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Синтезированы редокс-активные комплексы функционализированных феноль-
ных производных с ионами Cu(II), Zn(II), Co(II), Ni(II), Fe(II), Mn(II) и опреде-
лен уровень их антимикобактериальной (в отношении Mycobacterium smegmatis) и 
противогрибковой (в отношении Candida spp.) активности в сравнении с некото-
рыми стандартными антибиотиками (тетрациклин, стрептомицин, хлорамфени-
кол, нистатин, амфотерицин В, тербинафин). Восстановительные свойства лиган-
дов и их металлокомплексов изучали методом циклической вольтамперометрии. 
Биоцидный эффект хит-соединений (MIC = 0,003 ÷ 0,012 мкмоль ∙ мл–1), срав-
нимый с таковыми для стандартных антибиотиков, обеспечивался путем струк-
турного модифицирования органических лигандов и комплексообразования с 
металлами, что целенаправленно изменяет гидрофильно-липофильный баланс 
и редокс-свойства фенольных производных. Широкий спектр биологической ак-
тивности и восстановительная способность обеспечивают основу для поиска пу-
тей создания новых агентов против оппортунистических инфекций в рамках рас-
сматриваемого класса соединений.

Redox-active complexes of functionalized phenolic derivatives with Cu(II), Zn(II), 
Co(II), Ni(II), Fe(II) and Mn(II) ions have been synthesized and the level of their 
antimycobacterial (against Mycobacterium smegmatis) and antifungal (against Candida 
spp.) activity as compared to some standard antibiotics (tetracycline, streptomycin, 
chloramphenicol, nystatin, amphotericin B, terbinafine) have been estimated. The 
reductive properties of the ligands and their metal complexes were examined by cyclic 
voltammetry. The biocidal effect of the hit-compounds (MIC = 0.003 ÷ 0.012 µmol ∙ ml– 1) 
comparable to those of standard antibiotics was achieved by structural modification of the 
organic ligands and metal complexation which purposefully changed the hydrophilic-
lipophilic balance and redox properties of phenolic derivatives. A broad spectrum of 
biological and redox activities provides a basis for searching new anti-opportunistic 
infection agents in the framework of the class of compounds under consideration. 

Ключевые слова: фенольные производные; комплексы металлов; антимикобакте-
риальная активность; антикандидозная активность; липофильность; редокс-ак-
тивность.
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The new medical technologies introduced into clinical practice (transplantation 
of organs and tissues, immunosuppressive therapy), and HIV-infection pandemic 
resulted in an increasing number of immunocompromised patients with a high risk 
of developing opportunistic infections refractory to the standard therapy: candidiasis, 
tuberculosis as well as nontuberculous mycobacterial infections caused by both slowly 
and rapidly growing mycobacteria. Because anti-opportunistic infection treatment 
requires a cocktail of multiple drugs over prolonged periods of time and carries 
with it the possibility of drug side-effects, research ought to be directed towards the 
development of novel chemotherapeutic agents with a broad spectrum of activities 
(antimycobacterial, antifungal and etc.). A perspective group for searching therefor 
can comprise sterically hindered diphenols, aminophenols, thiophenols, and their 
metal complexes. 

