate Octahedral Intercalation into DNA 10.44� 0.52 mM (MCF-7) 36

10 [Zn(AP)2I2] (46) ZnO2I2 Monodentate Tetrahedral Inhibition of caspase-3; 100 mM (NCTC L929) 37

not apoptosis

11 ZnPP (48) ZnN4 Chelate Square-planar Unknown *10 mM (HeLa) 38

12 Zn 2-(2-pyridyl)imidazo[1,2-a]- ZnN2O2 Bidentate chelate Tetrahedral Unknown; related Cu 13.2 mM (HT-29) 39

pyridine complexes (30 ± 34) complexes are more

cytotoxic

13 Zn(N-R-chtsc)2 ZnN2S2 Bidentate chelate Distorted square Inhibition of topoiso- 2 ± 3 mM (Caki-2, MCF-7, 40

(R=Me (50), Ph (51)) merase 1, binding to the CaSki, NCI-H322M, Co-115)

minor groove of DNA

followed by oxidative DNA

cleavage
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Table 1 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism IC50 max (cell line) Ref.
of the compound) sphere geometry of cytotoxic activity

14 ZnII-Cyclen-(Trp)2 (49) ZnN4 Chelate Distorted square Binding to the minor groove 25 mM (U-87 MG), toxicity 41

of DNA, DNA damage, induction against normal cells is six times

of caspase-3-dependent apoptosis lower

15 Zn2(L2)2 (see b) ZnSNO2 Tridentate Distorted tetrahedral ROS-Mediated induction 50 mM (CEM/ADR5000), 42

chelate+H2O of apoptosis 500 mM against normal cells

16 [Zn(TTA)(bipy)Cl] (12), ZnN2O2Cl Bidentate Square-pyramidal Electrostatic binding to the minor 1 ± 1.5 mM (MKN-45, MCF-7) 43

[Zn(TTA)(phen)Cl] (13) groove of DNA followed

by the induction of apoptosis

17 Zn(AcTsc)2 (25) ZnN2S2 Bidentate chelate Distorted tetrahedral Intercalation into DNA 36 mM (HepG-2, IM-9) 44

18 [Zn(AP)2I2] (46), ZnN2I2 Bidentate chelate Tetrahedral Unknown 50 ± 70 mM (PC3, MCF-7) 45

[Zn(Caf)(H2O)I2] (47)

19 [Zn(LThioSN)2] (18), ZnN2S2 Bidentate chelate Tetrahedral Non-covalent binding *20 mM (HeLa, MCF-7) 46

[Zn(LBrSN)2] (19), to the groove of DNA

[Zn(LDiOMeSN)2] (20) c

20 [ZnL](ClO4)2 (L is N,N 0-bis- ZnN2O2 Tetradentate Square-planar Selective binding to G4-DNA Not measured 47

(salicylidene)-4R-phenylene-1,2- chelate

diamine (R=H (52), F (53),

CF3 (54)))

21 [Zn3(fen)6(MeOH)2] (2), ZnO4, Monodentate Tetrahedral, Intercalation only of the octahedral Not measured 48

[Zn(fen)2(tmen)] (3), ZnN2O2, with additional distorted octahedral, complex into DNA; in other cases,

[Zn(bapen)(fen)]fen (4), ZnN4O2, N ligands octahedral weak binding to the groove

[Zn(cyclam)(fen)2] (5) ZnN4O2

22 [Zn(3-FC6H4CH2CO2)2] (21), ZnO4, Monodentate Tetrahedral, Binding to the groove; intercalation Not measured 49

[Zn3(3-FC6H4CH2CO2)6(phen)2] (22), ZnO6, octahedral, is impossible because the complexes

[Zn3(3-FC6H4CH2CO2)6(bipy)2] (23) ZnO6 octahedral are polynuclear. The binding of the

tetrahedral complex to the groove is

stronger compared to the octahedral

complexes

23 [Zn2(azil)2(H2O)4] . 2H2O (35) ZnNOO2(H2O) Bidentate chelate Tetrahedral Generation of ROS leading to the 155� 12 mM (A549), 50

induction of apoptosis via the non-toxic up to 250 mM
mitochondrial pathway against normal cells (MRC5)

through caspase-9 activation
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Table 1 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism IC50 max (cell line) Ref.
of the compound) sphere geometry of cytotoxic activity

24 [Zn(L3)Cl] d ZnN4Cl Tetradentate Distorted square- Putative ROS generation 10 ± 11 mM (MCF-7) 51

chelate pyramidal

25 Zn(Caf)(H2O)Hal2 ZnNOHal2 Monodentate Tetrahedral Activation of necrosis-associated 1074 M (MCF-7) 52

(Hal=Cl (47), I (55)) genes mainly in MCF-7

26 Dichlorobis[1-(4-bromobenzyl)-2- ZnN2Cl2 Monodentate Tetrahedral Unknown 0.05 mM (A2780) 53

phenyl-1H-benzimidazole-kN3]zinc(II)

27 [Zn(Sal-Gly)(NN)(H2O)] ZnN3O3 Chelate + Octahedral Induction of apoptosis via the 1.73 ± 5.8 mM (A2780) 54

(NN=Clphen, amphen, epoxyphen, bidentate mitochondrial pathway (probably with SI(V79) 2.3 ± 6.0 mM
4,7-diphenyl-1,10-phenanthroline) N,N ligand through ROS generation)

28 [ZnHal2L] (Hal=Br, I; ZnN3Hal2 Chelate Square-pyramidal Putative binding to heat shock 0.116 ± 0.201 mM (HCT-8), 55

(L are 4-(o-, m-, p-hydroxyphenyl)- protein Hsp90 0.519 ± 2.039 mM (A549),

terpyridines) 0.899 ± 3.049 mM (MCF-7)

29 Zn(Caf)(H2O)Br2 (56) ZnNOBr2 Monodentate Tetrahedral Activation of necrosis-associated 1074 M (MCF-7) 56

genes mainly in MCF-7

30 Bis{(E)-2-[(1H-indol-3-yl)methylene]- ZnN2S2 Bidentate chelate Intermediate Induction of apoptosis in the A549 37.9 ± 100 mM (A549), 57

R-hydrazinecarbothioamide}zinc(II) between tetrahedral and MCF-7 cell lines, can intercalate 60.3 ± 88.1 mM (MCF-7);

(R=H (57), Me (58), Et (59), Hex (60)) and planar-square into DNA 20 ± 30% less active against

normal MCF-10A, HEK-293,

L929 cell lines

31 Zn(HL4) (24) e ZnN2O2 Tetradentate Distorted tetrahedral Induction of necrosis and apoptosis 6.4 mM (K562) 58

chelate in an equal ratio. Binding to the

minor groove of DNA

32 [Zn(Hal-Q)3], K[Zn(Hal-Q)2H2O] ZnN2O4 Bidentate Octahedral Unknown, non-selective against 1.8 ± 7.1 mM (HCT 116) 59

(Hal-Q=dClQ, dBrQ, 7-BrQ, CQ) normal cells, similar toxicity against

bacteria

33 [{Zn(L5)(DMSO)2}2] .DMSO (6), ZnO2NSO(DMSO), Chelate Square-pyramidal Intercalation into DNA, intercalation 16.26 ± 53.8 mM (HeLa) 60

[{Zn(L6)Cl}2] (7), ZnN2S2Cl, of dimers is more efficient compared

[(Zn2(L7))2(m-OAc)2(m3-O)2] (8) f ZnO5 to the tetramer. Chromatin condensation

followed by the induction of apoptosis
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Table 1 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism IC50 max (cell line) Ref.
of the compound) sphere geometry of cytotoxic activity

34 [Zn(L8)2(phen)] (9), ZnO4N2, Bidentate Octahedral, Intercalation into DNA; Not measured 61

[Zn2(L9)4(bipy)2] (10), ZnO3N2, pseudooctahedral, in similar systems, the intercalation

[Zn(L9)2(bipy)H2O] (11) g ZnO3N2 square-pyramidal of the octahedral complex is more

efficient compared to the pseudo-

octahedral complex, the intercalation

of the square-pyramidal complex

is the least efficient

35 [Zn(Caf)(H2O)Hal2] ZnN2Hal2 Monodentate Square-planar Unknown *561074 M (MCF-7) 62

(Hal=Cl, Br, I)

Note. The following abbreviations are used: IC50 is the half-maximal inhibitory concentration, in mol L71 (M); HAcPipPheF is 2-acetylpyridine N4-1-(4-fluorophenyl)piperazinolthiosemicarbazone, R-DT is

R-substituted dithiocarbamate, PP is protoporphyrin IX, HpysR is Schiff base of pyridine-2-carboxaldehyde and S-substituted dithiocarbazate (R=Me, Bn), dppt is 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine,

AP is antipyrine, chtsc is cyclohexanone thiosemicarbazone, cyclam is 1,4,8,11-tetraazacyclotetradecane, Cyclen is 1,4,7,10-tetraazacyclododecane, Trp is tryptophan, TTA is 4,4,4-trifluoro-1-(2-furyl)butane-

1,3-dione, bipy is 2,20-bipyridine, phen is 1,10-phenanthroline, AcTsc is 3-acetylcoumarin thiosemicarbazone, Caf is caffeine, Hfen is fenamic (2-phenylaminobenzoic) acid, tmen is N,N,N 0,N 0-
tetramethylethylenediamine, bapen is N,N 0-bis(3-aminopropyl)ethylenediamine, azil is azilsartan, Sal is salicylate, Gly is glutamate, Clphen is 5-chloro-1,10-phenanthroline, amphen is 5-amino-1,10-

phenanthroline, epoxyphen is 5,6-epoxy-5,6-dihydro-1,10-phenanthroline, Hex is n-hexyl, dClQ is 5,7-dichloroquinolin-8-ol, dBrQ is protonated 5,7-dibromoquinolin-8-ol, 7-BrQ is 7-bromoquinolin-8-ol, CQ

is 5-chloro-7-iodoquinolin-8-ol. a L1 is 4-[(5-bromo-2-hydroxybenzylidene)amino]-3-methyl-1,2,4-triazole-5-thione; bH2L2 is 2-[(2-hydroxy-3-methoxybenzylidene)amino]-3-sulfanylpropionic acid; c LThioSN

is (E )-[2-(2-thienylmethyleneamino)phenylsulfanyl, LBrSN is (E )-[2-(4-bromophenylmethyleneamino)phenylsulfanyl, LDiOMeSN2 is (E )-[2-(3,4-dimethoxyphenylmethyleneamino)phenylsulfanyl; d L3 isN,N 0-
bis[1-(2-pyridyl)ethylidene]-2,2-dimethylpropane-1,3-diamine; eH3L4 is 2-hydroxy-1,3-bis{2-[(2-hydroxy-5-nitrophenylmethylene)aminomethyl]phenyloxy}propane; fH2L5 is hydroxynaphthaldehyde 4-(p-

methoxyphenyl)thiosemicarbazone, H2L6 is benzoylpyridine 4-(p-methoxyphenyl)thiosemicarbazone, H2L7 is vanillin 4-(p-chlorophenyl)thiosemicarbazone; gHL8 is 4-(o-toluidino)-4-oxobutanoic acid, HL9

is 4-(4-nitrophenylamino)-4-oxobut-2-enoic acid.



It was demonstrated that the constants of DNA binding

via the intercalation mechanism are, on the average, higher

for octahedral complexes compared to square-pyramidal

complexes. Although the volume of the octahedron is larger

than that of the square pyramid, it can be suggested that the

binding in the former case is more efficient due to the easier

exchange of axial ligands for electron-donating groups of

nitrogenous bases of DNA. This exchange is hindered for

square-pyramidal complexes and is impossible for tetrahe-

dral complexes, which do not contain explicitly axial

ligands. The investigation of the binding of a series of zinc

complexes to double-stranded DNA 61 provided additional

evidence in favour of this hypothesis. This study showed

that the change in the geometry from square-pyramidal to

octahedral leads to an increase in the DNA binding con-

stant.

Mehr-un-Nisa et al.61 synthesized three zinc coordina-

tion compounds 9 ± 11 with ligands of similar chemical

nature, such as the 4-(o-toluidino)-4-oxobutanoate and

4-(4-nitrophenylamino)-4-oxobut-2-enoate anions, and

found that complex 9 has non-distorted octahedral geome-

try, complex 10 is a dinuclear pseudooctahedron consisting

of two square pyramids, and complex 10 has non-distorted

square-pyramidal geometry (Fig. 2). The investigation of

their intercalation into double-stranded DNA by viscosim-

etry and UV spectroscopy led to the conclusion that the

octahedral complex has better intercalation properties com-

pared to the pseudooctahedral complex and both these

complexes are characterized by more efficient intercalation

compared to the square-pyramidal complex even despite

very similar nature, close sizes and similar binding modes of

the organic ligands; the binding constants (Kb) are

7.056104, 6.36104 and 1.66104 L mol71 for complexes

9 ± 11, respectively. The distortion of the octahedral geom-

etry of coordination compounds, resulting in a decrease in

the angle between the axial substituents from 1808 to

167 ± 1608, does not cause significant changes in cyto-

toxicity.35 On the contrary, strong distortions of the

geometry of coordination compounds from octahedral

towards bipyramidal (an increase in the bond lengths

between zinc ions and axial ligands) can lead not only to

the loss of the binding to DNA but also to a significant

reduction of cytotoxicity (an increase in IC50).33 Octahedral

coordination compounds containing planar aromatic

ligands, hydroxyquinolines, showed the highest activity

(IC50= 1.1 ± 0.9 mM in the HCT-116 cell line).59

In the study of the interactions of tetrahedral zinc

coordination compounds 18 ± 20 with the DNA double

strand,46 it was demonstrated that the binding of complexes

of this structural type occurs via an electrostatic mechanism.

Only in the case of the coordination compound

[Zn(LDiOMeSN)2] (20) with the most freely rotating phenyl

moieties (their conformational freedom is evidenced by the

disorder in the X-ray crystal structure), there is a possibility

of weak intercalation and the displacement of a small

portion of ethidium bromide from the complex with DNA.

The validity of these conclusions was confirmed by the

molecular docking results, according to which the binding

of all coordination compounds to the minor groove of

double-stranded DNA is characterized by the highest bind-

ing energy. The docking also showed that the intercalation

of conformationally flexible phenyl moieties of the com-

pound [Zn(LDiOMeSN)2] (20) is also possible, but the inter-

calation only additionally stabilizes the complex of the

coordination compound with DNA and does not lead to

the displacement of the tetrahedrally coordinated zinc ion

from the minor groove (Fig. 3).
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A direct comparison of octahedral, distorted octahedral

and tetrahedral complexes 3 ± 5 with ligands of similar

nature and with the same binding mode (Fig. 4) was

performed in a single study.48 The authors came to similar

conclusions that the intercalation is possible only for the

octahedral complex, whereas the distorted octahedral and

tetrahedral complexes bind to the minor groove of DNA via

electrostatic interactions.

In rare cases, where the interaction of a tetrahedral

zinc(II) coordination compound with DNA occurs via an

intercalation mechanism, this interaction is also due to the

ligand effect. Thus, Rahman et al. 44 reported the intercala-

tion of the tetrahedral complex Zn(AcTsc)2 (25) into dou-

ble-stranded DNA (Fig. 5). They demonstrated that the

tetrahedral geometry is strongly distorted towards square-

planar geometry and that the coumarin-based planar aro-

matic ligand makes a major contribution to stacking inter-

actions between the coordination compound and

nitrogenous base pairs.

The induction of apoptosis is the second most important

mechanism of cytotoxic activity of ZnII complexes after the

interaction with DNA. This mechanism is typical of coor-

dination compounds with all geometry types: octahedral

[Zn(bapen)(fen)]fen (4)

Distorted octahedron

[Zn(cyclam)(fen)2] (5)

Octahedron

a b c

N
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ON N
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Figure 4. Molecular structures of zinc coordination compounds
3 ± 5 (a ± c, respectively) based on fenamic acid.48 The Figure was
prepared by the authors using the X-ray diffraction data 48 and the
data from the Cambridge Crystallographic Data Center (CCDC
1561622, 1561623 and 1561624, respectively).
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Figure 5. Molecular structure of zinc coordination compound 25
with thiosemicarbazone and coumarin ligands having tetrahedral
geometry strongly distorted towards a square.44 The Figure was
prepared by the authors using the X-ray diffraction data 44 and the
data from the Cambridge Crystallographic Data Center (CCDC
1425154).
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Figure 6. Molecular structures of coordination compounds
26 with octahedral geometry (a) 34 and 6 with square-pyrami-
dal geometry (b) 60 and of tetrahedral complexes 30 (c) 39 and
35 (d ).50 The Figure was prepared by the authors using the
X-ray diffraction data from the respective studies and the data
from the Cambridge Crystallographic Data Center (CCDC
977066, 969043, 1500254 and 1533017).
a Tetrahedra structure attributed to the complex 30 by the
authors of the original work.39
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(26 ± 29),34 square-pyramidal (6 ± 8) 60 and tetrahedral

(30 ± 35).39, 50 Examples of molecular structures of these

compounds are shown in Fig. 6.39, 50 Based on the available

data, it is impossible to draw conclusions about the struc-

tural features of coordination compounds necessary for the

efficient induction of apoptosis, because only morpholog-

ical changes in the cells, indicative of the onset of apoptosis,

were reported in many studies, but the factors responsible

for the induction of apoptosis were not additionally

studied.29, 57, 58, 60 It can also be stated that in most cases,

increased levels of reactive oxygen species 42, 50, 51, 54 or the

activation of caspases-3(7,9) 34, 50 were observed in apop-

totic cells.

Stanojkovic et al.28 demonstrated that the monomeric

octahedral coordination compounds [ZnL2] (36) and

[Zn(OAc)L]2 (37), where HL is 2-acetylpyridine

N4-1-(4-fluorophenyl)piperazinethiosemicarbazone, are less

toxic and less efficient in the induction of apoptosis in the

HeLa, MDA-MB-361, MDA-MB-453 and K562 cell lines

compared to dinuclear square-pyramidal complexes

(Fig. 7). This synergistic effect of two coordinated zinc

ions provides indirect evidence that the induction of apop-

tosis is associated with the generation of reactive oxygen

species (a larger amount of ROS is generated at two metal

ions) rather than with the inhibition or activation of

enzymes (in this case, the synergistic effect is rarely

observed and only with multidomain proteins). Meanwhile,

for tetrahedral coordination compounds there is evidence in

favour of the caspase-dependent induction of apoptosis.

The average IC50 values of tetrahedral coordination com-

pounds 38 ± 45, which trigger apoptosis, are 0.1 ± 1.0 mM
against the A431, A431Pt, MCF-7 and HepG2 cell

lines 29, 32 and 0.05 mM against the A2780 cell line.53 How-

ever, if a compound is a caspase-3 inhibitor, its toxicity

decreases and IC50 increases to 100 mM, while no morpho-

logical features of apoptotic cell death typical of apoptosis

being observed.37 This fact, most likely, accounts for low

toxicity of the tetrahedral zinc coordination compounds

with antipyrine and caffeine [Zn(AP)2I2] (46) and

[Zn(Caf)(H2O)I2] (47), which varies in the range of

70 ± 100 mM against the A549, MCF-7 and PC-3 cell

lines.45, 62
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In some cases, the apoptosis is accompanied by tumour

cell necrosis.56, 58 Although a few studies demonstrated the

possibility of the induction of cell necrosis through activa-

tion of a number of specific genes upon the interaction of

zinc(II) complexes with DNA, a sufficient number of repre-

sentatives required for the construction of the relationship

between the structure of coordination compounds and the

efficiency of the induction of necrosis is lacking in the

literature.52

The binding to the heat shock protein Hsp90, which

stabilizes some enzymes essential for carcinogenesis, is the

most recently described mechanism of the anticancer effect

of square-pyramidal ZnII complexes. In the only study,55 in

which the authors showed that the function of the chaper-

one Hsp90 can by impaired by zinc(II) hydroxyterpyridi-

nate, they concluded that Hsp90 is involved in the

mechanism of cytotoxic activity of coordination compounds

based on the results of molecular docking. However, this

fact was not confirmed experimentally.

2.2. Square-planar zinc(II) compounds
The individual Section deals with rarely occurring square-

planar zinc coordination compounds typical of ligands of

the protoporphyrin (ZnPP, 48) 30, 31, 38 and cyclene series

[ZnII-Cyclen-(Trp)2, 49] 41 and also with rare compounds

bearing substituted Schiff bases 50 ± 54.40, 47 The interaction

between square-planar ZnII complexes and DNA have

attracted the most attention of researchers. In the only

study 47 concerned with the interaction between coordina-

tion compounds of this class and different DNA secondary

structures, it was shown that a number of coordination

compounds have significant selectivity towards G4-quad-

ruplexes, non-canonical three-dimensional structures of

DNA.27 While being weakly bound to double-stranded

DNA, zinc(II) complexes 52 ± 54 with ligands as Schiff

bases, which were prepared from substituted salicylalde-

hydes and o-phenylenediamines, bind to G4-DNA with

Kb= (3 ± 5)6104 L mol71.

