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Abstract—Types of binding with DNA and pharmacologic activity of 1,10-phenanthroline and electron-rich 
1,10-phenanthrocyanine complexes of d-elements are discussed. The relationship of the electronic and 
geometric structure of 1,10-phenanthroline complexes of transition metals to their interaction with DNA 
molecules is analyzed. The concept of redox-mediated antibacterial, antiviral, and antitumor activity of 1,10-
phenanthroline complexes of d-elements is formulated.  

INTRODUCTION 

The specific pharmacologic activity of d-element 
complexes with 1,10-phenanthrolines and more com-
plex ligands containing 1,10-phenanthroline fragments, 
viz. their antibacterial, antiviral, and antitumor effects, 
is associated with the biochemical activity of these 
heteroarenes, including their ability to interact with 
DNA molecules. Such properties of the complexes are 
due to a high chelating power of 1,10-phenanthrolines, 
as well as a planar geometry and π-electron deficiency 
of these ligands. 

The growing recent interest in the physicochemical 
properties of DNA is explained by the fact that DNA 
solutions are widely used for testing novel drug 
formulations at the level of model systems, as well as 
by the possibility of development of DNA-based 
nanostructures which hold promise for medicine, 
biology, pharmacology, and nanoelectronics. 

DNA molecules are the main target of many 
antitumor drugs. For example, the antitumor activity of 
such drugs as cisplatin {cis-[Pt(NH3)2Cl2]}, oxaplatin, 
and carboplatin [1–10] is associated with DNA 
replication inhibition. It is commonly accepted that 
cisplatin mainly interacts with DNA by covalent 
binding with the N7 positions of two neighboring 

guanine bases in the same chain in d(GpG) sequences 
in the major groove of the double helix [11]. 

The main disadvantages of the known antitumor 
agents are their toxicity and nonselectivity. Therefore, 
synthesis and pharmacologic activity testing of 
potential cytostatic compounds still remains an urgent 
problem. 

Researchers searching for new antitumor agents 
focus primarily on structural analogs of cisplatin, spe-
cifically neutral diamine Pt(II) and Pd(II) complexes 
cis-[MA2X2] (M = Pt2+, Pd2+, A = alkyl and hetero-
cyclic amines), including chelate complexes 
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with N–N chelating amine ligands, such as 2,2'-
bipyridyl, polypyridines, and 1,10-phenanthrolines [12, 
13]. Thus, for example, both cis- and trans-                    
[Pt(py)2Cl2] with planar pyridine ligands exhibit 
antitumor activity and inhibit DNA synthesis, but the 
cis isomer stronger binds with thymus DNA than with 
the trans isomer [14]. 

Over the past time enhanced interest is attached to 
the pharmacologic activity of binuclear bridged com-
plexes [15–18], including those containing cations like  
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[(N–N)M2+(μ-X)2M2+(N–N)]2+, 

(M2+ = Pt2+, Pd2+, X = OH–, SR–) [19–21]. 

Wheate and Collins [21, 22] have formulated a new 
paradigm of antitumor activity, which brought to the 
fore binuclear and polynuclear coordination 
compounds, in particular, study of potential feasibility 
of binuclear complexes as DNA probles [23]. It was 
thus found that the destruction of platinum DNA 
intercalators [Pt(5,6-Me2-phen)L]2+, [Pt(5-Me-phen)L]2+ 
(phen = 1,10-phenanthroline, L = 1S,2S- or 1R,2R-
diaminocyclohexane), and [Pt(5,6-Me2-phen)(en)]2+ 
under the action of reduced L-glutathione gives rise to 
binuclear bis-1,10-phenanthroline complexes with a 
reduced L-glutathione bridge [20]. In terms of the 
pharmacologic activity of bi- and polynuclear 1,10-
phenanthroline complexes, of particular interest are the 
tetranuclear Pt(II) acetamidate [(phen)Pt2+(μ-
NHCOCH3)-Pt2+(phen)]2(NO3)4 and 1,10-phenanthro-
line platinum blues Pt(phen)(NHCOCH3)2X (X = NO3

−, 
CF3SO3

−, Cl−) [24]. Platinum blues like  

[(Pt2+)3Pt3+(NH3)8(μ-RCONH)4](NO3)5 [25] 

have long attracted interest; in particular, antitumor 
properties were revealed in stable mixed-valence 
platinum blues [(Pt2+)3Pt3+(NH3)8(μ-L4)]5+ (L = depro-
tonated amidate ligand) [26]. A physicochemical study 
of the cationic platinum blues formed by the reaction 
of cis-[Pt(NH3)2(H2O)2]2+ with amides (isonicotin-
amide, malonediamide, and biuret), as potential 
antitumor agents was performed in [27]. Pt(II), Pt(III), 
and Pt(II,III) mixed-valence acetates were reduced 
with molecular hydrogen in the presence of 1,10-
phenanthroline to obtain polymeric low-valence Pt(I) 
complexes Pt8

1+(phen)3(OAc)4(OH)4(H2O)6 which are 
considered as precursors of platinum colloids [28]. 
Clusters and colloids of Pd, Pt, Ag, and Au, having a 
metal nucleus and a 1,10-phenanthroline-containing 
shell, were patented as organometallic probes for 
biochemical applications [29]. 

The reactions of DNA with a macrocyclic com-
pound L comprising two 1,10-phenanthroline cycles 
tethered by positions 2 and 9 by two –S– bridges, and 
with the complex [Cu2+L](OAc)2 were studied by 
spectral methods [30]. The metal-free macrocycle L 
binds with DNA molecules and cleaves in them in the 
presence of sulfanylpropanoic acid in anaerobic 
conditions [30]. Porphyrin-like chromophoric cyanine 
macrocyclic 2,2',9,9'-diaza- and 2,2',9,9'-dimethine-
bridged bi-1,10-phenanthrolines and transition metal 

complexes of these macrocycles, as well an S-bridged           
Ru(II) complex were studied as DNA probes [31]. 

Of parcticlar interest in terms of DNA probe applic-
ations are electron-rich supramolecular 1,10-
phenanthrocyanines of transition metals, coordination 
compounds of a new cyanine structural class [32–42]. 
They can be considered as potential pharmacologic 
agents of a new generation, which form templates with 
DNA. They tend to take part in biochemical processes 
responsible for redox-assisted antibacterial, antiviral, 
and antitumor action. Electron-excessive 1,10-phenan-
throcyanine complexes have a more complicated 
structure than their 1,10-phenanthroline precursors, 
namely C–C-dimeric or C–C-oligomeric bi- or poly-
nuclear structure and a specific electoron-excessive 
structure of chromophoric fragments. They exhibit a 
higher affinity to polymeric substrates and a higher 
redox activity, are may form basis for enhanced 
selectivity of binding of such agents with biological 
targets, such as DNA, and for their activity in redox 
processes. This expectation is underlain by the fact that 
much simplier 1,10-phenanthroline complexes bind 
with DNA in different ways: intercalation, outer-
sphere ionic associative or covalent binding, whereas 
the complexes with redox-active d-element ions are 
capable of cleaving DNA in redox and photoredox 
processes [43]. The way of coordination with DNA 
depends on a combination of factors: type and 
structure of the complex, its thermodynamic stability 
in solutions, as well as kinetic lability in ligand 
substitution reactions. 