For many years we have been involved in synthesis, structural and physicochemical 
characterization, investigation of antioxidant properties and biological evaluation of 
metal complexes with functionalized phenolic derivatives. Our investigations in vitro 
of these compounds allowed to find out some important types of biological activities 
like antibacterial, antifungal and antiviral [1–6]. At the same time toxicological 
study displayed a low toxicity of most of the compounds; this can be a consequence 
of specific chemical structures supplying protection of metabolically susceptible 
groups by spatial and chemically stable tert-butyl groups. Unlike many antibiotics, 
metal complexes with organic ligands are able to realize several mechanisms 
of biocidal action (caused mainly by the metal ions) involving such targets as 
functional groups (specifically sulfhydryl ones) in cellular walls of microorganisms 
and in various enzymes, nucleoproteins, nucleic acids and others [7, 8]. To form 
a strain highly tolerant to metal complexes, mutations should occur in genes of all 
their principal targets, but the probability of such multiple mutations is negligibly 
small in comparison to that of individual ones. Besides, bioactive metal complexes 
have also other advantages over antibiotics: a low induction of resistance in many 
pathogenic microorganisms against ions of transition metals, a broad spectrum of 
actions (antibacterial, antifungal and antiviral), and safety in therapeutic doses (due 
to oligodynamic effect of transition metal ions) [8]. It should also be emphasized that 
in clinical practice there are no antibiotics active both against bacteria and fungi [9]. 
When it is considered that some antimicrobials act in vivo as electron transfer agents 
in the production of radical species or disruption of normal electron transport [10], 
it may be suggested that the redox-active metal complexes which are able to affect 
the electron transport system of cellular respiration can possess a potential for anti-
infective activity. In the earlier investigations, using the method of cyclic voltammetry, 
we have shown some mono- and di-substituted derivatives of sterically hindered 
phenolic derivatives as well as their metal complexes to be also of a pronounced 
reducing ability correlating with antimicrobial activity and the rate of the reduction 
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of bovine heart cytochrome c in a limited series of these compounds [3–5, 11]. These 
results allowed us to suggest that redox processes could play an important part in 
biotransformation and pharmacological activity of the named compounds, and one 
of the possible types of their biological macromolecular targets can be oxidoreductases 
(for instance, components of electron transport chains). Thus redox-active metal 
complexes with functionalized phenolic derivatives may become a promising 
direction of a search for novel hit-compounds to produce chemotherapeutic agents, 
in particular antimycobacterial and anticandidal ones, for prevention and treatment 
of some opportunistic infections. 

The practicality of using Mycobacterium smegmatis as an antitubercular drug 
discovery model was shown [12]. From these results, Mycobacterium smegmatis is useful 
for quick estimation of bioactive compounds as potential drugs against pathogenic 
mycobacteria (Mycobacterium tuberculosis, Mycobacterium leprae etc.) [13]. This 
motivated our interest to screen in vitro various redox-active metal complexes with 
functionalized phenolic derivatives for an effect against Mycobacterium smegmatis. 

In this paper an overview of our recent research, specifically the development of 
redox-active metal complexes with sterically hindered diphenol derivatives promising 
for medical application is presented. The results obtained are discussed in the context 
of presumed interconnection of their antimycobacterial and anticandidal activities, 
redox properties and lipophilicity. 

EXPERIMENTAL TECHNIQUE

Synthesis, structural and physicochemical characterization of functionalized 
phenolic derivatives (Fig. 1) and their transition metal complexes (Fig. 2–6) were 
described in our previous publications [1, 14–19]. Their redox properties were 
determined electrochemically using cyclic voltammetry method. The latter is the most 
widely used technique for acquiring qualitative information about electrochemical 
reactions; it offers a rapid location of redox potentials of the electroactive species [20]. 
There are several reasons for carrying out an investigation of redox properties of 
sterically hindered phenols and their transition metal complexes: i) in connection 
with the fact that depending on conditions the phenolic ligands in metal complexes 
can be in different redox states: diamagnetic single- or double-charged anions, neutral 
ortho-benzoquinones or paramagnetic ortho-benzosemiquinone anion-radicals 
[21, 22]; ii) on the basis of our previous data it is safe to assume that redox properties 
of functionalized phenolic derivatives and their metal complexes can affect their 
biological activity [1, 2, 4, 18, 19]. The redox properties of the ligands and their metal 
complexes were investigated in de-aerated acetonitrile solution of these compounds by 
cyclic voltammetry in the potential range from –2.2 to +2.2 V (for full experimental 
details see [1, 2, 18, 19]. Since the ability of bioactive compounds to penetrate the lipid 
layer of the membranes and bind to target proteins depends on their lipophilicity, the 
lipophilicity test was made by determining the n-octanol/water partition coefficient 
(Pow) [23]. According to Meyer-Overton concept, a neutral metal complex can be 
more lipophilic than its components in individual state [24]. 
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Fig. 1. Sterically hindered derivatives of ortho-diphenols HLI–HLX  
and ortho-aminophenols HLXI, HLXII
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Pharmacological screening of functionalized phenolic derivatives and their 
transition metal complexes was carried out in order to assess their antimicrobial activity 
against test cultures – Mycobacterium smegmatis and Candida albicans (the collection 
of Department of Microbiology, Belarusian State University). The antimicrobial 
activity of the compounds under study was tested in vitro using the method of 
twofold serial dilutions in a liquid nutrient medium described elsewhere [25]. It was 
determined as the lowest concentration of a compound which inhibits the visible 
microbial growth, i.e., the minimum inhibitory concentration (MIC, µmol ∙ ml–1). 
MIC values are given in µmol ∙ ml–1 to reveal a correlation between the antimicrobial 
activity and reducing ability of the compounds (the precision of this method is 
considered to be plus or minus one twofold concentration, in large part because of the 
practice of manually preparing serial twofold dilutions of the antibiotics). Commonly 
used antibacterial (streptomycin, tetracycline, chloramphenicol, isoniazid), antifungal 
(terbinafine, nystatin, amphotericin B) and silver-containing (silver nitrate, silver 
sulfadiazine) drugs were tested as positive controls. 