It was shown that this property, promising for the

development of cytostatic agents, is due to the presence of

ZnII ions in the coordination compounds; NiII complexes

with the same ligands and a similar geometry are three

orders of magnitude less selective towards G4-DNA. The

experimental data were confirmed by the molecular docking

calculations of their binding energies to the duplex and

G4-DNA (Fig. 8).47

The mechanism of cytotoxic activity through the induc-

tion of apoptosis was revealed only for square-planar

cyclene-based coordination compound 49. It was shown

that the interaction of this complex with DNA leads to its

damage, which causes the activation of caspase-3 followed

by the induction of apoptosis through a caspase-dependent

pathway.41

It was found that haem oxygenase-1 inhibitors based on

zinc protoporphyrinates 48 exhibit cytotoxicity of about

10 mM.30, 31, 38 In one of the first cited studies, Fang et al.30

showed that the toxicity is associated with the inhibition of

the enzyme HO-1; however, there is also another mecha-

nism because the toxicity is retained in the cells in the

absence of overexpression of HO-1. Wang et al. 31 reported

that zinc protoporphyrinates can exhibit a cytotoxic effect,

by blocking the Wnt signaling pathway of the cell character-

istic of most of cell lines. The inhibition constants of the

enzymes under consideration correlate with the IC50 values.

Hence, it can be suggested that, due to the structural

features, planar coordination compounds (e.g., ZnPP) do

not prone to DNA intercalation and binding, ROS gener-

ation and the induction of apoptosis and act via these

specific mechanisms.

2.3. Effect of ligand structure on cytotoxicity
Apart from the geometry of the metal coordination sphere,

the influence of the chemical nature and the donor ability

(acceptor ability) of the ligand should be taken into account

when considering relationships between the structure of

zinc(II) coordination compounds and the mechanism of

cytotoxic activity. A comparison of the cytotoxicity in series

of zinc complexes with the same coordination geometry

shows that the cytotoxic activity differs in this series and the

IC50 values vary in a wide range. For example, the cytotox-

icity of tetrahedral complexes (see Table 1) against the

breast adenocarcinoma cell line (MCF-7) varies from 0.1

to 100 mM. The difference in the cytotoxicity by three orders

of magnitude indicates that not only the geometry but also
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the structure and chemical nature of the organic ligand play

an important role in the antiproliferative activity.

The elucidation of the effect pattern of the ligands on

cytotoxicity is complicated by the fact that coordination

compounds with the same geometry and a similar mecha-

nism of action should be compared using the same cell line.

A series of octahedral coordination compounds with tox-

icity evaluated against the MCF-7 cell line (2 studies, see

Refs 34 and 36) and a series of tetrahedral coordination

compounds, the toxicity of which was evaluated against the

MCF-7 (6 studies, see Refs 32, 45, 46, 52, 56 and 58) and

Hep-G2 cell lines (2 studies, see Refs 32 and 44) are

representative samples corresponding to these selection

criteria and allowing an educated guess of the effect of the

chemical structure of the ligand on cytotoxicity.

Let us compare octahedral coordination compounds 26

and 1 bearing two equatorial bidentate nitrogen-containing

ligands [bis(3,5-dimethylpyrazol-2-yl)acetamide derivatives

in the former compound 34 and 3-(2-pyridyl)-1,2,4-triazine

derivatives in the latter compound 36] in the metal coordi-

nation sphere. The coordination spheres of complexes 26

and 1 differ only in that the amide oxygen atoms linked to

equatorial ligands serve as axial ligands in the case of

bispyrazole, whereas Cl7 ions are in axial positions in the

case of 3-(2-pyridyl)-1,2,4-triazine. The replacement of oxy-

gen ligands strongly coordinated to zinc by easily dissociat-

ing chloride ions leads to an expected decrease in the IC50

value (increase in the cytotoxicity) from 18� 5 to

10.44� 0.52 mM. This difference between the IC50 values of

compounds 26 and 1, which is significantly larger than the

standard deviations reported in this study, is an additional

evidence that the loss of axial ligands followed by the

intercalation of the resulting square-planar complex into

DNA is the main mechanism of cytotoxic activity of

octahedral zinc coordination compounds.

A comparison of the IC50 values of tetrahedral coordi-

nation compounds 14 ± 17,32 18 ± 20,46 47,45, 52 55,52 56

(Ref. 56) and 57 ± 60 (Ref. 57) evaluated against the MCF-

7 cell line suggests that sulfur-containing ligands favour

higher cytotoxicity of the Zn complex, whereas the presence

of easily dissociating halide ions leads, on the contrary, to

the reduction of cytotoxicity. This is indirect evidence that

tetrahedral coordination compounds exhibit cytotoxic

activity in the undissociated state and, consequently, they

should have the most stable structure. For example, com-

plexes 57 ± 60 with thiosemicarbazones conjugated with the

aromatic system, which are stable under physiological con-

ditions and do not undergo ligand exchange, have IC50

values of 60.3 ± 88.1 mM even in the case of a significantly

distorted tetrahedral geometry of the coordination sphere.57

Mononuclear complexes 19 and 20 with a more rigid sulfur-

containing organic ligand bearing the thiophenolate moiety

and with less distorted geometry have cytotoxicity of

20 mM.46

Besides, the study 32 of tetrahedral dinuclear zinc thio-

semicarbazone coordination compounds 14 ± 17 showed

that IC50 of the complexes, in which the tetrahedra are

coupled through a flexible organic linker, was 0.1 mM
against the same MCF-7 cell line. This is evidence of the

synergistic effect characteristic of inhibition of multidomain

proteins by structurally related inhibitors. However, this

statement is ambiguous because of the small number of

representatives. Therefore, further studies are required.

Meanwhile, the cytotoxicity of complexes 47, 55 and 56,

which do not contain sulfur atoms in the ligand environ-

ment and bear halide ligands, is two orders of magnitude

lower (IC50& 1000 mM). It is worth noting that, according

to the results of the studies,52, 56 the mechanism of their

action also differs from the mechanism of action of other

stable tetrahedral coordination compounds and leads

mainly to the induction of cell death via a necrotic rather

than an apoptotic pathway.

2.4. Prospects of the development of anticancer agents based
on zinc ions
The above data on the structures and mechanisms of

cytotoxic activity of zinc coordination compounds dem-

onstrate that octahedral zinc compounds were studied in

most detail. For these complexes, the main mechanism of

cytotoxic activity (intercalation into double-stranded

DNA) was determined and comprehensively analyzed.

The following structural motifs of the ligands allowing

the improvement of cytotoxicity were revealed: axial

ligands weakly coordinated to zinc in the case of octahe-

dral complexes and polydentate ligands strongly coordi-

nated to zinc in the case of tetrahedral complexes, as well

as sulfur-containing ligands. Meanwhile, tetrahedral zinc

coordination compounds exhibiting relatively higher tox-

icity are less well studied. For these compounds, the main

mechanism of cytotoxic activity is not ultimately deter-

mined. It is known that this mechanism is associated with

the induction of apoptosis and necrosis and, according to

some indirect evidence, it can be suggested that it includes

the inhibition of cellular respiration enzymes or enzymes

involved in cell cycle regulation (telomerase, etc.).

Square-pyramidal zinc coordination compounds are

scarce in the literature, being intermediate in the degree of

evaluation of cytotoxic activity between octahedral and

tetrahedral coordination compounds. Probably, these com-

plexes combine the mechanisms of cytotoxic activity

through DNA intercalation and the interaction with cellular

enzymes.

Rare examples of square-planar zinc(II) coordination

compounds were described in a few studies. However, these

studies offer significant prospects for the development of a

new class of anticancer drugs exhibiting selective cytotoxic

activity through the interaction with G4-DNA and, prob-

ably, with other non-classical secondary chromatin struc-

tures characteristic of cancer cells.

3. Iron coordination compounds as cytotoxic
agents

Iron is one of the most important redox-active elements in

the body. In both characteristic oxidation states, FeII and

FeIII, iron ions are stable under physiological conditions

and are abundant in the body; they are involved in many

metabolic processes within mitochondria (the electron

transport chain), cells (DNA synthesis and repair) and the

body as a whole (transport of oxygen and carbon diox-

ide).63 ± 65

The recently obtained data on the changes in the

morphology of cells (the cell nucleus and other organoids)

and the chemical structure of chromatin (a nucleoprotein

complex as the fundamental structural unit of chromo-

somes) caused by iron coordination compounds revealed a

specific cell death pathway. This pathway is emerged

through the influence of iron coordination compounds and

salts on dividing cells and is called ferroptosis due to its

similarity to apoptosis.66
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Table 2. Cytotoxic iron coordination compounds.

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic IC50 max (cell line) Ref.
of the compound) sphere geometry activity

1 FeIIILCl3 (148 ± 153) FeNCl3 Monodentate Tetrahedral Inhibition of E/Cdk2 kinases 4 ± 135 mM (G-361, 67

(L are substituted 6-benzylamino-9- after cellular hydrolysis HOS, K-562, MCF-7)

isopropylpurines)

2 [FeIII(salophene)Cl] (129) FeN2O2Cl Tetradentate chelate Distorted square- Induction of apoptosis 0.07 mM (BJAB), 68

pyramidal via the mitochondrial pathway 2.5 mM (Nalm-6),

through ROS generation and 1.5 mM (Jurkat),

oxidative DNA damageÄ 3 mM (MelHO),

5 mM (MCF-7)

3 Ferrocenyl ± thymine conjugate FeCp2 p-Complex Sandwich complex Unknown, but not the 20 ± 30 mM (MCF-7). 69

interaction with DNA Thymine reduces toxicity

4 s-[FeIIL2]X2 (116 ± 121) FeN6 Tridentate chelate Distorted octahedral Intercalation into DNA 7± 11 mM (HeLa) 70

(L are 4-substituted terpyridines; followed by photoactivated in the light;

X=ClOÿ4 or Cl7) ROS-mediated DNA damage 87 ± 90 mM (HeLa)

in the dark

5 FeII(phen)3(BF4)2 (106) FeN6 Bidentate Octahedral Binding to the groove of DNA Not measured 71

and ROS-mediated double-strand

breaks

6 [CpFeII(dppe)L][OTf] (89 ± 92) FeCpP2N Monodentate for imidazole, Half-sandwich complex Putative ROS generation 0.22 ± 0.43 mM (A2780), 72

(L are 1-substituted imidazoles) bidentate for diphosphine 0.81 ± 3.10 mM (MCF7),

and p-complex for Cp 1.40 ± 6.30 mM (HeLa)

7 Ferrocenylpyrimidines FeCp2 p-Complex Sandwich complex Involvement in DNA synthesis, 52 ± 64 mM against ovarian 73

(69 ± 74) impairment of DNA replication cancer cells (surgical material)

and the arrest of the cell cycle

at the S phase

8 [FeII(Pamp)(MeOH)Cl2] FeN3OCl2 Tridentate Distorted octahedral ROS-Mediated DNA damage Not measured 74

without DNA binding (weak

electrostatic binding)

9 FeII(Bd)2(XGm(morph))(BF)2 FeN6 Polydentate chelate Distorted trigonal- Inhibition of DNA and Not measured 75

(154 ± 157) prismatic RNA transcription
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Table 2 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic IC50 max (cell line) Ref.
of the compound) sphere geometry activity

10 Plumbagin N 0-(Ferrocenylcarbonyl)- FeCp2 p-Complex Sandwich complex Intercalation into DNA, 0.5� 0.1 mM (518A2), 76

hydrazone (75) damage of DNA structure 4.7� 1.8 mM (HCT-116),

(detected by EMSA) and the 1.1� 0.1 mM (KB-V1/Vbl)

arrest of the cell cycle at the

G2/M phase

11 [FeCp(dppe)(L)][PF6] FeCpP2N Monodentate for imidazole, Half-sandwich complex Intercalation into DNA 0.77 ± 5.05 mM (HL-60) 77

(L is quinoline-2-carbonitrile (93), bidentate for diphosphine accompanied by multiple

quinoline-3-carbonitrile (94), and p-complex for cyclo- breaks in supercoiled plasmids

pyrazine-2-carbonitrile (95), pentadienyl (detected by atomic force micro-

pyrazine-2,3-carbodinitrile (96)) scopy), induction of apoptosis

12 [FeIII(BHA)LCl]Cl FeN3O2Cl Tridentate and bidentate Distorted octahedral Binding to the groove of DNA 14.6 mM (HeLa) in the light, 78

(L=phdpa (114), pydpa (115)) stabilized by partial intercalation; 77 mM (HeLa) in the dark

DNA breaks upon irradiation

13 FeIIL3SO4 FeN6 Bidentate Octahedral All complexes enter cells 0.5 ± 1.7 mM (MCF-7), 79

(L=bipy (123), phen (124), through endocytosis to form 1 ± 30 mM (A375, HeLa,

ip (125), pip (126), me-pip (127)) secondary lysosome, then hydro- HepG2, PC-12, RHepG2,

philic complexes are translocated A549)

to the cell nucleus, where they

damage DNA and induce S-phase

cell cycle arrest (p53-dependent).

Hydrophobic complexes are localized

in the cell cytoplasm and inhibit

the protein kinase B signaling cascade,

arresting the cell cycle at the G0/G1

phase and triggering apoptosis

14 [FeIII(salophen)L] FeN3O2 Tetradentate chelate+ Square-pyramidal Intercalation into DNA, 0.38 ± 0.70 mM (MCF-7), 80

(HL is imidazole (130), monodentate ligand L the DNA binding affinity 0.058 mM (A2780),

1,2,4-triazole (131), increases by two orders of 0.4 ± 5.0 mM (HOS,

benzo[d][1,2,3]triazole (132), magnitude in the presence of A549, HeLa, G-361, LH32)

5-amino- (133) and a planar and unhindered substituent

5-phenyltetrazoles (134)) in the ligand L; apparently, only

the ligand L intercalates into DNA
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Table 2 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic IC50 max (cell line) Ref.
of the compound) sphere geometry activity

15 [FeIII(sal)LCl] FeN3O2Cl Tridentate amine, bidentate Distorted octahedral Binding to DNA followed by 8.6 mM (HeLa) in the light, 81

(L=phdpa, andpa) salicylic acid and monodentate photocleavage, presumably >100 mM (HeLa) in the dark;

chloride ion mitochondrial DNA is cleaved 3.4 mM (MCF-7) in the light,

>100 mM (MCF-7) in the dark

16 [(m-BDA)FeIIICl3] FeN3Cl3 Tridentate Distorted octahedral Localized in mitochondria and, 15.56 mM (HepG-2) in the dark, 82

when irradiated, causes membrane 6.25 mM (Hep-G2) in the light

depolarization and mitochondrial

DNA damage

17 [FeL2]NO3 (128) FeN4S2 Bidentate Distorted octahedral Binds to DNA, causes DNA 0.23 mM (HepG2), 83

(L is (E)-N-phenyl-2-(quinolin-2- damage via ROS generation and 0.46 mM (HeLa),

ylmethyl)diazenecarbothioamide) leads to the induction of 1.62 mM (HL-7702),

apoptosis via the mitochondrial 1.1 mM (MCF-7),

pathway through activation 1.38 mM (MCF-7/ADR)

of the protein p53

18 [{FeL(cur)}2(m-O)](ClO4)2 FeN3O3 Tridentate+bidentate Distorted octahedral ROS photogeneration causing 3.1 mM (HeLa) in the light, 84

(L is bis(2-pyridylmethyl)benzyl- DNA damage and the induction >50 mM (HeLa) in the dark;

amine) of apoptosis 4.9 mM (MCF-7) in the light,

>50 mM (MCF-7) in the dark

19 4-Azidobenzylferrocenyl- FeCp2 p-Complex Sandwich complex Toxicity correlates with the ROS 16 ± 28 mM (HL-60); the higher 85

carbamate (80) level in the cell, ROS generation the glutathione level, the higher

begins after the activation by activity

glutathione or blue light

20 [FeIII2(m-O)(L-His)2(B)2](ClO4)2 FeN4O2 Tridentate+bidentate Distorted octahedral Generate ROS in the dark and 30 mM (HeLa), 86

(104a ± c) and in the light inducing cell 36 mM (MCF-7);

[FeIII2(m-O)(m-O2CMe)2(B)4](ClO4)3 apoptosis. In the light, these in the light, IC50 is two times lower.

(105b,c) (B=bipy (a), phen (b), complexes undergo decarb- Increase in the volume or lability

dipyrido[3,2-d:20,30-f ]quinoxaline (c)) oxylation and ROS is generated of the nitrogen-containing ligand

even more rapidly leads to a decrease in the activity.

Non-toxic against MCF-10

21 [FeIIIL1(SCN)2]X . 2H2O a FeN3O2(SCN)2 Pentadentate Pentagonal-bipyramidal Very weak binding to DNA 75 ± 172 mM (HeLa, 87

(X=SCN (141), Fe(SCN)5 (142)) (not intercalation); apparently MDA-MB-453, K562,

cause the induction of apoptosis LS174, A549, MRC-5)
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Table 2 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic IC50 max (cell line) Ref.
of the compound) sphere geometry activity

22 3-Amino- (81, 82) and 3-nitro- FeCp2 p-Complex Sandwich complex Electrostatic binding to DNA, 1.55 ± 4.72 mM (MCF-7); 88

phenylferrocenes (83, 84) not studied in detail 1.5 ± 2 times higher against

normal cells

3.76 ± 4.92 mM (HeLa)

23 [CpFeII(CO)(PR3). FeCpCOPN Monodentate Half-sandwich complex Induction of apoptosis. 89

.(4-NCC6H4NH2)]PF6 ligand+Cp Complexes with asymmetric charge

(R3P=Ph3P (97), distribution are more cytotoxic than

4-Ph2PC6H4CO2H-4 (98), those with symmetric charge distribution

(4-FC6H4)3P (99)

[CpFeII(CO)(PPh3)I] (100))

24 [FeII(L2)(cur)]Cl (101), FeN4O2, Tetradentate+ Distorted octahedral, Mitochondrial localization of 101:*20 mM; 90

[FeIII(L3)(cur)]Cl (102), FeN3O3, bidentate octahedral, octahedral complexes. Generation of ROS; 102:*90 mM;

[FeIII(L4)(cur)] (103)b FeN2O4 for FeII, in the light and in the 103:*90 mM (LN-229,

dark, whereas for FeIII only in MCF-7, HaCaT).

the light In the light, the toxicity of FeIII

increases by a factor of 2 ± 5

25 N-R-4-(Ferrocenylcarbamato)- FeCp2 p-Complex Sandwich complex Generation of ROS, oxidative 15 ± 30 mM (BL-2, 91

phenylboronic acid pinacol stress and DNA damage A2780, Jurkat)

ester (R=All (76), prop-2-enyl (77),

propargyl (78), prop-2-ynyl (79))

26 FeIII monochloro-N1-acetylacetone- FeN2O2Cl Tetradentate Distorted square- Antioxidant properties Not measured 92

N4-(4-methoxysalicylidene)-S-alkylthio- pyramidal

semicarbazidates (135 ± 140)

27 R-Phenylimidazophenanthrolines FeN6 Bidentate Octahedral Arrest of the cell cycle at 2 ± 4 mM (ECA109, TE-1) 93

FeIII (R=H, Me, NO2) the G0/G1 phase and the induction

of apoptosis via the mitochondrial

pathway

28 Hydroxyferrocifens (61 ± 68) FeCp2 p-Complex Sandwich complex Generation of ROS Not measured 94

29 [FeIIIL(NN)]PF6) FeN4O2 Tetradentate + Distorted octahedral Electrostatic localization at the 2.2 ± 7.8 mM (HeLa) 95

(NN=bipy (107), phen (108), bidentate sugar phosphate backbone of DNA;

amphen (109), Clphen (110), ROS generation; DNA damage

epoxyphen (111)); leading to the induction of apoptosis

[FeIIIL(EtOH)]NO3 (112) through caspase activation

(H2L is bis(2-hydroxy-4,5- dimethyl-

benzyl)(2-pyridylmethyl)amine)
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Table 2 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic IC50 max (cell line) Ref.
of the compound) sphere geometry activity

30 [FeIII(salophene)Cl] (129) FeN2O2Cl Tetradentate Distorted square- Unknown, stability in solution Not measured 96

pyramidal was evaluated

31 FeIII Complexes with 2,6-diacetyl- FeN3O2Cl2 Pentadentate Pentagonal-bipyramidal Ligands and, to a lesser extent, 33 ± 73 mM (MCF-7, 97

pyridine bis(acylhydrazones) complexes inhibit ribonucleotide A549, NCI-H460)

(143 ± 147) reductase. Ligands are 4 ± 5 times

more cytotoxic than the complexes

32 FeIIIL3 FeN3O3 Bidentate Octahedral Generation of ROS and the 1.9 ± 2.5 mM (A431, SCC9, 98

(HL is 8-hydroxyquinoline) induction of apoptosis via the SCC25, BCC, A375, HaCaT)

mitochondrial pathway

33 FeIII(L)(NO3)2 . 2H2O FeNO(H2O)2(NO3)2 Bidentate Octahedral Intercalation into DNA 60 mM (MCF-7, Hep-G2) 99

(L is triarylimidazole (122))

34 1,10-Bis(4-aminomethylphenyl)- FeCp2 p-Complex Sandwich complex Generation of ROS, transport to 2.4 ± 6.1 mM (SK-OV-3) 100

ferrocenes (85 ± 88) the cell through transferrin receptors

35 FeIII Complex with rifampicin FeO3(H2O)3 Tridentate Octahedral Induction of apoptosis via the Suppression of solid tumour 101

mitochondrial pathway growth is two times stronger

compared to the effect of the ligand

36 [FeIII(L5)Cl3]L6 (158) FeN3Cl3 Tridentate Octahedral Unknown 6.59� 0.5 mM (Hep-G2), 102

(L5 is 2,4,6-tris(2-pyridyl)-1,3,5- 13.07� 1.1 mM (HeP2),

triazine, L6 is thiourea) 9.38� 1.0 mM (MCF-7),

8.24� 0.9 mM (HeLa)

37 [FeIII(L7)(NO3)2(H2O)2] . 0.5H2O FeNO(NO3)2(H2O)2 Bidentate Octahedral Electrostatic binding to the 38 ± 91 mM (Hep-G2, 103

(113)c minor groove of DNA MCF-7, HCT-116)

Note. The following abbreviations are used: salophene is N,N0-bis(salicylidene)-1,2-phenylenediamine, Cp is cyclopentadienyl, Tf is trifluoromethanesulfonyl (triflyl), Pamp is pyridine-2-carboxylic acid N 0-
phenyl-N 0-(2-pyridyl)hydrazide, H2Bd is a-benzyl dioxime, H2Gm(morph) is morpholinoglyoxime, BHA is benzhydroxamate, phdpa is benzylbis(2-pyridylmethyl)amine, pydpa is (1-pyrenylmethyl)bis(2-

pyridylmethyl)amine, ip is imidazo[4,5-f ][1,10]phenanthroline, pip is 2-phenylimidazo[4,5-f ][1,10]phenanthroline, me-pip is 2-(4-methylphenyl)-1H-imidazo[4,5-f ][1,10]phenanthroline, m-BDA is 4,4-difluoro-

1,3,5,7-tetramethyl-8-[3-bis(2-pyridylmethyl)aminobenzyl]-4-bora-3a,4a-diaza-s-indacene, cur is curcumin (bis(4-hydroxy-3-methoxyphenyl)-1,6-diene-3,5-dione), His is histidine. a L1 is 2,20-[pyridine-2,6-
diylbis(ethylidene-1-hydrazinyl-2-ylidene)]bis[N,N,N-trimethyl-2-oxoethaneamine], b L2 is tris(2-pyridylmethyl)amine, HL3 is (2-hydroxybenzyl)bis(2-pyridylmethyl)amine, H2L4 is N,N-bis(4,6-di-tert-butyl-

2-hydroxybenzyl)-N 0,N 0-dimethylethylenediamine, cHL7 is 1-(2-hydroxyethyl)-2-(3-bromo-6-hydroxyphenyl)-4,5-diphenyl-1H-imidazole.