Biochemical and Pharmacologic Activity  
of 1,10-Phenanthrolines and 1,10-Phenanthroline 

Complexes of d-Elements 

1,10-Phenanthroline (1,10-phen) and its derivatives 
are classed with π-electron-deficient N-heteroarenes. 

They are efficient chelating ligands for most d-
element ions and act as fairly powerful σ-donors and 
π-acceptors. These ligands can stabilize low oxidation 
degrees of d-elements in complexes and metal clusters 
and endow complexes with hydrophobic properties 
[44]. 

1,10-Phenanthroline is a biochemically active com-
pound, inhibitor of metalloproteases and mitochondrial 
and chloroplast functions: at a concentration of 10–5 М it 
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decreases by 50% release of O2 on photosynthesis, at 
concentrations of 10–8 М it inhibits certain Fe-con-
taining enzymes and glutamate hydrogenase, at a con-
centration of ~0.5×10–3 М it inhibits by 28% 
ubiquinol-cytochrom-c reductase [45], and inhibits 
formation of hydroperoxide-induced single-strand 
DNA cleavage in HL-90 line cells [46] and growth of 
lactate bacteria [47]. 1,10-Phenanthroline and its 
derivaties were tested for mutagenicity on Salmonella 
bacteria [48]. 

It was founds that 1,10-phenanthroline exhibits 
tuberculostatic activity with respect to Mycobacterium 
phlei and Mycobacterium bovis bacteria [49, 50]. 1,10-
Phenanthroline and 2,9-dimethyl- and 2,9-dipropyl-
1,10-phenanthroline showed antimycoplasmatic ac-
tivity [51]. 1,10-Phenanthroline was also found to be a 
powerful antiamoebic agent against Entamoeba 
histolytica. It reversibly inhibits two human prostate 
carcinoma cell lines: PC-3 and DU 145 [52], as well as 
formation of lymphoblastic Т- and В-cell colonies 
[53]. Being a bidentate chelating ligand for metal ions, 
1,10-phenanthroline, when combined with the 
antitumor agent hydroxyurea, enhances the cytoto-
xicity of the latter with respect to human chronic 
myeloid leukemia cell line [54]. 

1,10-Phenanthroline modulates porphyrin bio-
synthesis, which can be used for developing 
chemotherapeutic agents on the basis of porphyrin 
compounds [55]. 1,10-Phenanthroline is also capable 
of modulating biosynthesis of chlorophyll, and its 
combination with δ-aminolevulinic acid is recom-
mended as a photodynamic plant defoliant [56]. 
Agrochemical microbicides for treatment of leaves, 
containing 1,10-phenanthroline and its alkyl -, alkoxy-, 
carbonyl-, and mono- and disubstituted halo 
derivatives (in pyridine rings) were developed [57]. 
1,10-Phenanthroline was suggested to use as an im-
mune reagent for radionuclide binding [58]. Syner-
gistic protective systems containing quaternary am-
monium bases (like cetylpyridinium chloride) in 
combination with hydrophobic chelating agents, such 
as 1,10-phenanthroline, 5-chloro- and 5-nitro-1,10-
phenanthroline, were recommended for medical 
applications as nasal sprays [59]. The fungistatic 
activity of 1,10-phenanthrolines was studied in vitro 
[60, 61]. 

Pyridine and polypyridines, such as 2,2'-bipyridine 
and 1,10-phenanthroline, as well as their reduced 
forms have long attracted interest as potential 

pharmacologic agents [62]. Among 2,2'-bipyridine and 
1,10-phenanthroline derivatives, there are natural 
antibiotics, for example, caerulomycin А (4-methoxy-
2,2'-bipyridyl-6-aldoxime) [63]. Antibacterial and 
antiviral effects of 1,10-phenanthroline, substituted 
1,10-phenanthrolines, quaternary halides derived from 
N-alkyl-1,10-phenanthrolines, metal complexes of 
1,10-phenanthrolines and its derivatives, as well as an 
antitumor effect of metal complexes of 1,10-
phenanthrolines and their ability to kill dermatophytes 
have been reported [64–71]. 

Shulman and White [71] were among the first to 
correlate the structure and antiviral activity of 1,10-
phenanthroline chelate complexes of transition metals. 
Complexes of Fe(II), Mn(II), Zn(II), Ni(II), and Pt(II) 
with 1,10-phenanthroline are capable of inhibiting 
human spermatozoids and inhibit Neisseria 
gonorrhoeae and Treponema pallidum; certain of these 
complexes were patented as efficient contraceptives 
and antivenereal agents [72]. Therapeutic compositions 
for dermatological or vaginal use against bacterial 
infections of animals, plants, and humans, containing 
as active substances methyl- and phenyl-substituted 
1,10-phenanthrolines, N-alkyl-1,10-phenanthrolines, as 
wll as Fe(II), Ni(II), Ru(II), Co(II), Cu(II), Mn(II), and 
Zn(II) complexes of 1,10-phenanthrolines and its 
derivatives were patented [73]. Complexes of 
transition metals with 4,7-diphenyl-1,10-phenanthro-
linedisulfonic acid were suggested as medicines for 
septic shock treatment [74]. 

Free 1,10-phenanthrolines can, due to their planar 
structure, intercalate into DNA double helices. Thus, 
Liu et al. [75] made use of fluorescence spectroscopy 
to find that 2,9-dimethyl-1,10-phenanthroline binds 
with DNA (the binding constant K is 3.3×105 М–1), 
expelling such a typical intercalating agent as 
Ethidium Br (3,8-diamino-5-ethylphenylethyl-phenan-
thridinium bromide). This conclusion was drawn from 
the fluorescence quenching of the Ethidium Br−DNA 
system. Enhanced cytotoxicity toward cultured L1210 
mouse leukemia cells of weed growth inhibitors 
similar to 1,10-phenanthroline, specifically the 
herbicides alkyl viologens (N-R,N'-R-4,4'-bipy)Cl2           
(R = Me, Et, Pr) and their N,N'-diamine analogs, 
carbamoyl methyl viologen (R = CH2CONH2), acetyl-
aminoviologen (R = NHCOCH3), and aminoviologen 
in the presence of polyacrylic acid [76]. The cations of 
1,1'-dimethyl-4,4'-bipyridynium chloride (herbicide 
Paraquat) are electrostatically associated with nega-
tively charged phospholipids of model cellular 
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membranes [77]. 1,1'-Ethylene-2,2'-bipyridynium bro-
mide (contact herbicide Diquat) inhibits sugarcane 
flowering. The suggested mechanism of action of this 
compound consists in destruction of cell membranes, 
followed by destruction of unsaturated fatty acids 
under the action of the O2

▪– radical anion formed by 
oxidation of Diquat radical cations [45]. Bisquaternary 
salts of methyl-substituted 1,10-phenanthrolines, too, 
were found to act as herbicides [78]. N-Alkyl-
quinolinium halides structurally similar to N-alkyl-
1,10-phenanthroline halides were patented as inter-
calators showing affinity to DNA [79]. Presumebly, a 
group of carbocyanine dyes derived from N-alkyl-
quinolinium halides are potential antitumor agents [80]. 