MICs for sterically hindered ortho-diphenols and ortho-aminophenols and metal 
complexes are listed in Tables 1–4.

Electron-donating atoms of oxygen, nitrogen, sulfur and phosphorus present in 
the molecules of sterically hindered ortho-diphenols and ortho-aminophenols give rise 
to a broad spectrum of coordination sites (differing in their nucleophilic reactivity) 
for transition metal ions (see Fig. 1–6).

Owing to this, ligands can form various complexes of different composition and 
structure depending on the nature of the complexing metals; in so doing they can 
coordinate in different monoanionic and dianionic species as well as in the form 
of redox isomers [26]. Besides, these organic compounds are polydentate ligands 
characterized by chelate formation which plays an important part in stabilization 
of complexes and realization of biological activity of compounds [7]. The following 
modes of coordination were noted depending on the nature of the ligand and central 
atom: monodentate (in these cases the inner sphere of the complex is supplemented 
by water molecules), bidentate with chelate formation (it is the most typical one for 
most of the ligands investigated) and tridentate. The derivatives of sterically hindered 
ortho-diphenols and ortho-aminophenols may be regarded as strong-field ligands with 
inherent coordinating flexibility, which results in the possibility of providing different 
coordination polyhedrons.

METAL COMPLEXES OF ORTHO-DIPHENOLS

According to the results of our study, ligands are particularly prone to forming 
four-coordinating square planar complexes when steric hinderances interfere with the 
realization of high coordination numbers [27]. In deciding Cu(II), Zn(II), Co(II), 
Ni(II), Fe(II) and Mn(II) complexes to be the subjects of the study we considered 
the role of these biometals in homeostasis as constituents of many enzymes and 
metalloproteins and as pharmacologically active agents with antimicrobial activity 
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[7, 8] as well as their ability to participate in redox processes, thus affecting the 
properties of phenolic ligands [26]. 

Redox processes involving the compounds under study can be reversible or 
irreversible. That is why the potential value for the first oxidation peak (Еpa

1, V) 
was taken as a criterion to compare the reducing ability of these compounds of the 
same type, and the more cathodic is this value, the more active is the compound as 
a reductant [20].

The compounds HLI and HLII (see Fig. 1) were found to be of a low activity 
(MIC > 0.10 µmol ∙ ml–1) against Mycobacterium smegmatis, while their Сu(II), 
Mn(II) and Fe(II) complexes (see Fig. 2) exert the inhibiting action at much lower 
concentrations (MIC < 0.05 µmol ∙ ml–1) (Table 1). 

The results obtained can be explained considering that Mycobacterium smegmatis 
is a Gram-positive bacterium characterized by an inner cell membrane and a thick 
cell wall [28].