The key differences between ferroptosis and apoptosis

are that the ferroptosis is not accompanied by nuclear

disintegration and chromatin degradation and, in the early

stage, the process is irreversible in the presence of caspase

inhibitors (ferroptosis is not a caspase-dependent process).

The ferroptosis involves the cell shrinkage followed by its

swelling. The formation of apoptotic bodies and cell frag-

mentation are not observed during ferroptosis. The main

morphological markers of ferroptosis are the reduction of

the mitochondrial volume with condensed mitochondrial

membrane density and the reduction/vanishing of mito-

chondrial cristae, as well as an increase in the lipid bilayer

density. From the biochemical viewpoint, ferroptosis is

characterized by a significant decrease in the glutathione

level and dysfunction of glutathione-dependent peroxidase,

resulting in a considerable increase in the ROS level in the

cell.66

Taking into account the involvement of iron ions in key

biochemical processes, iron coordination compounds hold

promise for the development of anticancer agents. It is

known that during many metabolic processes, iron ions

change the oxidation state. This makes it possible not only

to search for cytotoxic iron coordination compounds but

also to design prodrugs, which differ from the available

drugs by the degree of oxidation.

Abundant data on the cytotoxic activity of iron com-

plexes against a large number of cell lines are scattered.

This makes it difficult to evaluate the effect of the

structure of the substituent on cytotoxic activity within

individual classes of compounds. However, common

mechanisms of action for different structural types of

iron-containing complexes can be revealed and the ranges

of IC50 values against cancer and normal cells can be

evaluated.

Iron coordination compounds with confirmed cytotoxic

activity can be divided into two main structural classes,

which differ in the ligand environment and the coordination

geometry of the iron ion: classical iron coordination com-

pounds with N,O-donor ligands and substituted ferrocenes.

The principal data on these compounds are summarized in

Table 2.

3.1. Cytotoxic ferrocene derivatives
Ferrocene was historically the first organometallic com-

pound tested for antiproliferative activity in 1984.104 The

main advantages of ferrocene, which were mentioned in the

cited study and in most of the subsequent studies, are its low

toxicity against normal cells, high stability under physio-

logical conditions and the ability to undergo one-electron

oxidation to form a stable FeIII-containing ferrocenium

salt.105

The ferrocenium cation is quite stable, and the redox

reaction giving this cation is reversible for most ferrocene

derivatives. Ferrocenium salts (picrate and trichloroacetate)

exhibited significant anticancer activity. Thus, the tumour

growth retardation, which was evaluated in laboratory mice

bearing transplantable Ehrlich ascites carcinoma (EAC),

was 60 ± 100%.106

The synthesis of ferrocifens, which are analogues of

tamoxifen (the non-steroidal antiestrogen drug used to

treat breast cancer, in which one phenyl substituent is

replaced by ferrocene) was for a long time the main

approach to the targeted search for cytotoxic ferrocene

derivatives. In particular, it was found the ferrocene-con-

taining hydroxytamoxifen derivatives 61 ± 68 exhibit the

highest activity, the hydroxyl group playing a key role in

the generation of reactive oxygen species.94 Consequently,

the hydroxyl group is necessary for the manifestation of

cytotoxicity. According to the results of this study, the

presence of the tamoxifen moiety facilitates the intercala-

tion of the molecule into DNA, and the ferrocene phenol

system can generate reactive oxygen species only in the
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presence of appropriate nitrogenous bases, in particular

DNA nucleotides.

Meanwhile, an attempt to directly introduce a nitro-

genous base instead of the tamoxifen moiety into the

structure of the conjugate led to a significant decrease in

the cytotoxicity of these compounds.69 More detailed stud-

ies demonstrated that the replacement of the tamoxifen

moiety by a nitrogenous base, in particular by pyrimidine

or adenine derivatives, results in a change in the mechanism

of cytotoxic activity. For example, conjugates 69 ± 74 inhibit

DNA synthesis and do not generate reactive oxygen species

in the cell.73

Similar characteristics of the ROS generation and even

higher cytotoxicity were achieved by replacing the tamox-

ifen moiety in the coordination compound by a simple

quinoid structure.76 Thus, plumbagin N 0-(ferrocenylcarbo-
nyl)hydrazone (75), a natural naphthoquinone, exhibits

cytotoxicity of about 1 mmol L71 against a number of cell

lines (518A2, HCT-116, KB-V1/Vbl), shows 50 times lower

toxicity compared to ferrocene-containing tamoxifen deriv-

atives against normal fibroblasts (CHF) and has a similar

mechanism of action causing DNA damage in the cell by

reactive oxygen species.

Independently of the above studies on the optimization

of the ferrocifen structure, Daum et al.91 concluded that the

ferrocene-containing cytotoxic conjugate should contain the

quinoid moiety. They synthesized N-substituted 4-(ferroce-

nylcarbamato)phenylboronic acid pinacol esters 76 ± 79.

These compounds are decomposed in the cell and release

ferrocene-containing secondary amine and 4-methylenecy-

clohexadienone in the pseudo-quinoid form, which react

with each other giving reactive oxygen species (Scheme 1).

Besides, it was shown that a decrease in the lipophilicity of

conjugates in the case of compounds 76 ± 79 leads to an

increase in both the efficiency of ROS generation and the

improvement of cytotoxicity: for the BL-2, A2780 and

Jurkat cell lines, IC50 are 15 ± 30 mM.

Other aminoferrocene-based carbamates, e.g., 4-azido-

benzyl ferrocenylcarbamate 80,85 have IC50 values against

the HL-60 cell line in the same range (16 ± 28 mM). In this

case, low lipophilicity is achieved due to the presence of the

polar azido group, and the metabolism of the conjugate

occurs in a similar way leading to the release of free

aminoferrocene and 4-methylenecyclohexadienone imine

(Scheme 2). Therefore, any ferrocene conjugate with a

quinoid structure in the active or latent form is apparently

suitable for the manifestation of cytotoxicity via ROS

generation.

These data suggest that aminophenyl- and nitrophenyl-

substituted ferrocenes,88, 100 which also exhibit cytotoxic

activity through generation of reactive oxygen species,

undergo a similar metabolism to form quinoid structures

in a ferrocene-containing agent ±DNA molecule complex.

According to Asghar et al.,88 these compounds bind to

DNA in the cationic form via electrostatic interactions and

cause DNA damage through the production of reactive

oxygen species. The relatively lower IC50 values of com-

pounds 81 ± 84 and 85 ± 88 (2.4 ± 6.1 mM against the

SK-OV-3 cell line and 1.55 ± 4.72 mM against the MCF-7,
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respectively) 88, 100 compared to more complex conjugates

75 ± 80 are attributed to the fact that the former compounds

have higher affinity for transferrin and exhibit easier cellu-

lar uptake via receptor-mediated endocytosis.

3.2. Cytotoxic half-sandwich iron complexes
A small subclass of cytotoxic ferrocene derivatives com-

prises half-sandwich coordination compounds, in which an

iron atom is coordinated by one cyclopentadienyl ligand

and the other coordination sites are occupied by N-, O- or

P-donor ligands. The successful completion of the first stage

of preclinical trials of the complex Cp2TiCl2 in 1988 107 and

the more recent data on cytotoxic activity of ferrocene

derivatives were the impetus for the extensive research on

the synthesis of these compounds and their evaluation for

anticancer pharmaceuticals.

An analysis of the published data shows that soft

ligands, such as phosphines, nitriles 77 or carbonyls,89 capa-

ble of strong p-back donation, are more suitable for the

stabilization of unsymmetrical iron coordination com-

pounds. According to the results of the study,89 a bifunc-

tional ligand bearing amino and cyano groups is

coordinated to the iron ion exclusively through the softer

cyano moiety.

All coordination compounds 89 ± 100 tested in the stud-

ies 72, 77, 89 exhibit cytotoxicity with IC50 values of a few

mmol L71 against the HL-60 and HeLa cell lines, causing

the induction of apoptosis through DNA damage.

Valente et al. 77 demonstrated that half-sandwich coor-

dination compounds 93 ± 96 (Scheme 3), like ferrocene

derivatives, can strongly bind to DNA and cause its

damage. Pilon et al.89 came to the same conclusions about

the mechanism of action of coordination compounds

97 ± 100 and additionally stated that the complexes with

asymmetric charge distribution display comparatively

higher cytotoxicity.

These conclusions provide indirect evidence that com-

plexes with a half-sandwich structure, like the ferrocene

derivatives considered above, cause DNA damage through

the production of reactive oxygen species. The charge

distribution between the ligands in coordination com-

pounds plays a key role in this redox process.

3.3. Classical iron coordination compounds with cytotoxic
activity
Iron ions in oxidation states +2 and +3 are characterized

by coordination numbers 4, 5 and 6. Iron complexes bearing

organic ligands with all possible coordination geometries

were described (see Table 2): tetrahedral (1 example out of

27 characterized compounds), trigonal-prismatic (1 exam-

ple), square- and triangular-prismatic (2 examples), square-

pyramidal (4 examples) and octahedral (19 examples). As is

seen in Table 2, the metal ion coordination environment in

the overwhelming majority of cytotoxic iron coordination

compounds has an octahedral geometry, the oxidation state

of the iron ion placing no limitations on the possible

geometry of coordination compounds. Thus, FeII and FeIII

compounds with octahedral and square-pyramidal geome-

try are nearly equal in number.

An analysis of the ligand structures shows that the most

common iron coordination compounds are those containing

2 ± 4 nitrogen atoms in the coordination sphere and 2 ± 3

oxygen atoms in a polydentate or chelating ligand. Chloride

anions are most frequently present as monodentate ligands.

3.3.1. Octahedral iron(II and III) coordination compounds

The main mechanism of cytotoxic activity of octahedral

iron coordination compounds, as in the case of ferrocene

derivatives, involves the generation of reactive oxygen

species. The key contribution of ROS to the cytotoxicity

was reported in eight publications (see Refs 70, 71, 74, 83,

84, 86, 90, 98) out of 18 studies, in which attempts were

made to elucidate the mechanism of action. The second

most common mechanism is associated with hydrolytic

DNA damage and cleavage under light irradiation

described in five studies (see below).

81, 82 83, 84
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Jana et al.90 studied in detail the mechanisms of cyto-

toxic activity of octahedral FeII and FeIII coordination

compounds 101 ± 103 with ligands of similar chemical

nature, such as tris(2-pyridylmethyl)amine, (2-hydroxyben-

zyl)bis(2-pyridylmethyl)amine and N,N-bis(4,6-di-tert-

butyl-2-hydroxybenzyl)-N 0,N 0-dimethylethylenediamine.

They showed that all these coordination compounds gen-

erate ROS. However, the FeII complexes cause a significant

increase in the ROS level in the dark, whereas light

irradiation is required for FeIII compounds (in the light,

the toxicity of FeIII coordination compounds increases by a

factor of 2 ± 5 81, 86).

According to the results of the study,86 iron(III) com-

plexes 104a ± c, 105b,c can generate ROS both in the dark

and in the light, but the exposure to light leads to a change

in their structure. The ligand is decarboxylated to form

carbon dioxide (Scheme 4). The ROS level and cytotoxicity

are increased by a factor of 2 ± 3. Therefore, taking into

account that the mechanism of cytotoxicity through photo-

oxidation of DNA was revealed for FeIII coordination

compounds, it can be suggested that the photooxidation

also depends on the ROS generation and it is a special case

of the common mechanism of action, which has some

specific features for iron(III) compounds.

Meanwhile, as opposed to ferrocene derivatives, which

generate reactive oxygen species in the presence of nitro-

genous bases of DNA, octahedral iron coordination com-

pounds bind to DNA only in rare cases and do not require

the presence of DNA for the efficient activation of the redox

process resulting in ROS generation. The weak electrostatic

binding of complexes 106 ± 113 (see Table 2) to the major

and minor grooves of DNA was observed in the stud-

ies.71, 95, 103 The binding through partial intercalation of a

planar aromatic moiety of ligands of compounds 114 ± 121

was also reported.70, 78 The true intercalation was found

only for aqua complexes 122, in which axial ligands (water
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molecules) are easily exchanged with nitrogenous bases of

DNA.99

There is evidence that the localization of octahedral FeII

complexes in the cell nucleus is determined by lipophilicity

of the organic ligand.79 Coordination compounds 123 ± 127

with substituted bipyridines and 1,10-phenanthrolines

undergo endocytosis to form the secondary lysosome from

the endosome and the primary lysosome of the cell followed

by the localization of hydrophilic compound 123 in the

nucleus through electrostatic interactions between polar

groups and DNA anions, whereas hydrophobic compounds

124 ± 127 are localized in the cell membrane and then

released into the cytoplasm. The mechanism of cytotoxic

activity also depends on the lipophilicity. Thus, hydrophilic

complex 123 causes DNA damage and the arrest of the cell

cycle at the S phase (p53-dependent), whereas hydrophobic

complexes 124 ± 127 inhibit the protein kinase B cascade,

causing the arrest of the cell cycle at the G0/G1 phase and

the induction of apoptosis.

However, most of octahedral iron coordination com-

pounds, regardless of the oxidation state of the central

atom, are localized in mitochondria Ð organoids contain-

ing the highest iron ion concentration in the cell. Mitochon-

drial localization and the mitochondrial pathway of the

induction of apoptosis were revealed for a number of iron

coordination compounds with organic ligands of different

hardness or softness nature.81, 82, 90, 93, 98, 101

A nonuniform localization and different variants of the

common mechanism of action make it difficult to compare

the cytotoxicity for this class of compounds but the compi-

lation of the data shows that the IC50 values of octahedral

iron coordination compounds are in the range of

0.23 ± 90 mM against the HeLa, MCF-7, A375, HepG2,

PC-12, RHepG2, A549, HL-7702, LN-229, HaCaT,

ECA109, TE-1 and NCI-H460 cell lines. The IC50 value is

also significantly affected by the structure of the organic

ligand. Thus, coordination compounds with aromatic

amines and quinolines 89 ± 92, 107 ± 112 and 123 ± 128 are,

on the average, an order of magnitude more toxic compared

to other characterized complexes.72, 79, 83, 95

3.3.2. Square-pyramidal iron(III) coordination compounds

Square-pyramidal iron coordination compounds are struc-

turally similar to octahedral complexes and differ from the

latter by the absence of one axial ligand and a somewhat

lower stability under physiological conditions.96 It is worth

noting that all such cytotoxic complexes described in the

literature contain FeIII ions although there are no funda-

mental limitations on the existence of square-pyramidal FeII

coordination compounds.

Hence, it is reasonable to suggest that the mechanisms of

cytotoxicity of square-pyramidal iron complexes should be

similar to those of octahedral coordination compounds (see

Section 3.3.1). This is consistent with the results of the

study,68 which demonstrated that ROS make a key contri-

bution to the cytotoxicity of iron(III) complex 129 with the

salophen ligand exhibiting antiseptic, antipyretic and anal-

gesic activity.

It would be expected that square-pyramidal coordina-

tion compounds will have higher DNA intercalating abil-

ity due to a more planar structure of the pyramidal

coordination compound compared to the octahedral one.

However, the experimental data show that square-pyra-

midal iron(III) complexes 130 ± 134 with salophen bind to

DNA through electrostatic interactions.80 According to

the results of the study,80 the introduction of a planar

sterically unhindered molecule as an additional monoden-

tate ligand leads to an increase in the binding constant of

iron(III) coordination compounds to DNA by approxi-

mately two orders of magnitude. Therefore, it can be

suggested that the axial ligand rather than complex 134

as a whole intercalates into DNA, while the complex is

electrostatically attracted to negatively charged phosphate

groups of the DNA molecule.

An interesting fact is that FeIII coordination compounds

135 ± 140 with thiosemicarbazones (see Table 2) do not

exhibit cytotoxic activity,92 as opposed to thiosemicarba-

zone-containing coordination compounds of other

transition metals displaying significant cytotoxic-

ity.32, 40, 44, 60, 108 ± 111

3.3.3. Bipyramidal iron(II) coordination compounds

Pentagonal-bipyramidal complexes 141 ± 147 belong to

another class of iron coordination compounds similar to

octahedral complexes with anticancer activity. All coordi-

nation compounds with this structure were synthesized

based on 2,6-diacetylpyridine bis(hydrazones) as pentaden-

tate ligands.87, 97

The IC50 values of these complexes measured against the

A549 cell line vary from 52 to 190 mM. Therefore, they are,

on the average, an order of magnitude less toxic than
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octahedral iron coordination compounds 101 ± 128. This

stimulated researchers to study in detail the mechanisms of

cytotoxic activity of compounds 143 ± 147. It was found

that, as opposed to the octahedral analogues, the ROS

generation has no significant importance for the appearance

of cytotoxic activity of these complexes.97 Yao et al.97

demonstrated that the ligands and, to a lesser extent,

coordination compounds 143 ± 147 inhibit ribonucleotide

reductase, which plays a key role in DNA synthesis. The

cytotoxicity correlates with the inhibitory concentration of

ribonucleotide reductase. Hence, the authors suggested this

mechanism of antiproliferative activity as the main one for

this subclass of compounds.

3.3.4. Tetrahedral iron(III) coordination compounds

In the only study, 67 in which tetrahedral iron(III) coordina-

tion compounds 148 ± 153 based on 6-benzylamino-9-iso-

propylpurine derivatives were synthesized and

characterized, the authors showed that the free organic

ligand serves as the active ingredient, although these com-

plexes have IC50 values in a micromolar range against the

G-361, HOS, K-562 and MCF-7 cell lines. This ligand is

released via hydrolysis of the coordination compounds in

the cell and its cytotoxicity, evaluated under the same

conditions, differs from the cytotoxicity of the complexes

within the standard error of measurement.

3.3.5. Trigonal-prismatic iron(II) coordination compounds

Four FeII coordination compounds 154 ± 157 with unusual

trigonal-prismatic structures (Scheme 5, Fig. 9) were

described for the first time by Belov et al.75 as effective

inhibitors of DNA and RNA transcription. The mechanism

of inhibition of the enzyme T7 RNAP (T7-RNA polymer-

ase) involves the stabilization of the enzyme complex with

DNA and RNA by hydrogen bonds and van der Waals

interactions. The stabilization of the complex simultane-

ously with DNA, RNA and the active site of the enzyme

leads to the irreversible inhibition of nucleic acid synthesis

in the cell. Although in vitro experiments in cell lines were

not performed, the IC50 values for T7 RNAP, varying in the

range of 0.5 ± 2.5 mM, indicate that these coordination
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compounds are promising for further evaluation as anti-

cancer agents.