Reactions of pyridine [81] and polypyridine [82–
84] complexes of transition metals with DNA have 
attracted much attention over the last decade. The fol-
lowing thermodynamically stable tris-chelate octa-
hedral 1,10-phenanthroline complexes and coor-
dinately unsaturated bis-chelate compounds  

1,10-phenanthroline and its derivatives as photo-
chemical probes for structural stidues on DNA. 

Chiral complexes of Rh(III), Ru(II), and Co(III) 
complexes with 1,10-phenanthrolines and its deri-
vatives [92], as well as 1,10-phenanthroline complexes 
of Cu(II) [93] and Fe(II) [94] function as DNA-
cleaving agents. Complexes of Ru(II) with 1,10-
phenanthroline can enatioselectively interacalate into 
the d(GTCGAC)2 amino acid sequence [95]. Com-
plexes of Ru(II) and Co(III) with 1,10-phenanthroline 
and its derivatives were suggested as DNA-site-
specific anticancer agents and chemical probes for left-
rotating DNA [96, 97]. 

The natural antitumor alkaloid Eilatin comprises 
condensed 1,10-phenanthroline and 2,2’-bipyridine 
fragment. This alkaloid and its synthetic analogs 5-
nitro-4,7-diphenyl-1,10-phenanthroline and 1,10-phe-
nanthroline-5,6-dione were patented as preparations 
able to regulate cell growth and suppress growth of 
cancer cells and induce their differentiation and 
reversible transformation [98, 99]. 

characteristically tend for outer-sphere associative 
ionic binding and intercalation into DNA. It was 
shown that polypyridin metal complexes are capable of 
electrostatic, intercalation, and groove binding with 
DNA [85, 86]. Cationic metal complexes with planar 
heteroaromatic ligands like 2,2’-bipyridine and 1,10-
phenanthroline bind with DNA by interaction 
involving stacking of the planar ligands between 
neighboring base pairs of duplex DNA [87]. It was 
found that tris-1,10-phenanthroline complexes of                 
Ru(II) show entiomeric selectivity on binding with 
DNA and can serve as spectroscopic probes for dif-
ferentiation of right and left DNA helices in solutions 
[88]. The binding of Ru(II) polypyridine complexes 
with DNA leads to their luminescence quenching [89]. 
The intercalation and outer-sphere DNA binding with 
mixed-ligand Co(III) complexes of 1,10-phenan-
throlines and ethylenediamine, as well as their-
promoted cleavage of pBR322 DNA plasmids [90]. 
Polypyridine Co(III) complexes stereospecifically 
cleave DNA double helices under photoactivation 
conditions [91]. The high content of DNA con-
formations with these chiral centers points to the 
stereospecificity in DNA drug design. Barton [43] 
reported the use of transitionmetal complexes with 

Eilatin can coordinate with d-element ions, spe-
cifically Ru(II), and fulfill the function of a sterically 
expansive ligand in mixed-ligand Ru(II) complexes 
like Δ-[Ru(eilatin)(bipy)2]2+. Such compounds are 
studied as probes for DNA base mismatches [100].  
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Stereoisomers of the bulky binuclear complex                 
Ru(II)[(phen)2Ru2+(hat)Ru2+(phen)2]4+ (hat = 1,4,5,8,9,12-
hexazatriphenylene) (ΔΔ and ΛΛ enantiomers with C2 
symmetry axis) containing two chiral “building 
blocks” Ru(phen)2

2+ selectively intercalate into defec-
tive domains of denaturated thymus DNA and can 
serve as their photoprobes [101, 102]. 

Jackson and Barton [103] described the recognition 
of DNA base mismatches by means of intercalators, 
specifically Rh(III) complexes (Δ and Λ enantiomers) 
[Rh(2,2'-bipy)2L][PF6]3 (L = 5,6-chrisenequino-
nediimine ligand) obtained by the reaction of [Rh(2,2'-
bipy)2(NH3)2][PF6]3 with 5,6-chrisenequinone. Because 
of the large size of ligand L these complexes cannot 
intercalate into normal DNA chains but can recognize 
local per-turbation sites corresponding to mismatched 
base pairs. Therewith, the strongest photocleavage is 
observed in the case of the D enantiomer associated 
with DNA loops containing a cytosine−cytosine (CC) 
pair. The thermodynamic binding constant of the D 
enantiomer with the DNA 35-mer including a 
mismatched CC base pair is 8.4×105 М–1 [103]. 

Complexes of Ru(II) with 1,10-phenanthroline and 
its derivatives are capable of cleaving natural 
structured RNA to form specific sites, which was 
suggested to use for structural assessment of RNA 
[104]. 

Square-planar mixed-valence complexes                            
[M(N–N)A2]X2  

antibacterial and antiblastic activities [106]. It was 
found in vitro that mixed-ligand complexes of Pt(II) 
and Pd(II) with 1,10-phenanthroline and diethyl-
dithiocarbamate anions exhibit a cytotoxic effect on 
the P-388 lymphocytic leukemia cell [107]. 

In addition to the biochemistry of d-element com-
plexes, let us dwell on the physiological activity of tin 
phenanthroline complexes. Thus, the complexes of di-
tert-butyltin chloride with 1,10-phenanthroline and 
4,7-diphenyl-1,10-phenanthroline showed in vitro a 
higher antitumor activity with respect to Ehrlich 
ascites tumor than the antibiotic Acalacinomicyn A 
[108]. Experiments in vitro revealed an antiviral 
activity of complexes [R2SnX2L] (R = Me, Et, Ph, X = 
Cl, Br, L = 1,10-phenanthroline) [109].  

Sammes and Yahioglu described in their review 
[44] a wide range of uses 1,10-phenanthroline as 
ligands in biochemical research. Mixed-ligand 
complexes Pt(II) with 1,10-phenanthroline and sulfur-
containing acido ligands are potential chemo-
therapeutic agents and probes for structural studies on 
polynucleotides [110]. Platinum complexes, in par-
ticular [Pt(phen)(en)]Cl2, react with DNA like a typical 
intercalator, specifically ethydium bromide, i.e. from 
the side of the minor groove [112–114]. The complex 
[Pt(3,4,7,8-Me4-phen)(en)]Cl2·2H2O induces single-
strand breaks and DNA cross-links [115]. 