Table 1

MICs (µmol ∙ ml–1) and physicochemical characteristics of sterically hindered  
ortho-diphenols HLI, HLII and their metal complexes

Compound M. smegmatis C. albicans logPow* Еpa
1, V**

HLI 0.113 0.113 2.6 1.24

Cu(LI)2 0.012 0.012 6.0 0.01

Fe(LI)2 0.025 0.025 5.9 0.79

Mn(LI)2 0.050 0.025 5.7 0.94

HLII 0.209 0.209 0.9 NT***

Cu(LII)2 0.046 0.046 3.0 NT

Fe(LII)2 0.094 0.094 2.8 NT

Mn(H2O)2(LII)2 0.088 0.088 2.2 NT

Streptomycin 0.011 NT NT NT

Tetracycline 0.014 NT NT NT

Chloramphenicol 0.005 NT NT NT

Isoniazid 0.009 NT NT NT

Nystatin NT 0.007 NT NT

Amphotericin NT 0.003 NT NT

Terbinafine NT 0.043 NT NT

*Pow – the octanol/water partition coefficient.

**Еpa
1 – the potential value for the first oxidation peak.

***NT – not tested.
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An increase in antimicrobial activity of metal complexes as compared to the 
ligands HLI and HLII can be explained by the lipophilicity increasing by several 
orders of magnitude as a result of complexation (see Table 1), thus promoting 
transmembrane transport of the metal compounds, their accumulation in the cell, 
and the action on the cell processes [29]. It were the complexes Cu(LI)2, Fe(LI)2 
and Mn(LI)2 that proved to be most active against Mycobacterium smegmatis (MIC =  
= 0.012 ÷ 0.025 µmol ∙ ml–1), the activity of these compounds decreasing in the series 
Сu(LI)2 > Fe(LI)2 ≥ Mn(LI)2 > HLI. It is worthy of notice that their lipophilicity 
and reducing ability decrease in the same sequence, the reducing ability being 
much higher for the complex Сu(LI)2 as compared to other compounds in this 
series (see Table 1). Noteworthy are the screening results, according to which the 
antimycobacterial activity of the complex Cu(LI)2 is comparable to the inhibiting 
action of the commonly used antibiotics – streptomycin and tetracycline, but it is 
significantly lower than that of chloramphenicol [9]. It should be noted that the ligand 
HLII as well as its complexes Cu(LII)2, Fe(LII)2 and Mn(H2O)2(LII)2 proved to be of 
little activity against Mycobacterium smegmatis.

Fig. 2. Coordination modes of sterically  
hindered ortho-diphenols HLI, HLII  

in their metal complexes

The inhibiting action of the ligands HLI and HLII against Candida albicans was 
weak and comparable to the level of their antimycobacterial activity (see Table 1). 
Cu(LI)2, Fe(LI)2 and Mn(LI)2 complexes were found to be of a moderate anticandidal 
activity comparable to antifungal effect of the widely used antifungal drug terbinafine, 
and their MICs were an order of magnitude higher than this concentration for nystatin 
and amphotericin B. Cu(LII)2, Fe(LII)2 and Mn(H2O)2(LII)2 complexes demonstrated 
lower activity against Candida albicans as compared to the metal complexes of the 
HLI ligand. Nevertheless, the anticandidal activity found for Cu(LII)2 complex was 
comparable to that of terbinafine (see Table 1). 
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METAL COMPLEXES OF SULFUR-CONTAINING DERIVATIVES  
OF ORTHO-DIPHENOLS

Previously we have found that sulfur-containing derivatives of sterically hindered 
ortho-diphenols HLIII–HLVII (see Fig. 1) selectively form stable complexes with 
Cu(II), Co(II), Ni(II), Zn(II), Fe(II) and Mn(II), so that the solid complexes with all 
the above metal ions were synthesized only for HLIV and HLV ligands [1, 18, 19], while 
Cu(II), Fe(II) and Mn(II) complexes were produced for all the sulfur-containing 
HLIII–HLVII ortho-diphenols under study (see Table 2, Fig. 3, 4) [1, 14, 16, 18, 19].