3.4. Prospects of the development of anticancer agents based
on iron ions
The above data on the mechanisms of action, stability under

physiological conditions and the intracellular distribution

of cytotoxic iron complexes suggest that the most stable

coordination compounds are based on ferrocene deriva-

tives. They are not decomposed, do not undergo metabo-

lism in the body with the release of a free iron ion, are

equally stable as ferrocene and a ferrocenium cation and are

stable during numerous oxidation7reduction cycles.

Besides, it is ferrocene derivatives that are localized at

the sugar phosphate backbone of DNA through electro-

static attraction and efficiently generate ROS only when

involved in a complex with heterocyclic bases of DNA.

Therefore, such compounds more efficiently cause oxidative

stress and nucleus lesions leading to the induction of

apoptosis and ferroptosis. It should also be noted that

ferrocene derivatives exhibit certain selectivity against can-

cer cells and passive targeting to the most vulnerable

organelles in the cancer cell; however, their molecular target

remains unknown.

Using ferrocifens, it was shown that the introduction of

the ferrocenyl moiety into the known therapeutic agent

[hydroxytamoxifen (61)] can lead to the improvement of its

cytotoxic properties and the optimization of the mechanism

of action, which provides a route to the development of dual

drugs and prodrugs based on ferrocenes.

Hence, it can be suggested that the rational design of

ferrocene derivatives taking into account the revealed com-

mon structural motifs of the most cytotoxic known sand-

wich Fe complexes will allow the development of new-

generation anticancer agents exhibiting higher selectivity

and cytotoxicity compared to the available pharmaceuti-

cals.

Nevertheless, classical iron coordination compounds

also have some advantages, such as the localization in cell

mitochondria, efficient transport into the cell through

transferrin receptors and generation of ROS in the excited

(high-spin) state, for example, under light irradiation.

Octahedral iron coordination compound 158 with 2,4,6-

tris(2-pyridyl)-1,3,5-triazine exhibited the highest cytotoxic

activity compared to the related MnII, CoII and NiII com-

plexes; its IC50 values against the Hep-G2 and MCF-7 HeLa

cell lines were found to be 5 ± 8 times lower.102

Due to these properties, iron coordination compounds,

in particular, the most stable octahedral structures, are

promising for the development of chemotherapeutic drugs

and agents for photodynamic therapy of cancer.

4. Cobalt coordination compounds as cytotoxic
agents

Due to the redox, chemical and magnetic properties, cobalt

ions can theoretically be used to prepare biologically active

coordination compounds with a wide range of therapeutic

applications.112 Besides, cobalt compounds in the most

common oxidation states (+2 and +3) are stable under

physiological conditions and can serve for the development

of anticancer agents.

As in the case of the complexes of other metals consid-

ered above, the geometry of the coordination sphere and the

oxidation state of the central metal atom (cation) are the

key factors responsible for the mechanism of action and the

degree of cytotoxic activity of cobalt coordination com-

pounds.

An analysis of the published data demonstrates that the

cytotoxic activity of cobalt(II) coordination compounds was

evaluated for a rather large number of representatives

(43 complexes in 29 studies), whereas only 14 examples

(9 studies) were described for cobalt(III) compounds. A

comparison of the X-ray diffraction data for these two

classes of compounds leads to the conclusion that all

cobalt(III) coordination compounds exhibiting biological

activity have the same geometry of the ligand environment,

namely octahedral, although this geometry is sometimes

distorted in the case of polydentate ligands and bulky

substituents. Cobalt(II) coordination compounds are char-

acterized by more diverse geometries: octahedral (22 exam-

ples in 29 studies, 51%), tetrahedral (9 examples in 29

studies, 21%) and bipyramidal (10 examples in 29 studies,

23%). In rare cases, the square-planar arrangement of the

ligands was achieved (2 examples, 5%). Almost all coordi-

nation polyhedra are strongly distorted with respect to the

ideal bond lengths and bond angles; nevertheless, they can

be assigned to particular classes based on the X-ray dif-

fraction data.

A comparison of the ligand structures shows that

polydentate and chelating ligands containing two or

more nitrogen atoms are most typical of cytotoxic cobalt

coordination compounds (Table 3). Different monoden-

tate ligands complete the coordination sphere of cobalt

ions to 6 and they are most often in axial positions.

O
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Figure 9. Molecular structure of compound 154. The Figure was
prepared by the authors using the X-ray diffraction data 75 and the
data from the Cambridge Crystallographic Data Center (CCDC
976252).
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Table 3. Cytotoxic cobalt coordination compounds.

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) sphere geometry

1 1,8,15,22-(4-EtC(O)C6H4O)4- CoN4 Tetradentate Square-planar Unknown 19.53 mM (L929), 113

CoII phthalocyanine (233) 8.85 mM (MCF-7),

12.14 mM (MG63)

2 CoII(ma)(phen)Cl (176), CoN2O2Cl, Each ligand Distorted octahedral Binding to G4-DNA and double-stranded 55 ± 75 mM (MCF-7), 114

CoII(ma)2(phen) . 5H2O (177) CoN2O4 is bidentate DNA, inhibition of topoisomerase 1 160 mM (MCF-710A)

3 [CoII(dpamH)2(5-Me-saloH)]Br, CoN4O2 All ligands Distorted octahedral Unknown. Nitro derivatives were 10.82 ± 15.49 mM (HeLa), 115

[CoII(dpamH)2(3-OMe-saloH)]Cl, or CoN6 are bidentate found to be more toxic 50 ± 200 mM (Caki-1,

[CoII(dpamH)3]Br2 .H2O .EtOH HT-29, MTSV-17, MCF-7)

4 [CoII(Cl)L]BF4
. 0.5 MeOH CoN4Cl Tetradentate+ Distorted trigonal- Unknown, Cu and Co complexes with *10 mM (HL-60) 116

(L is bis(3,5-dimethylpyrazol-1- chloride anion bipyramidal the ligand have similar toxicity

ylmethyl)(2-pyridylmethyl)amine)

5 [CoII(4,40-dmb)3](PF6)3 (173) CoN6 Each ligand is Octahedral Binding to the major groove of DNA Not measured 71

bidentate and ROS generation

6 CoII 2,3,9,10,16,17,23,24-(4-PrnO2C)8- CoN4 Tetradentate chelate Square-planar Generation of ROS in the presence Not measured 117

phthalocyanine (234) of ascorbic acid

7 [CoIICl2(AP)2] (212) CoO2Cl2 Monodentate Distorted tetrahedral Intercalation into DNA, oxidative DNA 54.69 mM (HeLa), 118

cleavage in the presence of H2O2 84.12 mM (MCF-7)

8 [CoIII(trien)(phen)](ClO4)2Cl (159), CoN6 Bidentate and Distorted octahedral Binding to the major groove of DNA and 159: 96 mM (HepG2); 119

[CoIII(trien)(phen)](NO3)3 (160) tetradentate oxidative DNA cleavage leading to the 160: 813 mM (HepG2)

induction of apoptosis

9 [CoIII(HL .Cl)(HL .H2O)] (161, 162) CoN2O2S2 Tridentate Distorted octahedral Intercalation into DNA. DNA cleavage 161: 6.01� 0.08 mM (MCF-7), 108

(HL are substituted pyridine-4-carb- correlates with the strength of intercalation 83.24� 1.03 mM (HeLa);

aldehyde thiosemicarbazones) 162: 1.00� 0.09 mM (MCF-7),

20.28� 2.09 mM (HeLa)

10 [CoIILX2] CoN4X2 Tetradentate Octahedral Unknown X=Cl: 120

(L is 3,4,12,13- tetraoxo-7,9,16,18- 3.90� 0.7 mM (Hep3B),

tetraphenyl-1,2,5,6,10,11,14,15- 7.36� 2.0 mM (HeLa),

octaazacyclooctadeca-6,9,15,18-tetraene; 5.12� 2.5 mM (MCF-7),

X=Cl, NO3) 12.40� 0.9 mM (PBMC);

X=NO3:

4.86� 0.6 mM (Hep3B);

3.95� 0.2 mM (HeLa);

7.54� 0.8 mM (MCF-7);

14.08� 1.5 mM (PBMC)
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Table 3 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) sphere geometry

11 [CoIIIL2]Cl CoN4S2 Tridentate Distorted octahedral Intercalation into DNA. Antioxidant 163: 22.99� 0.08 mM (MCF-7), 109

(HL are R-substituted 2-acetylpyridine activity excludes ROS generation. 32.12� 1.03 mM (A431);

thiosemicarbazones: Toxicity does not correlate with the 164: 7.24� 0.09 mM (MCF-7),

R=H (163), Me (164), Ph (165)) strength of intercalation 16.85� 2.09 mM (A431);

165: 1.99� 0.13 mM (MCF-7),

9.30� 0.03 mM (A431)

12 [CoIIIL2][NHEt3] . 2 H2O

(H2L is 2-(2-hydroxybenzylidene- CoN2O4 Tridentate Octahedral Unknown *0.25 mM (HeLa) 121

amino)phenol)

13 [CoIILX2] (224, 225) CoN5X2 Pentadentate+ Distorted pentagonal- Intercalation into DNA with the Not measured 122

(X=DMF, H2O); axial monodentate bipyramidal loss of axial ligands, oxidative DNA

[CoII(H2L)Y2] (226, 227) CoN5Y2 ligands cleavage in the presence and in the

(Y= N3, NCS) absence of H2O2

(HL are 2,6-diacetylpyridine

bis(4-substituted benzoylhydr-

azones))

14 CoII(Cltpy)Cl2 (231), CoN3Cl2 Tridentate Distorted trigonal- Unknown 231, 232: 123

CoII(Cltpy)(SCN)2 (232) CoN5 bipyramidal 6.2 ± 24 mM (MCF-7),

67 ± 145 mM (K562);

(231)3: non-toxic (MCF-7),

6.2 mM (K562)

15 CoIIL2 (189) CoN4O2 Tridentate Distorted octahedral Ability to inhibit tyrosine kinase is 12.61 mM (HepG2), 124

(HL is 5-methyl-4-phenyl-2- consistent with cytotoxicity values, 14.08 mM (MCF-7)

(salicylideneamino)triazole) but the concentrations are different

16 [CoII(HL1)2Cl2] (178) a CoO4Cl2 Bidentate Distorted octahedral Selective binding to G4-DNA, the complex 10.2� 0.6 mM 125

was shown to be accumulated in mitochondria (SK-OV-3/DDP),

and induce mitochondrial dysfunction and 18.3� 0.5 mM (Hep-G2),

activation of apoptosis via the mitochondrial 28.6� 0.7 mM (HCT-8),

pathway 16.8� 0.5 mM (T-24),

35.7� 1.1 mM (NCI-H460),

40.2� 0.4 mM (BEL-7402),

27.3� 0.6 mM (SK-OV-3),

>100 mM (HL-7702)
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Table 3 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) sphere geometry

[CoII(L2)2][CoIIICl4] . 2H2O (179) CoN6 Tridentate Distorted octahedral Selective binding to G4-DNA, 1.0� 0.8 mM
the complex was shown to be accumulated (SK-OV-3/DDP),

in mitochondria and induce mitochondrial 4.3� 1.1 mM (Hep-G2),

dysfunction and activation of apoptosis 15.3� 1.2 mM (HCT-8),

via the mitochondrial pathway. 3.1� 0.8 mM (T-24),

Inhibition of telomerase 9.4� 0.6 mM (NCI-H460),

9.1� 0.9 mM (BEL-7402),

8.2� 1.1 mM (SK-OV-3),

>100 mM (HL-7702)

17 CoII(HL)Cl CoN2O2Cl Tridentate Distorted trigonal- Induction of apoptosis via 228: 259� 2 mM (U937); 126

(H2L are (2-hydroxybenzyl)- bipyramidal the mitochondrial pathway, 229: 176� 2 mM (H460),

(2-pyridylmethyl)(3-R-2-hydroxy practically non-toxic against normal cells 32 ± 51 mM (THP-1, U937, Molt-4);

propyl) amines: 230: 90� 2 mM (Colo-205),

R=Cl (228), ONaph-1 (229), 147� 2 mM (H460),

ONaph-2 (230)) 54� 2 mM (THP-1),

36� 2 mM (U937),

65� 1 mM (Molt-4)

18 [2-mimH]2[CoII(pydc)2]ClO4
.H2O CoN2O4 Tridentate Distorted octahedral Unknown *100 mM (MCF-7, HL-60) 127

19 [CoII(L3)2] . 2H2O (166), CoN4O2 Tridentate Distorted octahedral, Intercalation into DNA 19.65� 0.56 mM (MCF-7); 128

[CoIII(HL4)(L4)] .H2O (167) b octahedral 12.86� 0.89 mM (MCF-7).

Non-toxic against MCF-10A

normal cells

20 CoIIL2(NCS)2 (186, 187) CoN4O2 Bidentate Octahedral Induction of apoptosis 48±54 mM (K-562) 129

(L is benzyl 2-(cycloalkylmethylene)-

hydrazinecarboxylate)

21 [CoII(Caf)4](PF6)2 (221) CoN4 Monodentate Tetrahedral Phosphatidylinositol 3-kinase (PI3Kg) Not measured 130

was suggested as a new target for anticancer

therapy. The Co complex has a moderate

affinity

22 [CoIII(tpa)(cur)](ClO4)2 (172) CoN4O2 Tetradentate Octahedral CoIII Complexes exhibit efficient cellular Not measured 131

and bidentate uptake and release curcumin over a period

of time in the presence of intracellular

reducing agents

23 CoIILCl2 (213 ± 220) CoN2Cl2 Bidentate Tetrahedral Unknown, but ROS generation 47 ± 140 mM (MCF-7) 132

(L are 3-substituted 2-amino-5- is not involved

(2-pyridylmethylidene)imidazol-4-ones)
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Table 3 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) sphere geometry

24 [CoII(phen)2Cl2] (174), CoN4Cl2, Bidentate Octahedral Intercalation into DNA, oxidative DNA <17.5 mM (MCF-7, 112

[CoII(phen)2L] (175), CoN5O cleavage mediated by ROS. Low toxicity HeLa, MIA-PA-CA 2,

(HL is 1H-pyrazole-3,5- against normal cells at the minimum HepG2, A-498)

dicarboxylic acid) therapeutic dose

25 [CoII(L)2]ClO4 CoN4O2 Tridentate Octahedral Unknown; probably, the higher lipophilicity >4 mM (AGS) 133

(L is pyridine-2-carbaldehyde of the complex compared to the metal salt

(E)-semicarbazone) makes an important contribution to cytotoxicity

26 CoIIL2Cl2 (201 ± 209) CoN2Cl2 Monodentate Tetrahedral Unknown *1 ± 10 mM (A2780, DU-145). 53

(L is 1-(4-bromobenzyl)-2-phenyl- Related Zn complexes are

1H-benzimidazole) more toxic, variation of the

substituents in the ligand

has an insignificant effect

27 CoIIL2 (188) (HL is 9-(2-benzoyl- CoN2O4 Tridentate Distorted octahedral Induction of apoptosis, 44 ± 47 mM (A549), 134

hydrazono)-9H-fluorene-1-carboxylic weakly damages DNA 27 ± 47 mM (MCF-7)

acid)

28 [CoII(dicl)2L] CoN2O4 Bidentate+ Distorted octahedral Intercalation into DNA and Not measured 135

(L=phen (180), bipy (181), (Py)2 bidentate or (for the bidentate nitrogen antioxidant activity were established

(182), dpam (183), (Himi)2 (184), monodentate N ligand and pyridine),

(im)2 (185)) ligands tetrahedral for methyl-

imidazole

29 [CoIII(paqh)2](ClO4)2, CoN6 Tridentate Octahedral Unknown 24 ± 52 mM (MCF-7), 136

[CoIII(mpkqh)2](ClO4)2, 46 ± 59 mM (HCT-116),

[CoIII(ppkqh)2](ClO4)2 35 ± 51 mM (Hep-G2)

30 CoIIL2(H2O)4 (190) CoN2O4 Monodentate Distorted octahedral High selectivity against the protein p53 Not measured 137

(HL is theophylline)

31 CoIIL2 (211) CoO4 Bidentate Distorted tetrahedral Binding to the minor groove of DNA; 38.09 mM (MCF-7) 138

(HL is N-hydroxy-N-(p-tolyl)- the binding constants for cobalt are

benzamide) higher compared to those for copper and,

consequently, the activity is higher
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Table 3 (continued).

No. Complex (serial number Coordination Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) sphere geometry

32 CoIILX2 CoN2O2X2 Tetradentate Distorted octahedral Cytotoxicity correlates with the inhibition *100 mM (SCC4) 139

(X=Cl (191), NO3 (192), OAc (193); of EGFR tyrosine kinase. Zinc complexes

L is 12-chloro-4,5-dihydro-2H- are more toxic (*47 mM)

[1,2,5,6]tetraazecino[3,4-b]indole-

3,6(7H,9H)-dione)

33 CoIIL2Cl2 , CoS2Cl2 Monodentate Distorted tetrahedral Unknown, cobalt complexes are less toxic 15 (DLD-1) 110

(HL is 2-acetyl-5-chlorothiophene that the related zinc and palladium complexes

thiosemicarbazone) but are more selective

34 CoIIL (222), CoN2O2 Tetradentate Distorted tetrahedral Unknown. Toxicity of the binuclear 222: 60.25� 5.50 mM 140

CoII2L (223) complexes is higher than that of the (HCT-116);

(H2L is the Schiff base of o-vanillin mononuclear nickel complexes and 223: 45.50� 11.39 mM
and o-phenylenediamine) the free ligand (HCT-116)

35 CoII(HL5) (210) c CoN2O2 Tetradentate Tetrahedral Causes late apoptosis and necrosis via 1.91� 0.1 mM (K562) 58

the interaction with the minor groove of DNA

36 [CoIII(phen)2(L6)](ClO4)3 (168), CoN6 Bidentate Octahedral Intercalation into DNA, DNA 10 ± 20 mM (SC-OV-3) 141

[CoIII(bipy)2(L6)](ClO4)3 (169), photocleavage under UV irradiation (365 nm).

[CoIII(dmb)2(L6)](ClO4)3 (170) d All complexes trigger apoptosis. The activity

correlates with intercalation into DNA

37 CoIIIL2PF6 (171) CoN6 Tridentate Distorted octahedral Cobalt complex causes the induction 45 mM (U-937) 142

(L is methyl pyrazin-2-yl ketone 4- of apoptosis, whereas the related iron

(4-methoxyphenyl)thiazol-2-ylhydrazone) and nickel complexes cause necrosis.

Binding to the minor groove of DNA

(the binding of the cobalt complex is

stronger compared to the other complexes)

Note. The following abbreviations are used: ma is 3-hydroxy-2-methyl-4-pyrone, dpam is di(2-pyridyl)amine, R-saloH is substituted salicylaldehyde, 4,40-dmb is 4,40-dimethyl-2,20-bipyridine, trien is

triethylenetetramine, Cltpy is 40-chloro-2,20:60,20 0-terpyridine, Naph is naphthyl, mimH is methylimidazole, pydc is pyridine-2,6-dicarboxylic acid, tpa is tris(2-pyridylmethyl)amine, Hdicl is diclofenac (2-[2-

(2,6-dichloroanilino)phenyl]acetic acid), im is imidazole, Py is pyridine, paqh is pyridine-2-carbaldehyde 2-quinolylhydrazone, mpkqh is methyl 2-pyridyl ketone 2-quinolylhydrazone, ppkqh is phenyl 2-pyridyl

ketone 2-quinolylhydrazone. aHL1 is 6-hydroxyoxoisoaporphine, HL2 is 4,6-di(2-pyridyl)benzo[h]isoindolo[4,5,6-de]quinolin-8(5H)-one; b L3 is 2-[2-(6-methyl-5-oxo-2,5-dihydro-1,2,4-triazin-3-yl)hydrazo-

no]propanoic acid, L4 is 2-[2-(2-amino-6-methyl-5-oxo-2,5-dihydro-1,2,4-triazin-3-yl)hydrazono]propanoic acid; cH3L5 is 2-hydroxy-1,3-bis{2-[(2-hydroxy-5-nitrophenylmethylene)aminomethyl]phenyloxy}-

propane; d L6 is 2-(5-chloro-3a,H-isoindol-3-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline.



Chloride anions are the most common monodentate

ligands.

4.1. Octahedral cobalt(III) coordination compounds
The mechanism of cytotoxic activity of octahedral CoIII

coordination compounds is apparently associated with

the DNA binding followed by DNA damage leading to

the induction of apoptosis via a DNA-dependent path-

way. In particular, the DNA binding via different path-

ways was demonstrated in six of seven studies, where the

mechanism of action of CoIII complexes 159 ± 171 was

described.108, 109, 119, 128, 141, 142 The changes in the cell

morphology characteristic of apoptosis were observed

for compounds 159 ± 161 and 171 in two (out of seven)

studies.119, 142 The mechanisms of DNA binding are

different for different coordination compounds and are

determined by the ease of the loss of axial ligands

required for the intercalation between nitrogenous base

pairs of DNA.