Brodie et al. [116] carried out a detailed study of 
the molecular structure−biological activity relationship 
for cationic mixed-ligand square-planar complexes                    
[Pt(phen)(en)]Cl2 containing 1,10-phenanthroline and 
its methyl derivatives (4-methyl-, 5-methyl-, 4,7-di-
methyl-, 5,6-dimethyl-, and 3,4,7,8-tetramethyl-1,10-
phenanthroline). The biological activity was studied in 
vitro on mouse leukemia L 1210 cell line. The cytoto-
xicity of the complexes videly varied depending on the 
position of methyl groups. The complxes with 5-methyl- 
or 5,6-dimethyl-substituted 1,10-phenanthrolines were 
found to be the most active, IC50 2.8±0.8 µM and 
1.5±0.3 µM, respectively, but less active than cisplatin. 
The complex with unsubstituted 1,10-phenanthroline 
had IC50 9.7±0.3 µM, and the other complexes were 
inactive (IC50 > 50 µM). The binding constants of 
these compounds with DNA were determined by 
means of circular dichroism. Viscometry and linear 
dichroroism experiments showed that Pt(II) complexes 
are intercalators, and for [Pt(4-Me-phen)(en)]Cl2 and 
[Pt(4,7-Me2-phen)(en)]Cl2 this binding mode with 
DNA is concentration-dependent. The binding of these 
compounds with the oligonucleotide d(GTCGAC)2 was 

(M = Pd2+, Pt2+, А – amines, X = Cl, Br). 

can intercalate into DNA and form outer-sphere 
associative ionic bonds. A mixed-ligand complex of     
Pt(II) with 1,10-phenanthroline and imidazole bis-
(imidazole)(1,10-phenanthroline)platinum(II)dichloride:  

was patented as a chemotherapeutic agent with a 
cytotoxic antitumor activity [105]. It exhibits enhanced 
specific reactivity and reduced toxicity. Bis(imidazole)-
(1,10-phenanthroline)copper(II) dichloride possesses 
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studied by 1H NMR. Addition of each of the 
complexes to d(GTCGAC)2 causes upfield shifts of 
their resonance signals. The 1H NMR data were used 
to develop a model of binding these complexes with 
DNA [116] (Fig. 1), involving intercalation from the 
side of the minor DNA groove. 

Similar Pt(II) complexes [Pt(phen*)(py)2]Cl2 
(phen* = 1,10-phen and its derivatives, “extended” 
1,10-phenanthrolines), too, intercalate into DNA 
double helices [117]. The influence of the chirality of 
auxiliary ligands and functional groups of the R 
substituents in 1,10-phenanthroline (R = 5-Cl, 5-CH3, 
5-NH2, and 5-NO2) in intercalating complexes [Pt(R-
phen)L]Cl2 (L = S,S- or R,R-1,2-diaminocyclohexane) 
on cytotoxicity was considered in [118]. Papadia et al. 
[119] have studied in vitro the influence of glutathione 
on cell growth inhibition with mixed-ligand Pt(II) 
complexes with 1,10-phenanthrolines and heterocyclic 
ligands: acyclovir (acy) and pencyclovir (pen)  

[Pt(N–N)(acy)2](NO3)2, [Pt(N–N)(pen)2](NO3)2 

(N–N = 1,10-phen, 2,9-Me2-phen). Fluorescence spec-
troscopy was used to study the reaction of complexes 
[Pt(phen)(AA)]+ (AA = anions of glycine, L-alanine, 
L-leucine, L-phenylalanine, L-tyrosine, and L-
tryptophan) with thymus DNA [120]. It was found that 
these compounds at low concentrations inhibits 
intercalation into DNA of ethydium bromide by 
intercalative binding with DNA, while at higher 
concentrations a nonintercalative binding takes place. 
Anticancer activity of complexes [PdLCl2] (L = 1,10-
phen, 5-нитро-1,10-phen, 1,10-phen-5,6-dione) was 
studied [121].  

Ligand−Receptor Interactions in Square-Planar 
Complexes [M(N–N)X2]–DNA Systems 

Square-planar mixed-ligand neutral complexes               
[M(N–N)X2] 

phenanthroline were studied [122, 123] to find that the 
2,2'-bipyridine Pd(II) complex [Pd(2,2'-bipy)Cl2] 
induces quenching of the intense fluorescence of 
ethydium bromide (about 605 nm at excitation at 
527 nm), induced its intercalative binding with DNA 
[122]. A conclusion was thus drawn that the Pd(II) 
complexes intercalate in the DNA double helix, which 
is consistent with the rate constants of hydration of the 
complex [Pd(2,2'-bipy)Cl2], which occurs in two steps 
to form cationic complexes active toward DNA 
(measured in the same work): 

[Pd(2,2'-bipy)Cl2] + H2O = [Pd(2,2'-bipy)(H2O)Cl]+ + Cl–, 

[Pd(2,2'-bipy)(H2O)Cl]+ + Н2О = [Pd(2,2'-bipy)(H2O)2]2+ + Cl–. 

Navarro et al. [123] revealed a hypsochromic effect 
(12%) of the metal-ligand charge transfer band of an 
analogous Pd(II) complex with 1,10-phenanthroline 
[Pd(phen)Cl2] in the presence of DNA. Based on the 
measured complex−DNA binding constant (3.5±0.7)× 
104 M–1 and viscometry data, the authors concluded the 
binding of [Pd(phen)Cl2] with DNA is electrostatic in 
nature. It should also borne in mind that, according to 
[19], qiaqua complexes [M2+(N–N)(H2O)2]2+ (M = 
Pd2+, Pt2+) are a source of binuclear dihydroxo-bridged 
cations [(N–N)M2+(μ-OH)2M2+(N–N)]2+. The latter are 
formed by dimerization of the [M2+(N–N)(H2O)(OH)]+ 
cations resulting from acid dissociation of the strating 
diaqua forms: 

[M2+(N–N)(H2O)2]2+ + H2O = [M2+(N–N)(H2O)(OH)]+  
+ H3O+, 

2[M2+(N–N)(H2O)(OH)]+ = [(N–N)M2+μ-OH)2M2+(N–N)]2+  
+ 2H2O. 

Binuclear complexes [(N–N)M2+μ-OH)2M2+(N–N)]2+, 
in their turn, too, are capable of reacting with DNA. 
Hydration of 1,10-phenanthroline and 2,2’-bipyridine 
complexes can involve covalent addition of H2O to 
hetereroarene ligands, largely by the 1,2 position {with 
nucleophilic addition of OH– to the 2-C(sp2) atom}, to 
form coordination pseudobases [124]. However, with 

Fig. 1. HyperChem  model of the intercalation of the       
[Pt(4-Me-phen)(en)]Cl2 complex into the minor groove of 
the d(GTCGAC)2 hexamer. 

M = Pd2+, Pt2+, X = Cl, Br. 

can, in principle, enter covalent binding with DNA, but 
this not always the case. When the N–N ligands 
include planar heterocyclic fragments, the major type 
of binding of [M(N–N)X2] complexes with DNA is 
intercalation.  

The reactions of DNA with neutral Pd(II) 
complexes with 2,2'-bipyridine and 1,10-
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2,9-dimethyl-1,10-phenanthroline Pd(II) complexes 
[Pd(2,9-Me2-phen)X2] (X = Cl, Br, I), no pseudobase 
formation was observed, which was explained by the 
blocking steric effect of methyl groups [124]. It was 
found that bischelate complexes like [Pd(2,9-Me2-
phen)2X2] exist in solutions as five-coordinate easily 
dissociating cations [Pd(2,9-Me2-phen)2X]+ [125]. 