To interpret the results of their pharmacological screening, it is important to take 
into account that the metal complexes with these ligands are characterized by a high 
lipophilicity (logPow = 2.7 ÷ 6.0) [1, 2]. The octanol/water partition coefficients of 
the metal complexes are decreased by 2–3 order of magnitude, if water molecules 
participate in the formation of coordination cores of Mn(H2O)2(LIII)2, Co(H2O)2LIV, 
Mn(H2O)2(LV)2, Cu(H2O)LVI, Mn(H2O)2(LVI)2 and Mn(H2O)2(LVII)2 complexes 
as well as in the case when metal ions form complexes with HLIV and HLV ligands 
containing carboxylic or sulfoxide groups (see Table 2).

Fig. 3. Coordination modes of sulfur-containing derivatives of sterically hindered 
ortho-diphenols HLIII, HLIV in their metal complexes
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In the series of metal complexes with HLIII–HLVII ligands the lipophilicity is 
decreasing as follows:

Сu(LIII)2 > Ni(LIII)2 ∼ Сo(LIII)2 > Fe(LIII)2 > Mn(H2O)2(LIII)2 > HLIII,
Cu(LIV)2 > Fe(LIV)2 > Ni(LIV)2 > Zn(LIV)2 > Mn(LIV)2 > Co(H2O)2LIV > HLIV,
Cu(LV)2 > Fe(LV)2 > Сo(LV)2 > Ni(LV)2 > Zn(LV)2 > Mn(H2O)2(LV) > HLV,
Fe(LVI)2 > Cu(H2O)LVI > Mn(H2O)2(LVI)2 > HLVI,
Сu(LVII)2 > Co(LVII)2 > Fe(LVII)2 > Mn(H2O)2(LVII)2 > HLVII.

The choice of the subjects for electrochemical investigation among the sulfur-
containing derivatives of ortho-diphenols and their metal complexes was determined 
by the results of pharmacological screening according to which the redox properties 
were evaluated in the series of the most active compounds HLIII, HLIV and HLV and 
their Cu(II), Co(II), Ni(II), Zn(II), Fe(II), and Mn(II) complexes (see Table 2).

Fig. 4. Coordination modes of sulfur-containing derivatives of sterically hindered 
ortho-diphenols HLV–HLVII in their metal complexes
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Table 2

MICs (µmol ∙ ml–1) and physicochemical characteristics of sulfur-containing derivatives  
of ortho-diphenols HLIII–HLVII and their metal(II) complexes

Compound M. smegmatis C. albicans logPow Еpa
1, V

HLIII 0.335 0.335 2.5 1.20

Cu(LIII)2 0.009 0.019 6.0 0.23

Co(LIII)2 0.019 0.019 5.9 0.87

Ni(LIII)2 0.019 0.019 5.9 0.87

Fe(LIII)2 0.040 0.040 5.7 1.05

Mn(H2O)2(LIII)2 0.072 0.072 2.9 1.17

HLIV 0.321 0.160 2.3 1.26

Cu(LIV)2 0.009 0.009 5.2 0.41

Co(H2O)2LIV 0.122 0.122 2.9 1.77

Ni(LIV)2 0.073 0.036 4.0 1.40

Zn(LIV)2 0.146 0.036 3.8 1.40

Fe(LIV)2 0.148 0.074 5.0 1.55

Mn(LIV)2 0.018 0.018 3.0 0.79

HLV 0.305 0.305 –2.1 1.33

Cu(LV)2 0.009 0.009 4.8 0.68

Co(LV)2 0.017 0.017 4.3 0.94

Ni(LV)2 0.035 0.017 4.1 1.02

Zn(LV)2 0.139 0.070 3.8 1.80

Fe(LV)2 0.070 0.035 4.6 1.06

Mn(H2O)2(LV)2 0.017 0.017 3.1 0.80

HLVI 0.318 0.318 –2.1 NT

Cu(H2O)LVI 0.063 0.063 3.5 NT

Fe(LVI)2 0.037 0.018 5.8 NT

Mn(H2O)2(LVI)2 0.070 0.070 3.1 NT

HLVII 0.304 0.304 –1.1 NT

Cu(LVII)2 0.034 0.017 5.7 NT

Co(LVII)2 0.070 0.035 5.5 NT

Fe(LVII)2 0.141 0.067 5.2 NT

Mn(H2O)2(LVII)2 0.067 0.034 3.4 NT

Streptomycin 0.011 NT NT NT
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Compound M. smegmatis C. albicans logPow Еpa
1, V