In the cases when all coordination sites are occupied by

polydentate ligands (compounds 159 and 171, Fig. 10) and

it makes no sense to speak about the loss of axial ligands

with the retention of the complex, the electrostatic binding

occurs to the major 119 or minor 142 grooves of DNA. If the

axial positions in the coordination sphere are occupied by

labile axial moieties of polydentate ligands, which are able

to dissociate without the rearrangement of the remainder of

the complex (compounds 161 and 162, Fig. 11),108 coordi-

nation compounds intercalate into DNA (the cytotoxicity

correlates with the DNA binding constant). Besides, if the

equatorial ligands contain planar conjugated moieties and

fused aromatic rings, the intercalation into DNA is addi-

tionally facilitated and the binding constants can be as high

as (1.93 ± 3.71)6105 L mol71.141

N

N

S

O

a b

Co

Co

Figure 10. Molecular structures of coordination compounds 159
(a) 119 and 171 (b),142 which are incapable of releasing axial ligands
and which bind to the major and minor grooves of DNA,
respectively. The Figure was prepared by the authors using the X-
ray diffraction data 119, 142 and the data from the Cambridge
Crystallographic Data Center (CCDC 922741 and 1935712).
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Additional evidence that the DNA intercalation occurs

after the primary electrostatic binding of the octahedral

coordination compound to DNA and the loss of axial

ligands is provided by the study of the mechanism of

translocation into the cell and the intracellular distribution

of cobalt(III) complex 172 with tris(2-pyridylmethyl)amine

and curcumin.131 Investigations by time-resolved induc-

tively coupled plasma mass spectrometry (ICPMS) and

fluorescence spectroscopy demonstrated that the CoIII

coordination compound exhibits efficient cellular uptake

followed by the reduction with intracellular reducing agents

and the excretion of curcumin (diaxial ligand) in the free

form. However, the oxidation state of cobalt ions in these

compounds after the cellular uptake was not systematically

studied. Only in a few studies, cobalt(III) complexes were

demonstrated to have antioxidant and reducing properties

after intracellular localization.109 Taking into account the

conclusions drawn in the study,131 this fact cannot be with

certainty extended to all octahedral CoIII coordination

compounds.

In a number of studies, cobalt complexes 159 ± 160 and

168 ± 170 was shown to exhibit nuclease activity via mech-

anisms of oxidative DNA cleavage 119 and DNA photo-

cleavage under UV irradiation at a wavelength (l) of

365 nm,141 respectively. The possibility of DNA cleavage

after the DNA binding is apparently the key factor in the

induction of apoptosis via a DNA-dependent pathway,

which begins after the incubation of cancer cells with

cobalt(III) coordination compounds.

However, it cannot be ruled out that the binding and

subsequent cleavage of chromosomal DNA of the cell is

only one of the possible mechanisms of cytotoxic activity of

CoIII complexes, because the mechanism of action of these

coordination compounds was not comprehensively studied.

Besides, the IC50 values of compounds 163 ± 165 do not

correlate with the DNA binding affinity.109

4.2. Octahedral cobalt(II) coordination compounds
The general features revealed for the mechanisms of cyto-

toxic activity of octahedral cobalt(III) coordination com-

pounds are largely true for octahedral CoII complexes. This

may be indicative of a key role of the coordination geometry

compared to the oxidation state of the central atom. Thus,

the most frequently observed mechanism of cytotoxicity

found for cobalt(II) coordination compounds 166 (Fig. 12)

and 173 ± 187, as well as for CoIII complex 167, involves the

DNA binding (6 studies out of 15) 71, 112, 114, 125, 128, 135 and

the subsequent induction of apoptosis (3 studies out of

16).125, 129, 134

Similar patterns were revealed in the investigation of the

DNA binding mode. The only coordination compound 175

(Fig. 13) in this series, which is incapable of intercalation

into DNA and which binds to the minor groove of DNA

through electrostatic interactions, contains rigid conforma-

tionally fixed ligands, which simultaneously occupy one

axial position and one equatorial position, i.e., this com-

pound cannot lose axial ligands.112

A new property of octahedral cobalt(II) coordination

compounds, which is not described for its oxidized ana-

logues, is the selective binding to DNA quadruplexes,

which provides higher selectivity of the cytotoxic

effect.114, 125 According to the results of the study,114 the

binding constants of complexes 176 and 177 to G4-DNA

(7.346103 and 6.726104 L mol71, respectively) are 1.4

and 1.5 times higher than those to double-stranded (ds)

S

N

Co

Figure 11. Molecular struc-
ture of coordination com-
pound 162 capable of
intercalation into DNA due
to flexible moieties of the
ligands in axial positions.108

The Figure was prepared by
the authors using the X-ray
diffraction data 108 and the
data from the Cambridge
Crystallographic Data Cen-
ter (CCDC 917524).
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Figure 12. Molecular
structure of cobalt(II)
coordination compound
166 structurally similar
to CoIII complex 167;
both complexes have
similar mechanisms of
cytotoxic activity.128

The Figure was prepared
by the authors using the
X-ray diffraction data 128

and the data from the
Cambridge Crystallo-
graphic Data Center
(CCDC 1013116).
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DNA (5.116103 and 4.326104 L mol71) (Fig. 14). Coor-

dination compounds 178 and 179 with oxoisoaporphine

derivatives are more selective; their G4DC50 values (the

concentration of the compound required to displace 50%

of thiazole orange from the complex with G4-DNA) vary

in the range of 0.89 ± 14.01 mM for different quadruplex

sequences.125 Meanwhile, the corresponding parameters

for ds-DNA (dsDC50) are 43.64 and 97.55 mM, respec-

tively, upon the binding of these compounds to cellular

DNA isolated from calf thymus.

Nithya et al.129 studied compounds 186 and 187 and

came to a similar conclusion about an important contribu-

tion of the DNA intercalation to the overall cytotoxicity of

octahedral cobalt coordination compounds.

As in the case of octahedral CoIII coordination com-

pounds, their CoII-containing analogues 174, 175 and 188

(Fig. 15) exhibit nuclease activity and DNA cleaving ability

through generation of reactive oxygen species,112, 134 but

this activity is weaker compared to that of cobalt(III)

complexes.

However, insufficient nuclease activity of octahedral

cobalt(II) coordination compounds 178 and 179, which

reduces the contribution of apoptosis via a DNA-dependent

pathway to the overall cytotoxicity, is compensated by high

tendency to accumulation in mitochondria (50% of the Co

level in the cells are still localized in the nucleus due to high

DNA binding affinity, and the remaining 50% of Co

accumulate in mitochondria) and the impairment of mito-

chondrial function leading to the induction of apoptosis via

the mitochondrial pathway.125

Meanwhile, a rather large number of studies on the

mechanism of cytotoxic activity of octahedral cobalt(II)

coordination compounds showed that, apart from two

main mechanisms of action considered above, other less

frequent mechanisms related mainly to the inhibition of

different enzymes cannot be ruled out. Thus, it was shown

that coordination compounds 178, 179, 189 and 190 can

inhibit tyrosine kinase,124 telomerase,125 PI3Kg,137 which

are key enzymes of the cell cycle responsible for an unlim-

ited number of possible cancer cell divisions.

In some cases, the inhibition of enzymes of the cell cycle

can be considered as the main mechanism of cytotoxic

Figure 13. Results of molecular docking demonstrating the binding
of compound 175 to the minor groove of DNA.112 Reproduced
with the permission of Elsevier.
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Figure 14. Molecular struc-
ture of cobalt(II) coordina-
tion compound 177 based on
phenanthroline and 2-methyl-
4-oxo-4H-pyran-3-olate
exhibiting selective binding to
G4-DNA.114 The Figure was
prepared by the authors using
the X-ray diffraction data 114

and the data from the Cam-
bridge Crystallographic Data
Center (CCDC 774861).
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pounds 174 (a) and 175 (b) exhibiting nuclease activity mediated
through the generation of reactive oxygen species.112 The Figure
was prepared by the authors using the X-ray diffraction data 112

and the data from the Cambridge Crystallographic Data Center
(CCDC 1826438 and 1817080, respectively).
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activity. In particular, the analysis of the expression of

tyrosine kinases (TRKs) in four cancer cell lines (HepG2,

MCF-7, A549, HCT116) revealed a correlation between the

TRK expression in the cell line and the cytotoxicity of CoII

complex 189 with 2-amino-5-methyl-4-phenylthiazole.124

This compound does not exhibit cytotoxicity against the

A549 and HCT116 cell lines, for which the inhibition of

TRK was not observed, and it has IC50 values of 9.11 mM
against the MCF-7 cell line (19% inhibition of TRK) and

8.16 mM against the HepG2 cell line (33% inhibition of

TRK). Similar patterns were found for CoII, ZnII and NiII

coordination compounds (191 ± 200) with a macrocyclic

ligand based on 5-chloroisatin and succinic acid dihydra-

zide.139 All these complexes have IC50 values of about

90 mM against the SCC4 cell line. Zinc(II) coordination

compound 200 was found to be the most toxic

(IC50= 41.4 mM) and it has the highest affinity for the

active site of EGFR tyrosine kinase.

4.3. Tetrahedral cobalt(II) coordination compounds
The cytotoxic activity of tetrahedral cobalt(II) coordination

compounds is relatively low and, in terms of IC50 values,

these compounds are less effective compared not only to

octahedral analogues but also to ZnII complexes.53, 110 In

particular, 9 pairs of coordination compounds 201 ± 209

were studied, and only in the pair of analogues 205 based

on substituted benzimidazoles, the cobalt(II) complex exhib-

ited cytotoxicity comparable with that of related zinc(II)

complexes.53 For tetrahedral CoII coordination compounds,

it is more difficult to distinguish the main mechanism of

cytotoxic activity, because detailed in vitro biological eval-

uations of their anticancer activity are quite few in the

literature. However, in most of the studies on the mecha-

nism of cytotoxic activity reviewed here, it was stated that

tetrahedral cobalt(II) complexes bind to DNA.

According to the results of the study,58 tetrahedral

coordination compound 210 (Fig. 16), unlike octahedral

CoII complexes, causes late apoptosis and necrosis of the

cells via a DNA-dependent pathway after the binding to the

minor groove of DNA. Thakur et al.138 also demonstrated

that the binding constant of tetrahedral cobalt complex 211

with bis(N-p-tolyl)hydroxamic acid to the minor groove of

DNA is 74% higher compared to related copper com-

pounds, and its value correlates with the cytotoxicity of

the compounds against the MCF-7 cell line:

IC50 (mM)=38.09 for CoII versus 89.52 for CuII.

It was shown 118, 135 that tetrahedral cobalt(II) coordi-

nation compounds 180 ± 185 and 212 have DNA intercalat-

ing ability. In this case, the higher binding constants of CoII

coordination compounds were 66% higher than those of the

copper complex with the same ligands (3.716104 versus

2.456104 L mol71); however, a direct correlation between

the DNA binding affinity and the cytotoxicity was not

found for complex 212.118 Moreover, the binding constants

of tetrahedral complexes 183 and 185, which were measured

from the displacement of ethidium bromide from the com-

plex with DNA, were lower compared to the octahedral

analogues as was demonstrated by the analysis of the

strength of the interaction between DNA and cobalt(II)

coordination compounds 180 ± 185 with different geome-

tries and different ligand environment via an intercalation

pathway.135

Another important feature of the intracellular behaviour

of CoII coordination compounds having a tetrahedral
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ligand environment is that many representatives (e.g., com-

pounds 213 ± 220) not only do not generate ROS 132 but also

exhibit significant antioxidant activity. Perontsis et al.135

demonstrated that cobalt complexes 183 and 185 are effec-

tive scavengers of three most abundant types of free

radicals: DPPH [2,2-diphenyl-1-(2,4,6-trinitrophenyl)hy-

drazin-1-yl], ABTS [2,20-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid)] and the hydroxyl radical.

However, unlike octahedral cobalt(II) coordination

compounds, tetrahedral complexes, most likely, do not

exhibit cytotoxic activity against cells through the inhibition

of enzymes of the cell cycle. In particular, it was shown 130

that the complex [CoII(Caf)4] (221) has the lowest calculated

binding energy to the active site of phosphatidylinositol

3-kinase (PI3K) compared to the related cadmium, zinc,

nickel and copper complexes and even the free ligand. This

is indirectly evidenced by the pronounced additive effect

found for dinuclear cobalt(II) coordination compounds 222

and 223.140 A twofold increase in the cytotoxicity in the

presence of the second CoII ion in the coordination com-

pound indicates that the mechanism of cytotoxic activity is

metal-dependent and is not determined by the structural

features of the molecule.

4.4. Bipyramidal cobalt(II) coordination compounds
The mechanisms of cytotoxic activity of bipyramidal Co(II)

coordination compounds are poorly studied, which makes it

difficult to reveal general patterns and decreases the reli-

ability of general conclusions. Besides, in some publica-

tions, the authors did not try to discover new targets and

elucidate the mechanisms of action of these complexes.

Some researchers only measured the average IC50 values

for a series of compounds 116 or compared their behaviour

with that of structurally similar octahedral CoIII and Cu

complexes.122, 126

It was reported in the literature that pentagonal-bipyr-

amidal cobalt(II) coordination compounds 224 ± 227 with

equatorial pentadentate ligands, substituted 2,6-diacetyl-

pyridine bis(benzoylhydrazones) (Fig. 17), demonstrate the

behaviour similar to that of octahedral complexes with

labile axial ligands. In the presence of a DNA molecule,

these compounds lose both axial monodentate ligands

(regardless of their nature: DMF, H2O, Nÿ3 , NCS7) and

bind to DNA by intercalation with the binding constants of

(1 ± 3)6105 L mol71. The binding constant depends pri-

marily on the structure of the equatorial pentadentate

ligand and remains almost unchanged with a variation of
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the ligands in axial positions.122 The authors compared the

evaluated constants with the data for known octahedral

cobalt(III) coordination compounds and concluded that the

binding constants to DNA are similar within experimental

error.

The second main mechanism of cytotoxic activity char-

acteristic of octahedral cobalt(II) coordination compounds

involves the induction of apoptosis via the mitochondrial

pathway, which is also typical of bipyramidal coordination

compounds. In particular, Morcelli et al.126 studied CoII

coordination compounds 228 ± 230 with (2-hydroxybenzyl)-

N-(2-pyridylmethyl)(2-hydroxy)propylamine (Fig. 18), hav-

ing trigonal-bipyramidal structures and containing no labile

axial ligands, which facilitate the intercalation into DNA,

and showed that these compounds exhibit cytotoxicity,

being localized in mitochondria of the U937 cell line and

leading to the induction of apoptosis via the mitochondrial

pathway.

Compounds with terpyridine ligands take a special place

among complexes of biogenic metals with proven cytotoxic

activity. These ligands allow the synthesis of coordination

compounds with square-pyramidal geometry, which often

exhibit cytotoxic activity through unique mechanisms.55

Related cobalt(II) compounds are also known; however, it

was shown that the complexes CoII(4-Cltpy)Cl2 (231) and

CoII(4-Cltpy)(SCN)2 (232) with 4-chloro-2,20:60,20 0-terpyri-
dine (Fig. 19) have a trigonal-bipyramidal environment of

the cobalt ion.123 The mechanism of their cytotoxicity was

not considered, but the IC50 values (6.2� 2.7 and

24.1� 2.9 mM against the MCF-7 cell line for compounds

231 and 232, respectively) are significantly smaller than the

corresponding value of the related CuII terpyridine complex

(IC50= 55.2� 5.1 mM) and are close to the average IC50

values of other bipyramidal cobalt(II) coordination com-

pounds considered in this Section.116

4.5. Square-planar cobalt(II) coordination compounds
The square-planar coordination geometry is observed very

rarely for CoII complexes. Compounds with this geometry

are available only through the synthesis of phthalocyanine

derivatives of cobalt. In two studies 113, 117 of square-planar

cobalt coordination compounds as anticancer agents,

attempts were made to determine their molecular target

and elucidate the mechanism of their action. However, the

sets of compounds were too small to extrapolate the results

to all square-planar cobalt coordination compounds.
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Medvedev and Leshchenko 117 suggested that the main

mechanism of action of cobalt phthalocyanine complexes

233 and 234 involves the generation of reactive oxygen

species in the presence of intracellular reducing agents,

e.g., ascorbic acid. It was shown that Co phthalocyanines

233 and 234 at concentrations of 3 ± 5 mM cause the

hydrolysis of high-molecular-weight DNA by 30 and 50%,

respectively. In this study, the antiproliferative activity of

the cobalt phthalocyanine complex was not evaluated, but

IC50 of related CoII coordination compounds 234 with the

phenoxy-substituted phthalocyanine ligand against a num-

ber of cell lines were found to be 19.53 (L929), 8.85

(MCF-7) and 12.14 mM (MG63), i.e., these values are in

the same range as IC50 of other cobalt(II) coordination

compounds.

4.6. Prospects of the development of anticancer agents based
on cobalt ions
The published data show that coordination compounds

based on CoII and CoIII ions can be considered as promising

anticancer agents due to high affinity of cobalt for different

N-, O-, S-donor ligands and the diversity of available

coordination geometries.

Some cobalt complexes have IC50 values against cancer

cell lines comparable with the cytotoxicity of cisplatin and

other therapeutic pharmaceuticals and are often character-

ized by higher selectivity against cancer cells compared to

cisplatin.

In particular, octahedral CoII coordination com-

pounds demonstrate high selectivity towards G4-DNA.

This is an important property because, in the case of the

proper design of compounds, it can provide excellent

selectivity against cancer cells, which is not typical of the

coordination compounds of other biogenic metals consid-

ered in this review.

Meanwhile, attempts to change or finely tune the mech-

anism of cytotoxic activity of cobalt coordination com-

pounds by changing the oxidation state of the central

atom were not successful. The mechanisms of action of

CoII and CoIII complexes are almost identical with the only

difference that cobalt(III) ions are more susceptible to redox

reactions leading to the generation of reactive oxygen

species in the cell due to relatively lower stability of this

ion under physiological conditions. The key advantage of

CoII coordination compounds is the selectivity towards G4-

DNA, which is not typical of CoIII coordination com-

pounds.

Besides, the selection of cobalt(III) as a complex-forming

ion imposes severe restrictions on the geometry of the

resulting coordination compounds, which significantly

reduces the range of available mechanisms of cytotoxic

activity, while do not lead to a significant increase in

stability or IC50 values compared to CoII coordination

compounds more abundant in the literature.

So to sum up, it can be expected that effective new-

generation anticancer agents will be developed based on the

most common octahedral cobalt(II) coordination com-

pounds, which are easy to synthesize, are characterized in

more detail and are selective towards G4-DNA. These

agents will be selective against cancer tissues, exhibit cyto-

toxic activity with diverse mechanisms, have activity com-

parable with that of platinum-based drugs used in clinical

practice and possess higher selectivity compared to the

available drugs.

5. Copper coordination compounds as cytotoxic
agents

The redox potentials of the copper(I) and copper(II) ions

allow coordination compounds based on this metal in both

oxidation states to exist in solution at physiological pH

values. The redox potential (E 0) of the Cu2+/Cu+ pair

varies from +0.44 to +0.39 V,143 due to which the CuII7
CuI transition can occur in the presence of different intra-

cellular reducing agents. An interesting distinguishing

features of copper compounds is that, according to the

hard and soft acid and base (HSAB) theory, Cu+ ions are

considered as soft Lewis acids, whereas Cu2+ ions are of

intermediate hardness. In total, these three factors provide a

possibility to design physiologically active coordination

compounds based on copper in different oxidation states

and with different geometries, which can undergo the

CuII7CuI redox transition directly in the cell.

An analysis of the published data (Table 4) shows that

copper(II) complexes (39 examples in 31 studies) and cop-

per(I) complexes (a few examples in 5 studies) were tested

for anticancer activity. This imbalance towards CuII coor-

dination compounds is attributed to their higher stability in

solution, storage stability and the simplicity of the syn-

thesis. However, even a relatively smaller series of mono-

valent copper complexes includes three types of

coordination geometry: tetrahedral (4 examples), trigonal-

pyramidal (1 example) and triangular (1 example). Only

one of these types is observed for copper(II) coordination

compounds. Hence, some conclusions can be drawn about

the dominant mechanism of their cytotoxic activity.

The coordination geometry of CuII complexes is far

more diverse: square-pyramidal (19 examples), square-pla-

nar (9 examples), octahedral (6 examples), tetrahedral

(3 examples) and trigonal-bipyramidal (2 examples).

Square-pyramidal coordination compounds, which are

most stable in solution, are most well-characterized.

5.1. Square-pyramidal copper(II) coordination compounds
The studies performed in the past decade focused to a large

extent on the mechanism of cytotoxic activity of square-

pyramidal copper(II) coordination compounds (21 publica-

tions, 50% of the analyzed studies). This coordination

geometry is optimal for the CuII ion and is represented by

a wide range of structural types, from commonly observed

CuN5, CuN3Hal2 and CuN3O2 (including successive

replacements of up to three nitrogen atoms in the coordi-

nation sphere by oxygens to form CuN4O and so on up to

CuN2O3) to rather rare CuN2SHalO and CuN2Hal2O.