The major reaction mode of a square-planar 
complex [Pd(2,2'-bipy)(bmal)]·2H2O (bmal = benzyl-
malonate anion), a potent antitumor agent agaist the 
AGZY-83a human lung adenocarcinoma (IC50 
55.4 mkg ml–1), with DNA is noncovalent intercalation 
[102]. The adsorption maximum of the complex at 
258 nm (π→π*) shifts blue in the presence of DNA, as 
the concentration of the latter is increased. The crystal 
structure of [Pd(2,2'-bipy)(bmal)]·2H2O includes 1D 
chains formed by π–π stacking between planar 2,2’-
bipyridine ligands, whereas hydrogen bonds between 
the oxygen atom of the benzyl malonate ligand and a 
molecule of water of crystallization bind the 1D chains 
into a 3D carcass [126]. Such interparticle (interligand) 
interactions, characteristic of the [Pd(2,2'-bipy)(bmal)]· 
2H2O complex, favor specifically its noncovalent 
intercalation into DNA [126]. 

Sokolov at al. [127] employed spectral and hydro-
dynamic methods to study complex formation with a 
high-molecular thymus DNA (relative molecular weight 
8×106) of a sterially distorted Pd(II) 2,9-dimethyl-1,10-
phenanthroline complex  

A characteristic feature of this compound is that it 
when crystallized from solutions, forms π–π-stacking 
columnar structures from π–π-stacking dimers (Fig. 2) 
[128]. 

Such dimers should be present in solutions of this 
compound. According to [129, 130], 1,10-phenanthroline 
complexes of d-elements are prone to dimerization in 
solutions. Thus, at a high concentration of [Pt2+(4,7-Ph2-
1,10-phen)(CN)2] (6×10–4 М) in methylene chloride and 
polyethylene glycol, the luminescence spectrum shows, 
along with bands at 520 and 530 nm, respectively, new 
bands at 615 and 630 nm, belonging to eximers 
(photoexcited dimers) with a Pt–Pt bond [129]. The 
rate constant of excimer formation in polyethylene 
glycol is 5.6×109 М–1 s–1. A solid cationic square-
planar complex [Pt(phen)2]Cl2 was found to undergo 
photodimerization with excimer formation [130]. 

A sterically distorted complex [Pd(2,9-Me2-phen)Cl2] 
reacts with DNA in a fashion different from that 

Fig. 2. (a) Molecular structure of a sterically distorted [Pd(2,9-Me2-phen)Cl2] complex, (b) π–π-stacking dimers, and (c) columnar  
structures. 
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characteristic of square-planar [Pd(phen)Cl2], which is 
associated with steric reasons. The complex [Pd(2,9-
Me2-phen)Cl2] is poorly soluble in water, and, 
therefore, its reaction with DNA was studied in mixed 
binary solvents DMSO–H2O or DMF–H2O (the 
compound was initially dissolved in DMSO or DMF, 
and the resulting solution was diluted with water). 
When water is added to a DMSO solution of [Pd(2,9-
Me2-phen)Cl2], the complex can partly precipitate, but 
on addition of DNA solutions to this mixed-solvent 
solution, the system stabilizes. Apparently, the 
complex formation between DNA and [Pd(2,9-Me2-
phen)Cl2] involves the inner coordination sphere of Pd
(II), thus preventing transformation of the Pd(II) 
complex into a water-insoluble form.  

The resulting data allow the conclusion that [Pd
(2,9-Me2-phen)Cl2] most likely reacts with DNA in 
two ways: intercalation and covalent binding [127]. 

The reaction with a sterially distorted complex              
[Pd(2,9-Me2-phen)Cl2] with DNA leads to compaction 
of DNA molecules, which is never observed in [2,9-
Me2-phen]–DNA systems (Fig. 3). 

Redox-Assisted Antibacterial, Antiviral,  
and Antitumor Effects  

of 1,10-Phenanthroline Complexes 

The approaches to research into the mechanisms of 
inhibition of pathogenic bacteria, primarily Myco-
bacterium avium (cause AIDS-associated diseases and 
tuberculosis), can be based on the concepts of the role 
of redox processes in the antimicrobial action of drugs. 
The expediency of this approach is evidenced by the 
progress in understanding redox regulation of cell 
functions [131]. 

Our analysis of the results of research on the me-
chanisms of pharmacologic action of antituberculosis 
drugs like Isoniazid [132, 133–139], as well as 
hydrazides derived from N-(p-nirobenzoyl)-DL-aspa-
ragine and N-(p-acylaminobenzoyl)-DL-asparagine 
[140], suggests that they inhibit Mycobacterium 
tuberculosis due to their reductive properties. 

All known antituberculosis drugs relate to com-
pounds with an expressed tendency for redox reactions 
and play the role of reducers. For example, it is safe to 
state that Isoniazid (isonocotinic hydrazide inhibits  
Kat G in the catalytic cycle of NАD(P)H oxidation to                 
NАD(P) under the action of H2O2 and its associated 
inhibition of Mycobacterium tuberculosis involving 
the reduced forms of NАDH [132]. Apparently,            

NAD(P)H and INH in these processes compete for 
H2O2 and/or for a biological target. Oxidation of 
carbohydrates with a Saccharomyces cerevisae culture 
is sensitive to oncoactive Pt(II), Pd(II), and Mn(II) 
complexes [141]. 

The redox-assisted antibacterial, antiviral, and 
antitumor action of pharmacologically-active sub-
stances is quite a common mechanism of their bio-
chemical activity. Tatsuoet al. [142] studied the effect 
of bipyridynium salts (Paraquat, Diquat) on the 
generation of photocurrent by Rhodospirillum rubrum 
cells. Delaney et al. [143] found that salicylic acid play 
a key role in imparting resistance to viral, bacterial, 
and fungal infections and diseases and induced 
systemic resistance to plants. Metallointercalators, too, 
are capable of entering redox reactions. The reductive 
and oxidative damage of DNA under the action of 
water-soluble photoactive Pt(II) 1,10-phenanthroline 
intercalators was studied by Lu et al. [144]. Williams 
et al. used the example of mixed-ligand 1,10-phenan-
throline complexes of Rh(III) and Ru(II) to study the 
effect of photooxidants on DNA-mediated charge 
transport [145]. Yang and Thorp [146] reported the 
results of a kinetic study, by means of catalytic 

Fig. 3. ASM images of (а) thymus DNA and its complexes 
with (b) [Pd(2,9-Me2-phen)Cl2] and (c, d) 2,9-Me2-phen.           
c(DNA) = 5×10–4%, c([Pd(2,9-Me2-phen)Cl2]) = 1.25×           
10–5 M, c(2,9-Me2-phen) = 1.25×10–5 M, c(MgCl2) = 1× 
10–3 М. 
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System kr,  
l mol–1 s–1 ks, cm s–1 Ео, V 

Cu2+/+ 10–5   0.159 

[Cu(dipy)2]2+/+ 160   0.120 

[Cu(phen)2]2+/+ 68   0.170 

[Cu(5-NO2phen)2]2+/+ 93   0.264 

[Cu(2,9-Me2phen)2]2+/+ 2×104   0.615 

[Fe(dipy)3]3+/2+ >108 0.80 1.120 

[Co(phen)3]3+/2+   4.8×10–2 0.400 

aq 

aq 

aq 

aq 

aq 

aq 

aq 

electrochemistry and stopped-flow spectrometry, of 
one-electron oxidation of guanine in polymer DNA 
and oligonucleotides under the action of complexes  
[M(2,2'-bipy)3]3+ (M = Fe3+, Ru3+) and suggested a 
model of such oxidation. Binary catalytic systems 
whose effect is based on redox processes were 
recommended as new antitumor drugs [147, 148]. 