Tetracycline 0.014 NT NT NT

Chloramphenicol 0.005 NT NT NT

Isoniazid 0.009 NT NT NT

Nystatin NT 0.007 NT NT

Amphotericin NT 0.003 NT NT

Terbinafine NT 0.043 NT NT

It was taken into consideration that ortho-diphenol derivatives readily undergo 
electrochemical oxidation to give respective semiquinones and benzoquinones [22]; 
besides, there is a possibility of oxidation of sulfur atom in the side chain of sulfur-
containing derivatives of HLIII, HLIV and HLV diphenols. The close values of 
potentials of two consecutive oxidation peaks in the ranges of 1.40–1.55 V, 1.77–
1.80 V for HLIII and HLIV compounds suggest that similar oxidation processes are 
running at these potentials (presumably involving the sulfur atom in the side chain of 
ortho-diphenols and/or the carboxylic group).

The possibility of redox processes involving this sulfur atom is a peculiarity 
of electrochemical behaviour of these compounds in comparison with the ortho-
diphenols. Unlike HLIII and HLIV, HLV compound has a lateral sulfoxide substituent, 
and a redox process involving the sulfur atom of this group is not realized any more 
in the range under study. This results in just one redox process involving hydroxyl 
groups of the ortho-diphenol derivative being observed for HLV [19]. The investigation 
showed that HLIII, HLIV, HLV ligands and their metal complexes can be arranged into 
sequences according to their reducing ability (the potential of oxidation peak for the 
most cathodic process was used as a criterion thereof) (see Table 2):

Сu(LIII)2 > Ni(LIII)2 ∼ Сo(LIII)2 > Fe(LIII)2 > Mn(H2O)2(LIII)2 > HLIII,
Cu(LIV)2 > Mn(LIV)2 > HLIV > Ni(LIV)2 ∼ Zn(LIV)2 ≥ Fe(LIV)2 ≥ Co(H2O)2LIV,
Cu(LV)2 > Mn(H2O)2(LV) > Сo(LV)2 > Ni(LV)2 > Fe(LV)2 > HLV > Zn(LV)2. 

In the series of the compounds under study it is Cu(II) complexes that are most 
readily electrochemically oxidized, and HLIII, HLV ligands and Mn(H2O)2(LIII)2, 
Fe(LIV)2, Co(H2O)2LIV, Zn(LV)2 complexes are more stable to oxidation than the rest 
of the compounds. The electrochemical studies were used to assess the results of the 
biological evaluation of the compounds synthesized. The antibacterial activity of metal 
complexes of sulfur-containing derivatives of sterically hindered HLIII–HLVII ortho-
diphenols against Mycobacterium smegmatis is about an order of magnitude lower than 
that of their metal Co(II), Ni(II), Zn(II), Fe(II) and Mn(II) complexes (see Table 2).

Thus, Cu(LIII)2, Co(LIII)2, Ni(LIII)2, Cu(LIV)2, Mn(LIV)2, Cu(LV)2, 
Co(LV)2 and Mn(H2O)2(LV)2 complexes demonstrated the best inhibiting effect 
(MIC = 0.009 ÷ 0.018 µmol ∙ ml–1) which is comparable with that of such common-
ly used antibiotics as tetracycline, streptomycin and chloramphenicol [9]. It was found 

Еnd of Table 2
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that in the series of transition metal complexes with the ligands HLIII–HLVII their ac-
tivity against Mycobacterium smegmatis is decreased as follows: 