A comparison of the results of different publications

demonstrates that the main mechanism of cytotoxic activity

of square-pyramidal copper(II) coordination compounds

involves the generation of reactive oxygen species.

This mechanism was found in 12 stud-

ies 144, 145, 147, 149, 150, 155, 166, 167, 173, 178 ± 180 out of 21 publica-

tions on this issue. This mechanism leads to DNA damage,

mitochondrial dysfunction and the induction of apoptosis

via the DNA-dependent or mitochondrial pathway;

the morphological changes in cells characteristic

of apoptosis are described in 11 stud-

ies.146, 147, 149, 150, 153, 155, 158, 159, 178 ± 180

It was shown that the generation of reactive oxygen

species by square-pyramidal copper(II) coordination com-

pounds can be performed in all possible ways: under

irradiation with light of appropriate intensity at a wave-

D.A.Guk, O.O.Krasnovskaya, E.K.Beloglazkina
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Table 4. Cytotoxic copper coordination compounds.

No. Complex (serial number Coordi- Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) nation geometry

sphere

1 [CuII(4-Ph-tpy)L](ClO4)2 CuN5 Tridentat+ Distorted square- Intercalation into DNA facilitated by 3.7� 0.8 mM (HeLa) in the 144

(L=phen, dpq, dppz) bidentate pyramidal the planar ligand, ROS generation and DNA light, 12.4� 0.9 mM (HeLa)

damage upon light irradiation in the dark

2 LCuIIX2 CuN3X2, Tridentate + Square-pyramidal, Generation of ROS and oxidative DNA cleavage. LCuIICl2: 156� 0.35 mM 145

(X=Cl, Br, H2O+0.5 SO4), CuN3X monodentate square-planar Pyramidal coordination compounds are more (Caco-2)

[LCuIIX]+Y7 (X=OAc, H2O; cytotoxic than the compounds with square geometry

Y=OAc, NO3 , ClO4)

3 [CuIILX](ClO4) CuN4O Tridentate+ Distorted square- Binding to DNA, DNA cleavage (in the absence of 235: 20.0� 0.10 mM; 146

(HL is 2-[(2-dimethylamino- bidentate pyramidal reducing agents and irradiation) leading to the 236a: 2.00� 0.05 mM;

ethyl)methylideneamino)phenol: induction of apoptosis. The binding affinity of the 236b: 1.58� 0.01 mM;

X=bipy (235), phen (236a), complexes with planar aromatic ligands is much 237a: 0.46� 0.02 mM;

dpq (236b), dppz (237a), higher, these complexes more efficiently cleave DNA 237b: 0.65� 0.01 mM
dmdppz (237b)) and are most toxic (all against MCF-7)

4 CuIILCl2 CuN3Cl2 Tridentate + Distorted square- Intercalation into DNA, ROS generation in the 125 ± 189 mM (HeLa), 147

(L=dthp, dmtp, dtp) 2 monodentate pyramidal presence of sodium ascorbate and oxidative DNA 139 ± 272 mM (Hep-G2),

ligands cleavage leading to the induction of apoptosis. 93 ± 147 mM (BEL-7402)

The thiazole-containing ligand is the most planar one,

and its complex is the most active and effective

intercalating agent

5 CuI(L1)(PPh3)Cl (329) a CuN2PCl Bidentate+ Tetrahedral Intercalation into DNA, weak hydrolytic cleavage 3.04 mM (HeLa), 148

2 monodentate and very strong antioxidant activity 4.34 mM (MCF-7)

ligands

6 [CuII(pmdt)(diimine)](ClO4)2 CuN5 Tridentate+ Distorted square- 238: weak binding to the groove of DNA; 1.5 ± 12 mM (MCF-7); 149

(diimine=bipy (238), phen bidentate pyramidal 239, 241: intercalation of the planar ligand; complex 240 is the most toxic,

(239), dmp (240), dpq (241)) 240: strong binding to the minor groove of DNA. complex 238 is the least toxic

Cleavage of DNA, ROS generation in the immediate

vicinity of DNA followed by the induction of apoptosis

7 CuII(4-R-tpy)Cl2 CuN3Cl2 Tridentate+ Distorted square- Intercalation of the terpyridine ligand into DNA, 2.72 ± 8.98 mM (HeLa, 150

(R=3-MeOC6H4 , 4-MeOC6H4 , 2 monodentate pyramidal ROS generation in the presence of glutathione leading HepG2, BEL-7402)

3,5-(MeO)2C6H3) ligands to oxidative DNA cleavage and apoptosis.

The cytotoxicity correlates with the concentration of

H2O2 generated in the cells; the intercalation promotes

localization; hence, the complex with the strongest DNA

binding ability induces the lowest ROS generation

(shielded from glutathione and oxygen) and is less toxic
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Table 4 (continued).

No. Complex (serial number Coordi- Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) nation geometry

sphere

8 [CuIILCl](ClO4), CuN3X2 Tridentate+ Distorted square- Intercalation into DNA followed 1.72 ± 1.85 mM (HeLa), 151

[CuLBr2] (X=Cl, Br) 2 monodentate pyramidal by oxidative DNA cleavage 0.46 mM (MCF-7),

(L is (2-pyridylmethyl)- ligands 0.43 ± 0.990 mM (A549)

(quinolin-8-yl)amine)

9 [CuII(bipy)(pic)2] (292) CuN2O4 Tetradentate+ Distorted octahedral Binding to the minor groove of DNA is stronger 4.5� 0.3 mM (HepG2), 152

bidentate compared to the square-pyramidal complexes and 8.4� 0.5 mM (SMMC-7721),

the complex with the same ligands but with square- 10.2� 1.1 mM (A549)

pyramidal geometry. The toxicity correlates with

intercalation

10 [CuIIL(phen)] CuN3O2 Tridentate+ Distorted square- Inhibition of the proteasome (particularly, *7 mM (MDA-MB-231) 153

(HL are 4-X-2-[(2-hydroxy- bidentate pyramidal chymotrypsin-like activity) leads to the induction

benzylidene)amino]benzoic of apoptosis. The toxicity is fully consistent with

acids): X=F (261), Cl (262)) the proteasome inhibition in terms of the concentration,

the complex that does not inhibit the proteasome is non-toxic

11 [CuIILX4] (249 ± 256) CuN2O2Br, Bidentate + Square-pyramidal Unknown, the square-pyramidal complex has <0.58 mM (HT-29) 154

(L is aminoalkylaminoneo- CuN2O3Cl, monodentate or octahedral the highest toxicity

cryptolepine; X=Cl, Br, H2O, CuN2O4

OAc)

12 [CuIILX] CuN3O2, Tridentate + Distorted octahedral, All complexes intercalate into DNA, the pyramidal 3 ± 12 mM (HeLa, A549, 155

(L is 2-[(2-hydroxybenzylidene)- CuN3O3 bidentate square-pyramidal complex has a stronger DNA intercalating ability HCT 116, MDA-MB231)

amino]acetic acid: compared to the octahedral complex; the charged

X=epoxyphen (289), ligand has an additional binding affinity for DNA.

phen (290), amphen (291)) Oxidative DNA damage and the induction of

apoptosis were found. The complex with a moderate

binding affinity and a moderate ability to induce

ROS generation and DNA damage has selectivity against

cancer cells, because it is tolerated by normal cells, whereas

it is not tolerated by cancer cells due to a sum of factors

13 [CuIIL(OAc)2] (282 ± 285) CuN2X2 Bidentate + Distorted square Localization in the nucleus and DNA damage leading 0.6 ± 3 mM (MCF-7, 39

(L are amino-substituted (X=Cl, O) monodentate ligands to the induction of apoptosis, paraptosis and necrosis. HT-29, HL-60, K562,

2-pyridylimidazo[1,2-a]pyridines) Copper complexes are much more toxic than zinc c MDA-MB231)

ompounds

14 [CuIILCl2] CuN2Cl2 Bidentate+ Distorted square Weak binding to DNA, ROS generation, the complex 5.5 ± 12 mM (A549) 156

(L are 1-R-2-(2-pyridyl)benz- monodentate ligands that most actively generates ROS has the highest

imidazoles: cytotoxicity

R=Me, PhCH2 , 4-FC6H4CH2

(286), C6F5CH2 (287))
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Table 4 (continued).

No. Complex (serial number Coordi- Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) nation geometry

sphere

15 [CuIIL2] (326) CuN2O2 Bidentate Distorted tetrahedral Unknown; probably, the release of the free ligand, 8.07� 0.12 mM (MCF-7), 157

(HL is the Schiff base of which is more toxic than the complex 12.22� 0.44 mM (A549),

3,5-di-tert-butyl-2-hydroxybenz- 3.02� 0.02 mM (HUVEC)

aldehyde and dehydroabietylamine)

16 [CuIILX] (263), CuN2SX, Tridentate+ Distorted square, Induction of apoptosis through the activation of the 1.3 ± 1.8 mM (Hep-G2), 158

[CuIIL(MeOH)X] (264 ± 267) CuN2SOX monodentate ligands square-pyramidal protein p53, inhibition of telomerase and the 1.3 ± 1.5 mM (NCI-H460),

(L are N-substituted 2-pyridyl- impairment of mitochondrial function. 1.3 ± 1.9 mM (SK-OV-3)

carbaldehyde thiosemicarbazones; The square complexes only inhibit p53 and

X=Cl, Br, NO3) telomerase, the square-pyramidal complexes

additionally decrease the c-myc and hTERT level

and, consequently, they are an order of magnitude

more toxic

17 [CuIIL(B)] (268 ± 270) CuN4O Tridentate + Square-pyramidal Induction of apoptosis. Inhibition of FGFRs 6.26 ± 20.57 mM 159

(HL are salicylaldehyde 3- bidentate (fibroblast growth factor receptors); the higher (MDA-MB-231),

chloropyridazin-6-ylhydrazones, the binding constant according to the molecular 7.80 ± 17.48 mM (L6)

B=bipy, phen) docking, the higher the toxicity

18 [CuII (bpdmpz)Cl]ClO4 (257), CuN4Cl Tetradentate Distorted trigonal- A series of complexes with continuous geometric 257: >50 mM (A2780), 160

[CuII(bdmpzp)Cl]X bipyramidal (257), distortions from square-pyramidal to trigonal- 33.1 mM (A2780R),

(X=ClO4 (258a), PF6 (258b)), distorted square- bipyramidal. The toxicity changes in parallel with >50 mM (HOS),

[CuII(tdmpza)Cl]ClO4 (259), pyramidal (258, 259) the distortion. The square-pyramidal complex >50 mM (Caco2);

[CuII (bedmpzp)Cl]PF6 (260) is not damaged upon the interaction with cyto- 258, 259: 1.4 mM (A2780),

chrome C, cysteine and glutathione, whereas the 8.3 mM (A2780R),

bipyramidal complex is completely decomposed 4.7 mM (HOS),

by these compounds 10.8 mM (Caco2)

19 [CuIIL2] (HL is the Schiff CuN2O2 Bidentate Distorted square-planar Binding to the minor groove of DNA 32 ± 34 mM (MCF-7) 161

base of 4-morpholinoaniline

and 3-R-salicylaldehyde

(R=H, But))

20 [CuIIL4X]X CuN4X Monodentate Distorted trigonal- Induction of apoptosis via the mitochondrial 328: 3 ± 16 mM; 162

(L is 2-amino-5-dehydro- bipyramidal pathway and ROS generation. The unique 329: 4 ± 14 mM (HepG2,

abiethyl-1,3,4-thiadiazole; property is the binding to the cell surface death MCF-7, HeLa, A431)

X=Cl (327), Br (328)) receptor
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Table 4 (continued).

No. Complex (serial number Coordi- Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) nation geometry

sphere

21 [CuIILX2] CuN2O2 Bidentate + Distorted square DNA followed by its cleavage through hydrolysis; 1.1 ± 1.8 mM (HeLa, SKOV-3) 163

[L is N-(1,10-phenanthrolin-5-yl)- monodentate ligands the complexes suppress ROS generation;

pelargonamide; X=NO3 (274), the introduction of aspirin into the complex leads

acetylsalicylate (275) to its mitochondrial localization and induction of

apoptosis via the mitochondrial pathway

22 [CuIIL2(phen)] b CuN2O4 Bidentate Distorted octahedral Intercalation of the phenanthroline moiety into Not measured 164

(HL are tolfenamic, mefenamic DNA, efficient DNA cleavage both mediated

and flufenamic acids) by ROS generation and via a hydrolytic pathway.

Reversible CuII7CuI redox conversion promotes

DNA cleavage

23 [CuIILCl]Cl (271 ± 273) CuNOSCl Tridentate + Distorted square In an aqueous environment, the coordinated 28 ± 57 mM (MCF-7) 165

(HL are N-substituted monodentate ligand chloride anion is exchanged with a water molecule,

5-(1-methyl-1H-imidazol-3-io)- but the geometry of the complexes remains unchanged.

salicylaldehyde chloride Induction of apoptosis

thiosemicarbazones)

24 [CuIILBr2](H2O)(DMF)2] (242) CuN3Br2 Tridentate + Distorted square- Generation of ROS, induction of apoptosis 80 ± 90 mM (MG-63, 166

(L is 2-[5-(3-pyridyl)-4-(4-pyridyl)- monodentate ligands pyramidal U2SO, Saos-2)

4H-1,2,4-triazol-3-yl]pyridine)

25 [CuIIL(tpy)Cl] .H2O CuN3O2Cl, Tridentate+ Octahedral, The octahedral coordination compound has the 293: <0.8 mM (MCF-7), 167

(HL=nar (293a,b));c CuN3O2 bidentate square-pyramidal highest toxicity and induces apoptosis via 18.2 mM (MDA-MB-231);

[CuL(bipy)(NO3)] . 1.5H2O a caspase-dependent pathway, both compounds 294: 22.8 mM (MCF-7),

(HL=que (294)) generate ROS and damage mitochondria 43.5 mM (MDA-MB-231)

26 [Cu I(phen)(PR3)Br] CuN2PBr, Bidentate + Trigonal-pyramidal, The tetrahedral complex is much more toxic 330 ± 332: 168

(R=Ph (330), Cy (331), CuN2P2 monodentate ligands distorted tetrahedral than the pyramidal complex, it has higher 25 ± 91 mM (MCF-7),

4-FC6H4 (333)), lipophilicity and higher DNA intercalation ability, 33 ± 56 mM (PC-3);

[Cu I(phen)(PR3)2]Br shows good binding energies for androgen receptors 333: 35 mM (MCF-7),

(R=4-MeOC6H4 (332)) cells in PC-3 cells according to the docking scores 18 mM (PC-3)

27 [L2CuICl] (334 ± 337) CuS2Cl Monodentate Triangular Very strong DNA fragmentation, 12 ± 17 mM (2008), 169

(L are substituted N-phenyl- the mechanism is unknown 16 ± 20 mM (C13),

N 0-(methoxycarbonyl)thioureas)) 14 ± 23 mM (IGROV-1),

40 ± 47 mM (WRL-68)
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Table 4 (continued).

No. Complex (serial number Coordi- Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) nation geometry

sphere

28 [CuII(L2)(pdc)]2 (245), CuN2O3 Bidentate Square-pyramidal, Intercalation into DNA, complex 245 retains the 245: 24� 6.24 mM (MCF-7); 170

[Cu(L3)2]2 (246) d square-pyramidal, dimeric structure, whereas 246 is transformed 246: activity is absent

which is transformed in a solution into two mononuclear square-planar

into square geometry complexes and has lower DNA intercalation efficiency

in an aqueous solution

29 CuLCl (338) (L is (7)-camphor CuS2Cl Monodentate Triangular-planar Unknown 9.8� 0.5 mM (MCF-7) 171

thiosemicarbazone)

30 [Cu(dmp)L2] (247), CuN3O2, Bidentate Square-pyramidal, Binding to DNA (the square-pyramidal complex 247: 0.97� 0.03 mM (Hep-G2), 172

[Cu(phen)(H2O)L2] (248) CuN3O3 octahedral has a higher binding affinity compared to the 1.8� 0.3 mM (MCF-7);

(HL is 4,5-dichloroisothiazole-3- octahedral complex; the binding constants correlate 248: 3.06� 0.07 mM (Hep-G2),

carboxylic acid) with the cytotoxicity), inhibition of cytochrome P450 4.2� 0.2 mM (Hep-G2)

31 [CuIILCl] (276 ± 281) CuNOSCl Tridentate+ Square-planar Mitochondrial localization and induction of apoptosis 0.02 ± 0.04 mM (LoVo-OXP, 111

(HL are N-substituted monodentate via the mitochondrial pathway without ROS LoVo).Very high toxicity but

2,3-dihydroxy- and 2-hydroxy-3- ligand generation. It is suggested that the complex low selectivity

methoxybenzaldehyde thiosemi- inhibits PDI (index*0.1 ± 0.3)

carbazones)

32 [CuII(sac)2(bzimpy)] . 3DMF (244a), CuN4O Tridentate+ Square-pyramidal Binding to the major groove of DNA due Cu: 1.68� 0.05 mM (A549), 173

[Ni(bzimpy)2](sac)2 .H2O .PriOH monodentate to steric hindrance of the ligands in the complex. 23.56� 0.45 mM (HT-29),

(244b) ligands Generation of ROS, DNA double-strand breaks 2.96� 0.06 mM (MCF-7),

and mitochondrial dysfunction lead to the induction 14.30�0.13 mM (MCF-7 ± 10A);

of apoptosis simultaneously via two pathways, Ni: 1.86� 0.09 mM (A549),

which accounts for high toxicity 41.47� 8.07 mM (HT-29),

6.10� 1.33 mM (MCF-7),

66.5� 4.98 mM (MCF-7 ± 10A)

33 CuII(trop)2 (288) CuO4 Bidentate Square-planar Induces apoptosis and exhibits efficient cellular 5.2� 1.8 mM (MCF-7), 174

uptake not only by the MCF7 and MDA-MB-231 cells 4.0� 0.2 mM (MDA-MB-231);

but also by MCF-7 spheroids, being 26 times more SI=2.5 ± 2.9.

effective than cisplatin against 3D models Under the same conditions,

SI of cisplatin is*1

34 CuII(2-pbmq)(MeOH)Br2, CuN2Br2O Bidentate, Distorted square- The pyramidal coordination compound exhibits higher Pyramidal: 23.4 ± 25.99 mM 175

[CuII (2-pbmq)(PPh3)Br]2 CuNPBr2 monodentate pyramidal, tetrahedral DNA intercalation affinity compared to the (SMMC7721, BGC823, TFK-1);

tetrahedral complex and displays stronger DNA tetrahedral: 3.18 ± 3.76 mM
cleavage activity in vitro. However, the tetrahedral (SMMC7721, BGC823, TFK-1)

complex displays more efficient cellular uptake and is

accumulated in the nucleus and mitochondria rather

than in the cytoplasm leading to the efficient

development of apoptosis via the mitochondrial pathway
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Table 4 (continued).