Khudolei et al. [149] formulated quite an important 
concept concerning the involvement of chemical 
reducers in canrcinogenesis inhibition, according to 
which many antitumor agents are involved in 
biochemical redox processes in the reduced form. 
Proliferating, actively dividing cells characteristically 
show a reduced ratio of protein (and increased ratio of 
nonprotein, glutathione) SH- and S–S group in the 
cytoplasm and its increase in the nucleus and nucleolus 
[150]. The shift of the total cellular redox equilibrium 
2 SH – 2 e– →

← –S–S– + 2H+ to the left favors cell 
division. 

Over the past years the complexes of transition 
metals, especially Cu(I), with 1,10-phenanthroline and 
its derivatives (neocuproine, 4-phenylneocuproine, batho-
cuproine dusolfonic acid) have attracted enhanced 
interest as agents inhibiting HIV-1 and HIV-2 viruces 
[151–154]. Heterocyclic agents inhibiting HIV-1 and 
HIV-2 viruses at 50% inhibitory concentrations (IC50) 
of 0.006 and 0.01 µg ml–1, respectively, were 
synthesized on the basis of 2,9-bis(bromomethyl)-
1,10-phenanthroline [155]. Even though free 1,10-
phenanthrolines are inactive at concentrations below 
100 µM, Cu(I) bis-1,10-phenanthroline complexes with 
neocuproine, 4-phenylneocuproine, as well as 2,3,4,-
7,8,9-hexamethyl-1,10-phenanthroline and 2,3,4,7,8-
pentamethyl-1,10-phenanthroline inhibit HIV-I viruses 
(IC50 for integrative ranging vary between 1 and 

10 µM). Disintegrative inhibition by these complexes 
occurs at slightly higher concentrations, between 10 
and 40 µM) [151, 152].  

Cleavge of DNA during superoxide anion 
formation on the oxidation of 1,10-phenanthroline 
complexes of Cu(I) [Cu(phen)2]+ with oxygen was 
reported in [156]. McMillin and McNett [157] in their 
review on the photophysics of Cu(I) complexes                    
Cu(N–N)2]+ (N–N = 1,10-phenanthroline and its 
derivatives) reacting with DNA have considered a 
scheme of hydrogen peroxide-induced breakage of 
DNA associated with [Cu(phen)2]+ complexes: 

[Cu(phen)2]+ + DNA →← [Cu(phen)2]+/DNA, 

[Cu(phen)2]+/DNA + H2O2 → nicked DNA + [Cu(phen)2]2+. 

 By intercalating a fragment of a 1,10-
phenanthroline Cu(II) complex into a viral RNA-
associated protein, such as the ТАТ protein of the HIV 
virus, antiviral reagents inhibiting this virus were 
obtained [158]. Oligonucleotide conjugates with 1,10-
phenanthroline in the presence of Cu2+ ions in vitro 
cleave LTR sequences of the HIV-1, which was 
suggested to use for a diagnosis of viral infections and 
control of viral gene expression [159]. 2,9-Dimethyl-, 
2,9-dichloro-, 2,9-dibutyl-, and 2-ethoxy-substituted 
1,10-phenanthrolines in the presence of Cu2+ ions 
affect the properties of cell membranes, thereby work-
ing as potent antimicrobial agents [160]. Copper(II) 
and other chelate complexes with 1,10-phenanthroline 
and its derivatives were patented as catalysts for the 
inactivation of nucleotide sequences by oxidative 
cleavage [161].  

Byrnes et al. [162] established that cationic com-
plexes of Cu(II) with 1,10-phenanthroline and 2,9-
dimethyl-1,10-phenanthroline exhibit much a higher 
actitumor activity with respect to Ehrlich ascites tumor 
than Cua

2
q
+ ions and 1,10-phenanthrolines. Veal et al. 

studied the effect of reducers and 1,10-phenanthroline 
concentrations on DNA cleavage by the 1,10-
phenanthroline−Cu(II) system [163]. It was found 
[164] that the [Cu(phen)2]2+ complex mediates DNA 
chemiluminescence in the [Cu(phen)2]2+−ascorbic acid− 
H2O2 system and induces DNA damage. Toxicity data for 
Cu(II) complexes of 2,9-dimethyl-1,10-phenanthroline 
were reported in [165]. 

The fact that complex formation strongly affects the 
biochemical activity of the Cu2+/Cu system suggests 
that at least one route of HIV virus inhibition is 
associated with the redox transitions I or II: 

Electron-rich 1,10-phenanthrocyanines: microbiological and 
antitumor activity 
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where L = 1,10-phen, 2,9-Me2-1,10-phen, etc. 

From our viewpoint that the influence of complex 
formation of 1,10-phenanthrolines with Cu2+ ions on 
the antitumor activity of the latter, like the antiviral 
activity of the Cu2+/Cu+ system, is associated with 
stabilization by the ligands of the reduced form CuL2

+
aq 

(via the dative interaction between the reduced form of 
of Cu+ with coordinated 1,10-phenanthrolines, due to 
expressed p-acceptor properties of the 1,10-phenan-
throline ligands). As a result, the standard oxidative 
potential [E0(CuL2+/+) > E0(Cu2+/+)] is increased, and 
the rate of electron exchange for system II increases 
compared to system I (see the table). 

We developed syntheses and studied the coordina-
tion compounds of a new structural class of cyanines, 
specifically electron-excessive supramolecular (glassy 
in the solid state and colloid in solutions) complexes of 
1,10-phenanthrocyanines with the transition methals 

Ni(II), Pd(II), and Pt(II) (configuration d8) ,  Co(II) 
(d7) ,  Cr(III) (d3) ,  Rh(III) (d6) ,  and Zn(II), Cd(II), 
and Ag(I) (d1 0), as well as metal free N-alkyl-1,10-
phenanthrocyanines [32–42]. The developed synthetic 
approaches are based on metal-promoted direct CH–
CH coupling of coordinated and quaternized 1,10-
phenanthrolines. The precursors of 1,10-phenanthro-
cyanines are 1,10-phenanthroline complexes of transi-
tion metals and N-alkyl-1,10-phenanthroline halides.  

1,10-Phenanthrocyanine d-metal complexes are 
chromophoric binuclear complexe with cations like 
[A2Mn+(μ-1,10-phencyanine)Mn+A2]2n+  

(N–N)Mn+(μ-1,10-phencyanine)Mn+(N–N)2n+, 

[(N–N)2Mn+(μ-1,10-phencyanine)Mn+(N–N)2]2n+  

as well as oligonuclear compounds with electron-
excessive bridging 1,10-phenanthrocyanine ligands (μ-
1,10-phencyanine) with valence-isomeric, tautomeric 
forms of dihydro-bi-1,10-phenanthroline C–C dimers 
(less frequently tetrahydro-tri-1,10-phenanthroline C–C 
trimers). 

Synthesis and helical self-organization, as well as 
biochemical issues as the possibility to form 
complexes isostructural to biopolymers, belong to the 
most promising lines of research in the chemistry of 
nitrogenous heterocycles [169]. 

In terms of structure and methodology of synthesis, 
electron-rich 1,10-phenanthrocyanines are the most 
close to apocyanine dyes, specifically apoquino-
cyanine diazachromophores [170–179]. Certain di-
quinolones relative to apocyanines are analogs of the 
Norphloxacine antibiotic and exhibit expressed 

Structurally, electron-rich 1,10-phenanthro-cyanine 
and metal 1,10-phenanthrocyanine azachro-mophores 
characteristically include planar nitrogen-containing 
heteroaromatic fragments possessing intercalative and 
reductive properties, which allows us to expect that 
compounds of this class will exhibit an expressed 
pharmacologic activity toward certain microbes, 
viruses, and tumors. New 1,10-phenanthrocyanine and 
metal 1,10-phenanthrocyanine azachromophores, 
including bi- and polynuclear complexes of d-metals, 
are related to polypyridine and polyphenanthroline 
[168], as well as polycyanine nitrogenous heterocycles. 
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antibacterial properties [180]. At the same time, metal 
1,10-phenanthrocyanines and 1,10-phenanthrocyanine 
azachromophores which are the reduced forms of 
derivatives of coordinated or quaternized di- and poly-
1,10-phenanthrolines [168, 181, 182] are structurally 
related to quaternary benzo[h]quinoline derivatives, 
analogs of antitumor benzo[c]phenanthridine alkaloids 
(Fagaronine and Nitidine) [183–185]. Electron-
excessive 1,10-phenanthrocyanines and metal 1,10-
phenanthrocyanines could be expected to exhibit a 
high tuberculostatic effect, which proved the case. On 
the other hand, azachromophores we studied as 
potential antibacterial agents contain dihydrohetero-
cycles and are related, in this respect, to dihyd-
ronaphthalines, a new class of tubulin polymerization 
inhibitors [186], which suggests their ability to disturb 
formation of bacterial cell cyto-skelenon.  

The expectation of intercalative properties in new 
chromophores is based on their structural similarity to 
known DNA intercalators, the antibiotics Actinomycin 
D and acriflavines, as well as ethydium bromide and 
homodimer, whose molecules contain planar 
heteroaromatic fragmentscapable of intercalating into 
the structures of biopolymers or binding to them. 

As shown in [187–192], the intercalation of certain 
complexes of transition redox metals with 1,10-
phenanthrolines and 2,2'-bipyridines into DNA may 
assist electron transfer. This phenomenon was given 
thename “DNA-mediated charge transfer” [187, 188]. 
A more general approach to the organization of the 
reaction center consists in that the intercalating 
fragment, by binding it to the biological target, 
mediates the subsequent chemical reaction.  

This effect was observed in a number of processes: 
fast photoinduced electron transfer through DNA 
intercalation [189]; DNA-mediated electron transfer to 
intermediate π-stacking [190]; DNA guanine oxidation 
under the action of [Ru(phen)2(dppz)]3+ (dppz is 
dipyrido[3,2-a:2',3'-с]phenazine) [191]; and DNA 
hydrolysis under the action of a zinc-binding peptide 
linked to a rhodium intercalator [192]. Thus it is safe 
to state that we deal here with intercalators of a new 
generation, which are capable of forming reaction 
centers near DNA binding sites and acquiring, due to 
such binding, enhanced reactivity in redox processes. 
Apparently, the relative spacial separation of the 
binding and reaction centers makes possible the 
catalytic influence of the first center to the second one. 

The actibacterial, antiviral, and cytostatic activity 
of Co(II), Ag(I), Zn(II), Pd(II), and Pt(II) 1,10-
phenanthrocyanines, as well as metal-free N-alkyl-
1,10-phenanthrocyanines N-R-phencyanine+I– (R = 
Me, Et, Pr, Bu, Oct) makes them effective agents 
against Mycobacterium tuberculosis and Herpes virus 
with IC50 0.1–3.0 and 0.1–10.0 µg ml–1, respectively, 
as determined in experiments on inhibition of Hep’s 
tumor cells in vitro and Ehrlich ascites tumor cells in 
vivo and on apoptosis induction. In vivo mice tests at 
the Petrov Research Institute of Oncology (with the 
participation of Dr. Biol. Sci. V.А. Filov) of the purple 
violet form of Pd(II) 2,9-dimethyl-1,10-phenanthro-
cyanine complex [Pd2(2,9-Me2-phen)2μ-2,9-Me2-phen-
cyanine)]Cl4 revealed its expressed antitumor activity 
with respect of the Ehrlich ascites tumor. 

The 50% inhibitory concentrations (IC50) of 1,10-
phenanthrocyanine complexes of transition metals 
proved to be much lower (as a rule, an order of 
magnitude or more) than those for respective 1,10-
phenanthroline complexes. The high pharmacologic 
activity of electron-rich 1,10-phenanthrocyanines may 
be explained by the fact that their redox-sensitive 
dihydropyridine components are potential competitors 
or antagonists of nicotinamide adenine dinucleotide 
and its phosphate NAD+/NADH and NADP+/NADPH, 
which are the principal participants of the process of 
energy supply to cells [193–195]. Diquinolones, 
analogs of the antibiotic Norfloxacin, too, contain 
dihydro forms [196]. The antibacterial and antiviral 
activity of d-metal 1,10-phenanthrocyanines increases 
in the following metal series: Pd(II), Pt(II) < Zn(II) < 
Ag(I), Co(II). It was found that the antibacterial 
activity of substituted metal 2,9-dimethyl-1,10-
phenanthrocyanines is 2-3 times lower compared to 
their unsubstituted analogs. 

Ligand–Receptor Interactions in the System Pd(II) 
2,9-Dimethyl-1,10-phenanthrocyanine–DNA 

By atomic force microscopy, spectrophotometric 
titration, circular dichroism, low-gradient viscometry, 
gel electrophoresis, and other methods we studied 
complex formation with thymus DNA in solutions of 
varied ionic strength (NaCl) of the purple-violet form 
of Pd(II) 2,9-dimethyl-1,10-phenanthrocyanine, 

[Pd2(2,9-Me2-phen)2μ-2,9-Me2-phencyanine)]Cl4, 

 which is present as the following tautomers: 
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It was found by atomic force microscopy (AFM) 
that the system purple-violet Pd(II) 2,9-dimethyl-1,10-
phenanthrocyanine–DNA system in low ionic strength 
solutions involves ligand–receptor interactions leading 
to directed template structuring of the complex to form 
giant supramolecular fractal clusters with an intricate 
relief, which “decorate” DNA molecules (Fig. 4) 
[197, 198]. 