No. Complex (serial number Coordi- Binding mode Metal coordination Mechanism of cytotoxic activity IC50 max (cell line) Ref.
of the compound) nation geometry

sphere

35 [CuIIL2] (295 ± 303) CuN2S2 Bidentate Distorted tetrahedral; Induction of apoptosis in cancer cells and 70% 11 ± 62 mM (PC-3), 176

(HL is N-Ar-N 0-(tetrahydro- the geometry is retained weaker apoptosis in normal cells. Putative inhibition SI-1 ± 7 (HaCaT)

phthalimido)-substituted in solution of interleukin-6 release

thioureas)

36 L2Cu2Cl (L are 1-aryl-5-(2- CuN2SCl Tridentate Distorted square- Induce early apoptosis, exhibit efficient cellular uptake, 1.4 ± 9.6 mM (MCF-7) 177

pyridylmethylidene)-2-thioxo- pyramidal. Bidentate do not generate ROS and are not reduced in the cell

imidazolin-4 -ones)

37 LCuCl2 (304 ± 325) (L is 1-aryl-2- CuN2Cl2 Bidentate Bidentate Efficiency was shown using MTT assays not only 1.8 ± 12 mM (MCF-7) 177

methylthio-4-(2-pyridiyl- in 2D but also in 3D cell cultures,e hydrolytically

methylidene)-1H-imidazol-5(4H)-ones) cleave DNA, do not generate ROS

38 LCu2Cln (n=2±4, CuN2Cln Bidentate Distorted tetrahedral Binding to DNA, ROS generation and the 0.6 ± 19 mM (MCF-7) 177

(L is 1,2-bis[1-aryl-4-(2-pyridyl- involvement in intramolecular redox reactions

methylidene)-5-oxo-1H-imidazol-1-yl-

methylthio]ethane)

39 [CuII(Trp)(Hnor)2(DMSO)]NO3 CuN3OS Bidentate+ Square-pyramidal Generation of ROS, induction of apoptosis 10� 1.3 mM (MCF-7), 178

monodentate in cancer cells via the mitochondrial pathway. 27� 1.1 mM (Hep-G2),

ligands Glutathione consumption, which is indicative >100 mM (Hek-293)

of the redox transformation involving copper

and intracellular reducing agents

40 [Cu(Gluc)(HPB)(H2O)](Gluc), CuN2O3 Bidentate Square-pyramidal Binding to DNA, ROS generation, induction 13.3� 1.4 mM (A549), 179

[Cu(Gluc)(HPBC)(H2O)](Gluc) of apoptosis in cancer cells via the mitochondrial 4.6� 0.1 mM (A549)

pathway

41 [Cu2(L4)Cl4]2, CuN3Cl2 Tridentate+ Distorted square- Generation of ROS (singlet oxygen and OH*); 13.4� 0.7 mM (Hep-G2), 180

[Cu(L5)Cl2]2 . 4H2O f 2 monodentate pyramidal oxidative DNA cleavage leading to the induction 10.6� 1.9 mM (HeLa),

ligands of apoptosis 27.4� 0.1 mM (HUVEC)

Note. The following abbreviations are used: tpy is terpyridine, dpq is dipyridyl[3,2-f:20,30-h]quinoxaline, dppz is dipyridyl[3,2-a:20,30-c]phenazine, dmdppz is 11,12-dimethylpyridyl[3,2-a:20,30-c]phenazine, dthp
is 2,6-di(thiazol-2-yl)pyridine, dmtp is 2,6-di(5-methyl-4H-1,2,4-triazol-3-yl)pyridine, dtp is 2,6-di(4H-1,2,4-triazol-3-yl)pyridine, pmdt isN,N,N 0,N 0 0,N 0 0-pentamethyldiethylenetriamine, dmp is 5,6-dimethyl-

1,10-phenanthroline, pic is picrate, FGFR is fibroblast growth factor receptor, bpdmpzp is (3,5-dimethyl-1H-pyrazol-1-ylmethyl)bis(2-pyridylmethyl)amine, bdmpzp is bis(3,5-dimethyl-1H-pyrazol-1-

ylmethyl)(2-pyridylmethyl)amine, tdmpza is tris(3,5-dimethyl-1H-pyrazol-1-ylmethyl)amine, bedmpz is bis[2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl](2-pyridylmethyl)amine, que is quercetin, nar is naringenin,

pdc is pyridine-2,5-dicarboxylate, PDI is disulfide isomerase, sac is saccharin (o-sulfobenzimide), bzimpy is 2,6-bis(benzimidazol-2-yl)pyridine, tropH is tropolone (2-hydroxycyclohepta-2,4,6-trien-1-one),

pbmq is [2-(pyrazin-2-yl)-1H-benzo[d ]imidazol-1-ylmethyl]quinoline, Hnor is norharman (b-carboline), Gluc is D-gluconic acid, HPB is 2-(2-pyridyl)benzimidazole, HPBC is 5-chloro-2-(2-pyridyl)benzimida-

zole. a L1 is 1,5-dimethyl-2-phenyl-4-(2-pyridylmethylideneamino)-1,2-dihydropyrazol-3-one; bmefenamic acid is 2-(2,3-dimethylphenylamino)benzoic acid, tolfenamic acid is 2-(3-chloro-2-methylphenyla-

mino)benzoic acid, flufenamic acid is 2-(3-(trifluoromethyl)phenylamino)benzoic acid; c compounds 293a,b differ in the configuration of the tpy ligand (see Section 5.3), dHL2 is the Schiff base of 2-(N 0,N 0-
dimethylpiperazino)ethylamine and salicylaldehyde; HL3 is Schiff base of 2-(diisopropylamino)ethylamine and salicylaldehyde; e 3D-MTT assay is the evaluation of cytotoxicity in cell spheroids, which more

accurately mimic solid tumours compared to the conventional MTT assay; f L4 is 4,40-oxybis[N,N-bis(2-pyridylmethyl)aniline]; L5 is 4-methyl-N,N-bis(2-pyridylmethyl)aniline.



length of 458 nm (photoexcitation of the ligand),144 in the

presence of intracellular reducing agents, such as sodium

ascorbate 139 and glutathione,150, 155, 178 and using the start-

ing complexes.146, 173 For some coordination compounds,

the ROS generation is not just the main but the only

mechanism of cytotoxicity, and the IC50 value fully corre-

lates with the concentration of H2O2 that is produced in the

cell in the presence of the complex.150

The intracellular localization is an important factor,

which relates the effective cytotoxicity of the coordination

compound to its ability to generate ROS in the cell.

Reactive oxygen species can exert a significant cytotoxic

effect leading to the damage of classical biological targets

(DNA and mitochondria), thereby causing the induction of

apoptosis via the DNA-dependent or mitochondrial path-

way. Some research groups demonstrated that the local-

ization in the cell and the efficient DNA damage by reactive

oxygen species are completely determined by the ligand

environment of the square-pyramidal copper com-

plex,146, 150, 155 and the degree of interaction with DNA

directly affects the toxicity.151, 172 In particular, it was

shown 146 that complexes 235 ± 237 (Fig. 20) containing

planar aromatic bidentate ligands are localized on DNA

through intercalation of the ligand between nitrogenous

base pairs, and structurally labile 2,20-bipyridine, which

has weak intercalating ability, gives a less toxic complex

compared to planar and fully conjugated dipyridophena-

zine. However, the introduction of two methyl groups into

dipyridophenazine, which significantly hinder the intercala-

tion of the latter into DNA, leads to a decrease in the

cytotoxicity: IC50 increases from 0.46 to 0.65 mM against the

MCF-7 cell line.

Ganeshpandian et al.149 reached similar conclusions.

They showed that not only the strength of intercalation

but also the mechanism of DNA binding can be changed by

varying the nature of the bidentate ligand with the retention

of the tridentate pmdt ligand in the copper(II) coordination

environment using the following series: 2,20-bipyridine,
phenanthroline, 5,6-dimethylphenanthroline, dipyridyl[3,2-

d:20,30-f ]quinoxaline (compounds 238 ± 241, respectively,

Fig. 21). The interaction of 2,20-bipyridine-containing com-

plex 238 with DNA is insufficiently strong for the local-

ization of the complex and the ROS-mediated DNA damage

and it does not lead to significant toxicity (IC50& 12 mM).

Coordination compounds based on phenanthroline (239)

and dipyridyl[3,2-d:20,30-f ]quinoxaline (241) intercalate into
DNA, which leads to a decrease in IC50 to 2.6 ± 2.5 mM.

Meanwhile, complex 240 with 5,6-dimethylphenanthroline,

which is incapable of intercalation due to the presence of

two methyl groups, efficiently binds to the major groove of

DNA, thereby causing a decrease in IC50 to 1.5 mM. This is

attributed to the fact that the complex, which is efficiently

a b

N N

O O

Cu Cu

N

O

Cu

c

Figure 20. Molecular structures of copper coordination com-
pounds 235 (a), 236b (b) and 237b (c) capable of intercalation into
DNA exclusively due to the presence of the planar aromatic ligand
responsible for the DNA binding affinity.146 The Figure was
prepared by the authors using the X-ray diffraction data.146
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Structures 235 ± 237
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N
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[Cu(pmdt)(diimine)]2+

N
N (diimine) = bipy (238),

phen (239), 5,6-dmp (240),

dpq (241)

Structures 238 ± 241

a

N N
Cu Cu

b

N N

Cu Cu

c d

Figure 21. Molecular structures of coordination compounds
238 ± 241 (a ± d, respectively), which differ in the structure of the
conjugated aromatic ligand that influences the DNA binding
affinity and the binding mode.149 The Figure was prepared by the
authors using the X-ray diffraction data 149 and the data from the
Cambridge Crystallographic Data Center (CCDC 841674, 841675,
841676 and 841677).

D.A.Guk, O.O.Krasnovskaya, E.K.Beloglazkina

Russ. Chem. Rev., 2021, 90 (12) 1566 ± 1623 1609



bound to the major groove of DNA, is simultaneously

localized in the vicinity of the biological target and is open

to free diffusion of water molecules and intracellular reduc-

ing agents, leading to the most efficient ROS generation in

the immediate vicinity of DNA.

Similar characteristic patterns also account for the fact

that the dinuclear copper(II) coordination compound

[CuIILBr2](H2O)(DMF)2 (242) and the nickel(II) coordina-

tion compound [NiL2(H2O)2](NO3)2 (243), where L

is 2-[5-(3-pyridyl)-4-(4-pyridyl)-4H-1,2,4-triazol-3-yl]pyri-

dine, containing two copper or nickel ions in the square-

pyramidal environment, cannot interact with the major and

minor grooves of DNA. These compounds do not exhibit

cumulative toxicity and are even inferior to mononuclear

CuII and NiII complexes (244a,b),173 which are, on the

average, characterized by much lower toxicity.166

A comparison of square-pyramidal dinuclear CuII com-

plexes 245 and 246 (Fig. 22), which retain the capability of

intercalation,170 and mononuclear square-planar copper(II)

coordination compound 242, which also binds to DNA by

intercalation, shows that the former complexes are more

toxic, but their toxicity is an order of magnitude lower

compared to mononuclear square-pyramidal complexes

235 ± 241 described above (IC& 20 mM against the MCF-7

cell line).

In a few studies, copper(II) coordination compounds

bearing structurally similar ligands and having different

geometries were compared, and it was shown that square-

pyramidal CuII complexes more efficiently intercalate into

DNA compared to tetrahedral 175 and octahedral com-

plexes.167, 172 In particular, it was demonstrated 172 that

square-pyramidal compound 247 with the 4,5-dichloroiso-

thiazole-3-carboxylate ligand binds to DNA 4.6 times

stronger than octahedral complex 248 (Kb=6.46104 versus

1.46104 L mol71), and the binding constant generally

correlates with the cytotoxicity (Fig. 23).

In some cases, when the ROS generation by coordina-

tion compounds localized on DNA is the main mechanism

of action for complexes with different geometries, it is

consistent with IC50. Examples are compounds 249 ± 256

based on aminoalkylamino derivatives of neocryptolepine

(5-methyl-5H-indolo[2,3-b]quinoline). Thus, the IC50 value

is not higher than 0.58 mM for square-pyramidal complexes

249, 250, 253 and 254 and is as low as 8.77 mM for

octahedral complexes 251, 252, 255 and 256 with these

ligands.154

However, in many cases the generation of ROS by

octahedral and tetrahedral copper(II) complexes localized

on DNA is not the main mechanism of cytotoxicity. Due to

this fact, the IC50 values of these compounds can be lower

than those of compounds showing a more efficient inter-

calation or do not correlate at all with the intercalation

strength.
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Figure 22. Molecular
structures of dinuclear
square-pyramidal cop-
per coordination com-
pounds 245 (a) and 246
(b), which are capable of
intercalation into DNA
and retain the dinuclear
structure during DNA
binding.170 The Figure
was prepared by the
authors using the X-ray
diffraction data 170 and
the data from the Cam-
bridge Crystallographic
Data Center (CCDC
1839877 and 1019784).
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structure of compound
248.172 The Figure was
prepared by the authors
using the X-ray diffrac-
tion data 172 and the
data from the Cam-
bridge Crystallographic
Data Center (CCDC
1974136).
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The second very important factor, which directly affects

the efficiency of the cytotoxic effect through the ROS

generation in the vicinity of DNA, is the stability of

coordination compounds in the presence of intracellular

reducing agents (e.g., glutathione) and oxidizing agents

(cytochrome C) along with the ability to undergo a cyclic

redox transition generating more than one H2O2 molecule

per CuII complex. Massoud et al.160 synthesized the coordi-

nation compounds [CuII(bpdmpz)Cl]ClO4 (257),

[CuII(bdmpzp)Cl]X, where X=ClO4 (258a), PF6 (258b),

[CuII(tdmpza)Cl]ClO4 (259) and [CuII(bedmpzp)Cl]PF6

(260) with organic ligands bearing pyridyl- and(or) pyrazo-

lylalkyl substituents (Fig. 24). This series of compounds was

characterized by a gradual change in the geometry of the

complex from ideal square-pyramidal (t=0.08) { to ideal

trigonal-bipyramidal (t=0.88) through intermediate geo-

metries (t=0.14 ± 0.29).

It was shown that the cytotoxicity (IC50) of the com-

plexes gradually decreases with a change in the distortion of

the geometry from square-pyramidal towards trigonal-

bipyramidal (from 1.4 to >50 mM against the A2780 cell

line, from 8.3 to 33.1 mM against the A2780R cell line, etc.).

It was also found that in the presence of L-cysteine and

glutathione, square-pyramidal complex 260 is stable despite

its involvement in redox cycles (the mass spectrum of a

solution recorded after 24 h showed unchanged peaks of the

coordination compound, glutathione and L-cysteine in the

oxidized and reduced forms). By contrast, trigonal-bipyr-

amidal complex 257 was completely decomposed (the mass

spectrum of the spectrum showed only signals of copper

adducts along with the oxidized forms of glutathione and

L-cysteine).

However, it should be taken into account that, apart

from the main mechanism of cytotoxic activity, other

mechanisms, which are less typical of the class of square-

pyramidal copper(II) coordination compounds but which

NN

Cl

Cl

Cu

a b

c d

Cu

Cu

Cu

Cl

Cl

N
N

Figure 24. Molecular structures of coordination compounds
257 ± 260 (a ± d, respectively) with a continuous change in the
geometry from ideal square-pyramidal to ideal trigonal-bipyrami-
dal through intermediate forms.160 The Figure was prepared by the
authors using the X-ray diffraction data 160 and the data from the
Cambridge Crystallographic Data Center (CCDC 1558493,
1558494, 1558495 and 1558496).
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were found for individual representatives, can contribute to

the overall toxicity. Thus, it was demonstrated that coordi-

nation compound 261 based on 2-[(2-hydroxybenzylide-

ne)amino]-4-fluorobenzoic acid and phenanthroline can

inhibit proteasomal chymotrypsin-like activity (unlike

4-chloro-containing analogue 262),153 leading to the induc-

tion of apoptosis; the IC50 value of the proteasome is equal

within experimental error to the cytotoxicity IC50 value.

A series of coordination compounds 263 ± 270 with

square-pyramidal geometry (Fig. 25) also can inhibit telo-

merase and trigger apoptosis through the activation of the

protein p53, which leads to a decrease in the expression of

cmyc and hTERT,158 or through the inhibition of overex-

pressed fibroblast growth factor receptors (FGFRs) in the

cancer cell line MDA-MB-231.159

5.2. Square-planar copper(II) coordination compounds
The structural motifs most commonly observed for square-

planar copper(II) complexes are CuN2O2 (or CuN2Hal2)

and CuNOSCl. Besides, more rarely observed structures,

from CuN3Hal to CuO4 , are also described in the literature.

Bidentate organic ligands are more favourable than triden-

tate ligands, which are characteristic of square-pyramidal

complexes, for the formation of coordination compounds

with this geometry.

Stability of square-planar compounds in aqueous solu-

tions at physiological pH values is relatively lower than that

of square-pyramidal compounds. In particular, the

exchange of monodentate ligands in compounds 271 ± 273

with hydroxide anions was described; however, it does not

lead to a change in the geometry of the coordination

sphere 165 (Scheme 6).

In most of the publications on the mechanisms of

cytotoxic activity of square-planar CuII coordination com-

pounds, the authors suggested that the main mechanism

involves the induction of apoptosis via the mitochondrial

pathway, for example, for coordination compounds 274 and

275, or (more rarely) via a DNA-dependent pathway.

Morphological changes in the cells characteristic of

apoptosis are described in 5 of 9 publications (see the

studies 39, 111, 163, 165, 174).

Some research groups reported that square-planar cop-

per coordination compounds 276 ± 281 selectively accumu-

late in mitochondria and cause mitochondrial dysfunction

without generation of reactive oxygen species.111, 163 Even

square-planar coordination compounds 282 ± 285, which

cause the induction of apoptosis via a DNA-dependent

pathway, often damage DNA via hydrolysis without gen-

eration of ROS.39, 163 As mentioned in the previous Section,

even if the ROS generation contributes to the overall

cytotoxicity of square-planar copper(II) coordination com-

pounds, the H2O2 level in the cell is much lower than in the

case of square-pyramidal complexes with related ligands.145

Besides, the former compounds have much lower DNA
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Figure 25. Molecular structures of compounds 266 (a) and 267
(b).158 The Figure was prepared by the authors using the X-ray
diffraction data 158 and the data from the Cambridge Crystallo-
graphic Data Center (CCDC 1829669 and 1829671).
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intercalating efficiency compared to the latter com-

pounds.156, 170

Only in one study, 156 it was shown that the ROS

generation is the main mechanism of action of square-

planar coordination compounds 286 and 287 (Fig. 26). It

was noted that these complexes weakly bind to DNA, which

is typical of square-planar copper(II) coordination com-

pounds, and, consequently, have low toxicity

(IC50= 5.5 ± 12 mM against the A549 cell line) 156 compara-

ble to that of square-pyramidal complexes, which also have

weak DNA binding affinity.155

The distinguishing features of square-planar CuII coor-

dination compound 288 with tropolone (2-hydroxycyclo-

hepta-2,4,6-trien-1-one) are high selectivity against cancer

cells (the selectivity index SIMCF-7= IC50(L929)/

IC50(MCF-7)= 1.9, SIMDA-MB-231= 2.5) and the absence

of multicellular resistance (a decrease in toxicity against

multicellular aggregates compared to individual cells).174 In

particular, the evaluation of cytotoxicity using 2D and 3D

models showed that tropolone-based coordination com-

pounds are not only efficiently taken up by cancer cells

but also accumulate in MCF-7 spheroids, being 26 times

more toxic than cisplatin under similar conditions.

Actually, IC50(3D)=4.9 mM is equal within experimental

error to IC50(2D)=5.2� 1.8 mM, which is indicative of

highly efficient transport of the coordination compound

into multicellular spheroids.174

5.3. Octahedral copper(II) coordination compounds
Less common octahedral CuII coordination compounds can

exhibit cytotoxic activity through different mechanisms,

and it impossible to select the dominant mechanism because

of a small number of representatives. Octahedral coordina-

tion compounds are characterized by intercalation into

DNA through a planar bidentate aromatic ligand;164 how-

ever, the DNA cleavage occurs both via the oxidative

pathway, typical of square-pyramidal coordination com-

pounds, and via the hydrolytic pathway characteristic of

square-planar copper(II) compounds. Meanwhile, in some

studies it was shown that the DNA binding constants for

intercalating octahedral complexes are an order of magni-

tude lower than the corresponding values for square-pyr-

amidal coordination compounds with related ligands:

*36105 L mol71 for octahedral compound 289 versus

*26106 L mol71 for square-pyramidal compounds (290,

291).155 Besides, the toxicity of these compounds against a

wide range of cell lines varies in the range of 2.21 ± 8.77 mM
for octahedral mono- and dinuclear complexes versus

0.58 mM for the square-pyramidal compound (249).154

On the other hand, as shown with an example of

coordination compound 292 (Fig. 27),152 octahedral com-

plexes can efficiently bind to the minor groove of DNA,

resulting in the localization optimal for DNA damage by

Cu
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Figure 26. Molecular structures of fluorine-containing square-pla-
nar copper(II) coordination compounds 286 (a) and 287 (b).156 The
Figure was prepared by the authors using the X-ray diffraction
data 156 and the data from the Cambridge Crystallographic Data
Center (CCDC 1496890 and 1496892).
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reactive oxygen species (like the localization of CuII com-

plex 240 with square-pyramidal geometry, which is the most

toxic compound in the series of CuII analogues, in the major

groove of DNA 149). In this pair of coordination com-

pounds 240 and 292, like in the case of square-pyramidal

complexes 238 ± 241, the DNA binding affinity is respon-

sible for the DNA binding mode and directly correlates with

the cytotoxicity.

Among more rare mechanisms, determined for cyto-

toxic activity of octahedral copper coordination com-

pounds, only the induction of apoptosis via a caspase-

dependent pathway is worthy of note.167 The presence of

the additional pathway of the induction of apoptosis,

which was not revealed for square-pyramidal and square-

planar analogues, allows isomeric octahedral CuII com-

plexes 293a,b to exhibit IC50< 0.8 mM against the MCF-7

cell line, while square-pyramidal complex 294 with the

same ligands has lower toxicity (IC50= 22.8 mM).

5.4. Tetrahedral copper(II) coordination compounds
Scarce studies on tetrahedral CuII complexes with anti-

cancer activity make it impossible to ultimately suggest

the mechanism of their cytotoxic activity. Based on the

morphological changes in the PC3 and SW480 cell lines,

it was found that after 72 h, tetrahedral copper(II) coor-

dination compounds 295 ± 303 can cause the induction of

apoptosis at concentrations of 11 ± 62 and 4 ± 88 mM,

respectively, with SIHaCat = 3 ± 20 (the selectivity index

against the normal cells HaCat).176 The factor responsi-

ble for selectivity was not elucidated.

The stability of the tetrahedral complexes in solution

also remains an open question. Thus, in two of three

studies,157, 176, 177 it was shown that coordination com-

pounds 295 ± 303 and 304 ± 325 (Fig. 28 a) are stable in

solution. The absorption and EPR spectra of these com-

pounds do not significantly change with time.176, 177

Meanwhile, Zhao et al.157 suggested that the main mech-

anism of cytotoxic activity involves the release of a

cytotoxic ligand through the hydrolysis of dehydroabie-

tylamine-based complex 326 (Fig. 28 b) (the decomposi-

tion of the complex in solution) in the cell.

5.5. Trigonal-bipyramidal copper(II) coordination
compounds
Copper(II) coordination compounds with trigonal-bipyr-

amidal structures exhibiting cytotoxic activity are poorly

characterized in the literature. A few examples of these

complexes both with a tetradentate ligand and with five

monodentate ligands are known. Hence, it is difficult to

analyze the optimal structural motifs giving rise to

trigonal-bipyramidal compounds.

A small number of coordination compounds with this

structure available in the literature is attributed to their

low stability in aqueous solutions, particularly in the

presence of intracellular reducing agents, such as gluta-

thione and L-cysteine, which cause the complete decom-

position of the trigonal-bipyramidal complexes.160

In the only study,162 in which the mechanism of

cytotoxic activity of trigonal-bipyramidal coordination

compounds 327 and 328 was investigated (Fig. 29), it was

shown that these compounds induce apoptosis via the

mitochondrial pathway, cause mitochondrial dysfunction

and generate ROS. Low stability of these compounds in

the presence of intracellular reducing agents is addition-

ally evidenced by the fact that the compounds with the

highest cytotoxicity bind to cell surface death receptors

on the cell membrane in the MCF-7 cell line.162 There-

fore, the most toxic trigonal-bipyramidal complexes are
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Figure 28. Molecular structures of tetrahedral coordination com-
pounds with methylthioimidazol-4-one (314) 177 and dehydroabie-
tylamine (326) 157 ligands. The Figure was prepared by the authors
using the X-ray diffraction data 157, 177 and the data from the
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those, which are not decomposed in the presence of

intracellular reducing agents exhibiting cytotoxic activity

without cellular uptake.

5.6. Tetrahedral copper(I) coordination compounds
As was mentioned in the introductory part of Section 5, CuI

ions, according to the HSAB theory, are softer than CuII

ions. This has a significant effect on the favourable ligand

environment of this metal. In the majority of coordination

compounds considered above, copper(II) ions are sur-

rounded by ligands with electron-donating nitrogen, oxygen

and, more rarely, sulfur atoms (i.e., ligands of intermediate

or high hardness), whereas the coordination sphere of the

copper(I) ion usually involves one or several molecules of

triphenylphosphine or its substituted analogue (soft

ligands).148, 168 According to the results of the study,181 the

presence of phosphine ligands is a key factor responsible for

high biological activity of the complex.

In the cited studies, DNA was found to be the main

molecular target for tetrahedral CuI coordination com-

pounds. Attempts were made 148, 168 to elucidate the mech-

anism of cytotoxic activity of complexes 329 ± 332. It was

demonstrated that these compounds can intercalate into

DNA with constants of about 2.456105 (Ref. 148) and

12.66104 L mol71.168 It was mentioned that the tetrahe-

dral coordination compounds, e.g., complex 329 (Fig. 30),

do not tend to cleave DNA, but cause insignificant DNA

damage through a hydrolytic mechanism and exhibit anti-

oxidant activity, excluding the ROS generation.148

Besides, it was found that tetrahedral CuI coordination

compounds 330 ± 332 (Fig. 31) based on triphenylphosphine

and phenanthroline can bind to androgen receptors overex-

pressed on the surface of prostate and breast cancer cells, in

particular PC-3 and MCF-7 (according to the molecular

docking results).168

5.7. Triangular and trigonal-pyramidal copper(I)
coordination compounds
Copper(I) complexes with trigonal-pyramidal and triangu-

lar geometry of the coordination sphere formed by four and

three ligands, respectively, have received little study. It was
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demonstrated 168 that trigonal-pyramidal copper(I) com-

pound 333 (Fig. 32) is less toxic compared to the tetrahedral

analogues (IC50=81 ± 91 mM versus 35 mM against the

MCF-7 cell line) and more weakly binds to androgen

receptors as a target for tetrahedral CuI coordination

compounds. The mechanism of DNA binding was deter-

mined as the intercalation, but the binding affinity is low

with constants in the range of (6.7 ± 20)6104 L mol71.168

Planar-triangular copper(I) coordination compounds

334 ± 337 with ligands of the thiocarbamine series (Fig. 33)

were characterized in the studies.169, 171 Systematic inves-

tigations of the putative mechanisms of their cytotoxicity

were not performed and molecular targets were not identi-

fied as yet. Pandey et al.169 found only very strong DNA

fragmentation caused by complexes 335 ± 337 with multiple

double-strand breaks and evaluated the selectivity against

cancer cells; SI= IC50(WRL-68)/IC50(2008, C-13,

IGROV-1)=3.6 ± 1.89.

Kokina et al.171 demonstrated that triangular copper

coordination compound 338 with (7)-camphor thiosemi-

carbazone is promising for the search for new anticancer

agents. This complex has the highest toxicity in the series

of coordination compounds of this ligand with different

metals (Zn, Pd) having different coordination geometry

(tetrahedral, square-planar). However, putative biological

targets and mechanisms of cytotoxic activity were not

revealed.

5.8. Prospects of the development of anticancer agents based
on copper ions
Copper coordination compounds have different geome-

tries and are stable in aqueous solutions at physiological

pH values in metal oxidation states +2 and +1, several

types of coordination geometry being stable for both

oxidation states. As opposed to cytotoxic cobalt com-

plexes, in which the change in the oxidation state of

complex-forming metal imposes severe restrictions on the

geometry of the complex, the properties of copper coordi-

nation compounds are more diverse.

Besides, it was shown that copper coordination com-

pounds can be stabilized in different oxidation states with

similar geometry by varying the electronic properties of

the organic ligand (by introduction of donors or acceptors

into the structure). Thus, the introduction of electron-

withdrawing moieties into the ligand stabilizes CuI com-

plexes, whereas electron-donating substituents stabilize

CuII compounds. This allows the fine tuning of the

structure and cytotoxic activity of coordination com-

pounds and makes it possible to change the contributions

of different mechanisms of cytotoxic activity to the overall

cytotoxicity.111, 165, 177

Copper ions play an important role in different intra-

cellular processes, mainly in redox processes. Hence,

cancer cells with an increased metabolism have a higher

demand for copper compared with normal cells, which

additionally facilitates the transport of cytotoxic copper

coordination compounds to malignant sites.146, 147, 150 The

selective permeability of cancer cell membranes to copper

compounds was supposed.148

Mechanisms of cytotoxic activity available for copper

complexes involve the oxidative DNA damage,145, 151, 155

the hydrolytic DNA damage, the intercalation 148, 150, 151

and the binding to the minor 152 and major 149, 173 grooves

of DNA leading to changes in the gene expression levels

and chromatin dysfunction, the generation of reactive

oxygen species,145 the impairment of mitochondrial func-

tion and the electron transport chain,158, 162, 163, 167 the

inhibition of different enzymes (e.g., telomerase 158, 177)

and the activation of proteasomes,153 caspases 167 and the

regulator protein p53,158 leading to the induction of

apoptosis via the DNA-dependent 146, 147, 149, 155 or mito-

chondrial 111, 163, 175, 178 pathway. Besides, more rare

mechanisms were found for individual coordination com-

pounds. The above data show that copper complexes are

the most promising candidates for the preparation of new-

generation anticancer agents finely tuned to particular

cancer cell lines in terms of properties, high selectivity

and low toxicity against normal tissues.
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dination compound 333
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geometry.168 The Figure
was prepared by the
authors using the X-ray dif-
fraction data 168 and the
data from the Cambridge
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ter (CCDC 1837854).
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6. Conclusion

The data summarized and integrated in this review make it

possible to reveal the coordination geometry ± mechanism

of cytotoxic activity ± IC50 relationships for coordination

compounds of transition metals most abundant in the

human body (zinc, iron, cobalt and copper). In each

Section, putative mechanisms of cytotoxic activity, char-

acteristic of the corresponding complex-forming metal in

a particular oxidation state, are analyzed and conclusions

are made about the most promising structural motifs for

each class of compounds described in the literature.

As mentioned above, the main factors responsible for

the cytotoxicity and the mechanism of action of metal

coordination compounds are the geometry of the coordi-

nation sphere, the oxidation state of the metal in the

complex and its redox potential. On the whole, the former

two factors make it possible to divide all coordination

compounds into classes according to the common bio-

logical targets, similar mechanisms of action and close

ranges of IC50 values.

For each type of the coordination geometry, the over-

all cytotoxicity of the complex is associated with a number

of mechanisms, the contributions of which are specified by

certain weighting coefficients. Thus, the main mechanism

for tetrahedral coordination compounds can be a minor

mechanism for its square analogue and vice versa. How-

ever, in many cases, only one mechanisms makes the

major contribution to cytotoxicity, the mechanisms being

different for complexes of each structural type. In some

cases, in which the coordination sphere is gradually dis-

torted, transforming the geometry of the coordination

compound from one type to another, continuous changes

in the contributions of different mechanisms to the overall

toxicity can be revealed.

Hence, the fine tuning not only of the cytotoxicity but

also of the mechanism of action of coordination com-

pounds can be performed by changing the structure,

geometry and electronic properties of the organic ligand.

Using a large set of examples considered in this review, it

was shown that the variation of the ligand structure or the

replacement of the ligand by its closest homologue can

significantly change not only the cytotoxicity of the

coordination compound but also the mechanism of DNA

binding and, in some cases, make another mechanism of

cytotoxic activity the main one.

Hence, it can be concluded that all cytotoxic coordi-

nation compounds of biogenic metals considered in the

review offer a possibility of searching for and optimizing

new-generation agents for cancer therapy. Each biogenic

metal has a number advantages, such as the efficient

cellular uptake through transferrins (for iron) or the

protein Ctr1 (for copper), high selectivity against cancer

cells demonstrated for ferrocene derivatives and selectivity

towards G4-DNA characteristic of square-planar zinc

compounds and octahedral cobalt(II) compounds. Iron

and copper coordination compounds can be considered

as the most promising ones. They have the largest diver-

sity of structural motifs and types of coordination geom-

etry and the widest range of available mechanisms of

cytotoxic activity.

This review was written with the financial support of the

Russian Foundation for Basic Research (Project No. 20-13-

50013).

7. List of acronyms and abbreviations

Cell lines:

518A2 Ð melanoma cell line;

A2780 Ð human ovarian cancer cell line;

A375 Ð malignant melanoma cell line;

A431 Ð epidermoid carcinoma cell line;

A431Pt Ð Pt-resistant epidermoid carcinoma cell line;

A498 Ð human kidney carcinoma cell line;

A549 Ð human lung adenocarcinoma cell line;

AGS Ð human gastric adenocarcinoma cell line;

BCC Ð basal cell carcinoma cell line;

BEL-7402 Ð human papillomavirus-related endocervi-

cal adenocarcinoma;

BGC823 Ð human papillomavirus-related endocervical

adenocarcinoma;

BL-2 Ð Burkitt lymphoma;

C13, CaSki Ð human papillomavirus-related cervical

squamous cell carcinoma;

Caco-2 Ð human colon adenocarcinoma;

Caki-2 Ð human papillary renal cell carcinoma;

CEM/ADR5000 Ð childhood T-cell acute lymphoblas-

tic leukemia cell line;

CO-115 Ð human colon adenocarcinoma;

Colo-205 Ð human colon adenocarcinoma;

DLD-1 Ð human colon adenocarcinoma;

DU-145 Ð human prostate carcinoma;

Eca-109 Ð human esophageal squamous cell carcinoma;

G-361 Ð human melanoma;

NCI-H460 Ð human large cell lung carcinoma;

HaCaT Ð spontaneously immortalized normal human

cell line;

HCT116 Ð human colon adenocarcinoma;

HCT-8 Ð human colon adenocarcinoma;

Hek-293 Ð transformed human fetal cell line;

HeLa Ð human papillomavirus-related endocervical

adenocarcinoma;

Hep-2 Ð human papillomavirus-related endocervical

adenocarcinoma;

Hep3B Ð childhood hepatocellular carcinoma;

Hep-G2 Ð human hepatocellular carcinoma;

HL-60 Ð human adult acute myeloid leukemia;

HL-7702 Ð human papillomavirus-related endocervical

adenocarcinoma;

HOS Ð human osteosarcoma;

HT-29 Ð human colon adenocarcinoma;

HUVEC Ð normal human cell line;

IGROV-1 Ð human ovarian endometrioid adenocarci-

noma;

IM-9 Ð transformed normal human cell line;

Jurkat Ð childhood T-cell acute lymphoblastic leuke-

mia;

K562 Ð human chronic myelogenous leukemia;

KbV1/Vbl Ð human papillomavirus-related endocervi-

cal adenocarcinoma;

L6 Ð transformed normal rat myoblast cell line;

L929/A Ð spontaneously immortalized normal mouse

cell line;
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LH32 Ð normal human hepatocytes;

LN-229 Ð human glioblastoma;

LoVo Ð human colon adenocarcinoma;

LS-174 Ð human colon adenocarcinoma;

MCF-7 Ð human invasive ductal breast carcinoma;

MCF-10A Ð spontaneously immortalized human cell

line;

MDA-MB-231 Ð human breast adenocarcinoma;

MDA-MB-453 Ð human breast adenocarcinoma;

MelHo Ð human melanoma;

MG-63 Ð human osteosarcoma;

MIA-PA-CA-2 Ð human pancreatic ductal adenocarci-

noma;

MKN-45 Ð human gastric adenocarcinoma;

Molt-4 Ð adult T-cell acute lymphoblastic leukemia;

MRC-5 Ð normal human biotechnology cell line;

MTSV1-7 Ð normal human mammary luminal epithe-

lial cells;

Nalm-6 Ð adult B-cell acute lymphoblastic leukemia;

NCI-H322M Ð minimally invasive human lung adeno-

carcinoma;

NCI-H460 Ð human large cell lung carcinoma;

NCTC Ð spontaneously immortalized mouse cell line;

PBMC Ð induced pluripotent human stem cells;

PC-3 Ð human prostate carcinoma;

PC-12 Ð human lung papillary adenocarcinoma;

Saos-2 Ð human osteosarcoma;

SCC-4 Ð human tongue squamous cell carcinoma;

SCC-9 Ð human tongue squamous cell carcinoma;

SCC-25 Ð human tongue squamous cell carcinoma;

SK-OV-3 Ð ovarian serous cystadenocarcinoma;

SMMC-7721 Ð human papillomavirus-related endocer-

vical adenocarcinoma;

T24 Ð bladder carcinoma;

TE1 Ð esophageal squamous cell carcinoma;

TFK-1 Ð cholangiocarcinoma;

U87MG Ð human glioblastoma;

U937 Ð adult acute monocytic leukemia.

Other abbreviations:

ABTS Ð 2,20-azinobis(3-ethylbenzothiazoline-6-sul-
fonic acid);

AcTsc Ð 3-acetylcoumarin thiosemicarbazone;

Ad Ð adamantyl;

amphen Ð 5-amino-1,10-phenanthroline;

andpa Ð (anthracen-9-yl)bis(2-pyridylmethyl)amine;

AP Ð antipyrine;

Azil Ð azilsartan;

bapen Ð N,N 0-bis(3-aminopropyl)ethylenediamine;

m-BDA Ð 4,4-difluoro-1,3,5,7-tetramethyl-8-[3-bis(2-

pyridylmethyl)aminobenzyl]-4-bora-3a,4a-diaza-s-indacene;

bdmpzp Ð bis(3,5-dimethyl-1H-pyrazol-1-ylmethyl)(2-pyr-

idylmethyl)amine;

bedmpz Ð bis[2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl](2-

pyridylmethyl)amine;

BHA Ð benzhydroxamate;

bipy Ð 2,20-bipyridine;
Boc Ð tert-butoxycarbonyl;

bpdmpzp Ð (3,5-dimethyl-1H-pyrazol-1-ylmethyl)bis(2-

pyridylmethyl)amine;

BrQ Ð 7-bromoquinolin-8-ol;

bzimpy Ð 2,6-bis(benzimidazol-2-yl)pyridine;

Caf Ð caffeine;

chtsc Ð cyclohexanone thiosemicarbazone;

Cp Ð cyclopentadienyl;

CQ Ð 5-chloro-7-iodoquinolin-8-ol;

Clphen Ð 5-chloro-1,10-phenanthroline;

Cltpy Ð 40-chloro-2,20:60,200-terpyridine;
cur Ð curcumin (bis(4-hydroxy-3-methoxyphenyl)-1,6-

diene-3,5-dione);

Cy Ð cyclohexyl;

cyclam Ð 1,4,8,11-tetraazacyclotetradecane;

Cyclen Ð 1,4,7,10-tetraazacyclododecane;

dBrQ Ð protonated 5,7-dibromoquinolin-8-ol;

DC50 Ð half-maximal concentration of the compound

required to displace 50% of the intercalator from the

complex with DNA;

dClQ Ð 5,7-dichloroquinolin-8-ol;

dmb Ð 4,40-dimethyl-2,20-bipyridine;
dmdppz Ð 11,12-dimethylpyridyl[3,2-a:20,30-c]phena-

zine;

dmp Ð 5,6-dimethyl-1,10-phenanthroline;

dmtp Ð 2,6-di(5-methyl-4H-1,2,4-triazol-3-yl)pyridine;

dpam Ð 2,20-dipyridylamine;

dppe Ð 1,2-bis(diphenylphosphino)ethane;

DPPH Ð 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazin-

1-yl;

dppt Ð 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine;

dppz Ð dipyridyl[3,2-a:20,30-c]phenazine;
dpq Ð dipyridyl[3,2-f:20,30-h]quinoxaline;
dthp Ð 2,6-di(thiazol-2-yl)pyridine;

dtp Ð 2,6-di(4H-1,2,4-triazol-3-yl)pyridine;

epoxyphen Ð 5,6-epoxy-5,6-dihydro-1,10-phenanthro-

line;

FGFR Ð fibroblast growth factor receptors;

Glu Ð glutamate;

Gluc Ð D-gluconic acid;

GSH Ð glutathione;

HAcPipPheF Ð 2-acetylpyridine N4-1-(4-fluorophenyl)-

piperazinothiosemicarbazone;

H2Bd Ð a-benzyl dioxime;

Hdicl Ð diclofenac (2-[2-(2,6-dichloroanilino)phenyl]-

acetic acid;

Hex Ð n-hexyl;

Hfen Ð fenamic acid (2-phenylaminobenzoic acid);

H2Gm(morph) Ð morpholinoglyoxime;

His Ð histidine;

Hnor Ð norharman (b-carboline);
HO-1 Ð haem oxygenase-1;

HPB Ð 2-(2-pyridyl)benzimidazole;

HPBC Ð 5-chloro-2-(2-pyridyl)benzimidazole;

HpysR Ð Schiff base of pyridine-2-carboxaldehyde and

S-substituted dithiocarbazate (R=Me, Bn);

IC50 Ð half-maximal inhibitory concentration;

im Ð imidazole;

ip Ð imidazo[4,5-f ][1,10]phenanthroline;

Kb Ð binding constant;

me-pip Ð 2-(4-methylphenyl)-1H-imidazo[4,5-f ][1,10]-

phenanthroline;

mimH Ð methylimidazole;

MOPS Ð 3-morpholinopropylsulfonic acid;

morph Ð morpholino;

mpkqh Ð methyl 2-pyridyl ketone 2-quinolylhydrazone;

Naph Ð naphthyl;

nar Ð naringenin;
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Pamp Ð pyridine-2-carboxylic acid N 0-phenyl-N 0-(2-
pyridyl)hydrazide;

paqh Ð pyridine-2-carbaldehyde 2-quinolylhydrazone;

pbmq Ð [2-(pyrazin-2-yl)-1H-benzo[d ]imidazol-1-ylme-

thyl]quinoline;

pdc Ð pyridine-2,5-dicarboxylate;

PDI Ð disulfide isomerase;

phdpa Ð benzylbis(2-pyridylmethyl)amine;

phen Ð 1,10-phenanthroline;

pic Ð picrate;

pip Ð 2-phenylimidazo[4,5-f ][1,10]phenanthroline;

pmdt Ð N,N,N 0,N 0 0,N 00-pentamethyldiethylenetri-

amine;

PP Ð protoporphyrin IX;

ppkqh Ð phenyl 2-pyridyl ketone 2-quinolylhydrazone;

Py Ð pyridine;

pydc Ð pyridine-2,6-dicarboxylic acid;

pydpa Ð (2-pyrenylmethyl)bis(2-pyridylmethyl)amine;

que Ð quercetin;

R-DT Ð R-substituted dithiocarbamate;

ROS Ð reactive oxygen species;

sac Ð saccharin (o-sulfobenzimide);

Sal Ð salicylate;

salophen Ð N,N'-bis(salicylidene)-1,2-phenylenedi-

amine;

SI Ð selectivity index;

tdmpza Ð tris(3,5-dimethyl-1H-pyrazol-1-ylmethyl)-

amine;

Tf Ð trifluoromethanesulfonyl (triflyl);

tmen Ð N,N,N 0,N 0- tetramethylethylenediamine;

tpa Ð tris(2-pyridylmethyl)amine;

tpy Ð 2,20 :60,20-terpyridine;
TRK Ð tyrosine kinases;

tropH Ð tropolone (2-hydroxycyclohepta-2,4,6-trien-1-

one);

Trp Ð tryptophan;

TTA Ð 4,4,4-trifluoro-1-(2-furyl)butane-1,3-dione.
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