The AFM data are consistent with the results of 
spectrophotometric titration and viscometry. Increase 
of the relative viscosity of DNA solutions in the 
presence of purple-violet Pd(II) 2,9-dimethyl-1,10-phenan-
throcyanine is accompanied by a certain increase of the 

optical anisotropy of the statistical segment of the 
DNA macromolecule. This suggests that the template 
binding orients the 2,9-dimethyl-1,10-phenanthroline 
fragments of the complex in parallel to the plane of the 
nitrogenous bases of the DNA macromolecule. The 
increased relative viscosity of the solutions does not 
contradict intercalation of these fragments of the 
complex into the DNA double helix. However, the 
visible absorption spectrum of the Pd(II) complex in 
itself show no changes which could be associated with 
intercalation. Electrophoretic mobility data provide 
further evidence for the existence of supramolecular 
cluster structure and for the important role of 
electrostatic interactions in their formation. 
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Fig. 4. Topographic ASM images of the supramolecular fractal clusters of purple violet [Pd2(2,9-Me2-phen)2(μ-2,9-Me2-phen-
cyanine)]Cl4 bound to a DNA template. c(NaCl) = 0.005 M, c(DNA) = 0.0004%. 
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The resulting data imply an outer-sphere 
association of purle-violet Pd(II) 2,9-dimethyl-1,10-
phenanthrocyanine with DNA phosphate groups. The 
high charge of the complex ion favors attraction to it of 
DNA segments belonging both to the same and to 
different macromolecules, which leads to aggregation 
and increases the relative viscosity of the solutions. 
Charge shielding by DNA molecules associated with 
the Pd(II) cations of the complex is likely to be of 
lower importance than cluster formation, since DNA 
compaction due to charge shielding would have 
appreciably decreased the relative viscosity of the 
solutions. At the same time, when the complex 
concentrations are higher than 2×10–5 М, DNA tends 
to precipitate. This fact suggests that purple-violet                  
Pd(II) 2,9-dimethyl-1,10-phenanthrocyanine induces 
aggregation of DNA molecules to form a separate 
(solid) phase. 

The studied Pd(II) purple-violet 2,9-dimethyl-1,10-
phenanthrocyanine shows no intrinsic circular 
dichroism and lacks induced circular dichroism in the 
visible spectral range. This fact allows us to assign the 
changes in the circular dichroism spectrum of DNA in 
the presence of the Pd(II) complex specifically to the 
manifestation of spectral properties of the former. It 
was found that the positive maximum of the circular 
dichroism spectrum of DNA in shifted to the left and 
increases in amplitude. Such spectral behavior is 
characteristic of DNA complexes with the [Co(NH3)6]3+ 
cation, which induce DNA structuring up to con-
densation (reversible compaction of the double-helix 
molecule) to form discrete toroidal structures [199]. As 
a rule, the condensing agents are multiply charged 
cations (charge ≥ 3), and DNA condensation is 
possible only if its charges are neutralized by 88–90%. 

The observed effects are consistent with general 
properties of cynine compounds. Self-association of 
cyanines in solutions or at the solid–liquid interface is 
a commonly faced phenomenon associated with strong 
intermolecular attraction forces (like van der Waals 
ones). The outer-sphere groove aggregation on a DNA 
template is, along with intercalation, one of the 
characteristic types of binding of cyanine chromo-
phores with DNA molecules [200]. Therewith, 
according to [200], it can be realized both with cyanine 
H- and J-aggregates. 

However, in the case of Pd(II) 2,9-dimethyl-1,10-
phenanthrocyanine, in view of the fact that its visible 
absorption spectum remains almost unchanged on 

introduction of DNA into its solution, we more likely 
deal with template structuring on DNA from solution 
of slightly different aggregates, specifically, 
spherolithic supramolecular formations. Such dichroic 
spheroliths formed duting J-aggregate transformation 
were studied by means of atomic force microscopy on 
an example of 1,7-bis(dimethylamino)heptamethine-
cyanine perchlorate [201, 202]. 

New electron-rich d-element 1,10-phenan-
throcyanine complexes are pharmacologically much 
more active than the corresponding 1,10-phenan-
throline precursors. This is associated with the 
geometric and electronic features of the former. The 
electron-rich bridged 1,10-phenanthrocyanine ligands 
of these new binuclear compounds comprise dihydro-
1,10-phenanthroline fragments incorporated into an 
extended π-conjugated chromophoric system, which 
should entail specific ligand–receptor inter-actions in 
d-element 1,10-phenanthrocyanines−DNA systems. In 
particular, the ligand–receptor interactions in the 
purple violet Pd(II) 2,9-dimethyl-1,10-phenanthro-
cyanine−DNA system in low ionic strength solutions 
(NaCl) leads to outer-sphere binding of the Pd(II) 
complex and its subsequent structuring. Therewith, 
DNA functions as a template, and the process involves 
oriented molecular lwayering of  Pd(II) 2,9-dimethyl-
1,10-phenanthrocyanine. According to the model of 
self-organization processes in the DNA−Pd(II)                  
1,10-phenanthrocyanine system, initially the 
“ligand” [Pd2(2,9-Me2-phen)2μ-2,9-Me2-phencyanine)]Cl4 
interacts with the “receptor” DNA by ionic association 
(outer-sphere complex formation) between DNA 
phosphate groups and [Pd2(2,9-Me2-phen)2μ-2,9-Me2-
phencyanine)]4+ cations. Apparently, as a result of such 
binding the planar 2,9-dimethyl-1,10-phenanthroline 
fragments of the Pd(II) complex form stack-like 
supramolecular structures at the outside the DNA 
double helix. In low ionic strength solutions this 
induces formation of fractal clusters. The latter process 
may be a consequence of the formation of bridging 
associative bonds between the complex Pd(II) cations 
with different segments of the DNA chain or segments 
of different DNA molecules. 

CONCLUSIONS 

Analysis of the experimental data on the anti-
bacterial, antiviral, and antitumor effects of d-element 
1,10-phenanthroline complexes shows that such 
complexes exhibit a well-prononuced pharmacologic 
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activity associated with the physicochemical features 
of their behavior in biosystems: ability to take part in 
redox reactions and to effectively bind, both covalently 
and intercalatively, with DNA molecules. 

The studies on ligand–receptor interactions gave 
evidence showing that the electron-rich d-element 
1,10-phenanthrocyanine complexes–DNA systems 
involve intricate supramolecular self-organiza-tion 
processes. Such studies have just been initiated, and 
we can now expect to obtain new interesting data on 
the structure and properties of the template cluster 
structures formed in these systems. The results of 
microbiological, pharmacological, and antitumor ac-
tivity testing of new 1,10-phenanthrocyanines revealed 
their potential as biocide agents. Research into the 
potential use of 1,10-phenanthrocyanine complexes as 
carcinostatics for tumor chemotherapy is in progress.  
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