Сu(LIII)2 > Ni(LIII)2 ∼ Сo(LIII)2 > Fe(LIII)2 > Mn(H2O)2(LIII)2,
Cu(LIV)2 > Mn(LIV)2 > Ni(LIV)2 > Zn(LIV)2 > Fe(LIV)2 > Co(H2O)2LIV,
Cu(LV)2 > Mn(H2O)2(LV) ∼ Сo(LV)2 > Ni(LV)2 > Fe(LV)2 > Zn(LV)2,
Fe(LVI)2 > Cu(H2O)LVI > Mn(H2O)2(LVI)2

I,
Сu(LVII)2 > Mn(H2O)2(LVII)2

I > Co(LVII)2 > Fe(LVII)2.

As indicated above, the lipophilicity and reducing ability for the great majority of 
these metal complexes decrease in a similar sequence (see Table 2). But it should be 
noted that the correlation between antimycobacterial activity and redox properties 
manifests itself more distinctly and completely. Thus, Сu(II) complexes characterized 
by the maximal antimycobacterial action demonstrate also a much higher reducing 
ability as compared to those of HLIII–HLVII ligands and their Co(II), Ni(II), Zn(II), 
Fe(II) and Mn(II) complexes. It is significant that the bioactivity levels of the redox-
active Mn(II) complexes with relatively low logРоw values are for the most part as good 
as those of more lipophilic complexes but with a lower reducing ability, in particular 
the Fe(II) complexes.

HLIII–HLVII compounds and their Cu(II), Co(II), Ni(II), Zn(II), Fe(II) and 
Mn(II) complexes exhibit their activity against Candida albicans (see Table 2). But 
the antifungal activities of all the sulfur-containing derivatives of sterically hindered 
HLIII–HLVII ortho-diphenols are very low: MIC = 0.16 ÷ 0.35 µmol ∙ ml–1. By 
contrast, the complexes Cu(LIV)2 and Cu(LV)2 effectively inhibit the growth of yeasts at 
very low concentrations (MIC = 0.009 µmol ∙ ml–1), their activities exceeding not only 
the inhibiting action of the parent ligands, but that of all the rest compounds under 
study. Their activities are mainly comparable with those of such effective and common 
antifungal drugs as nystatin and amphotericin B (see Table 2). Note that a major 
part of the complexes – Cu(LIII)2, Co(LIII)2, Ni(LIII)2, Mn(LIV)2, Co(LV)2, Ni(LV)2, 
Mn(H2O)2(LV), Fe(LVI)2 and Сu(LVII)2 – effectively inhibit the growth of the culture 
Candida albicans at moderate concentrations MIC = 0.017 ÷ 0.019 µmol ∙ ml– 1, which 
are twice as low as the MIC values for terbinafine. 

Analysis of the results of the pharmacological screening of the ligands HLIII–
HLVII and their Cu(II), Co(II), Ni(II), Zn(II), Fe(II) and Mn(II) complexes showed 
that their anticandidal activity is decreased in the following series essentially in 
the same sequence as the antimycobacterial activity and also corresponds to their  
reducing ability:

Сu(LIII)2 ∼ Ni(LIII)2 ∼ Сo(LIII)2 > Fe(LIII)2 > Mn(H2O)2(LIII)2,
Cu(LIV)2 > Mn(LIV)2 > Ni(LIV)2 ∼ Zn(LIV)2 > Fe(LIV)2 > Co(H2O)2LIV,
Cu(LV)2 > Mn(H2O)2(LV) ∼ Сo(LV)2 > Ni(LV)2 > Fe(LV)2 > Zn(LV)2,
Fe(LVI)2 > Cu(H2O)LVI > Mn(H2O)2(LVI)2

I,
Сu(LVII)2 > Mn(H2O)2(LVII)2 ∼ Co(LVII)2 > Fe(LVII)2.
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For the inhibiting action of sulfur-containing derivatives of sterically hindered 
ortho-diphenols and their metal complexes against the test cultures of yeasts the 
above-mentioned correlation between their activity and lipophilicity manifests itself 
only in part (see Table 2), that is, for the most and the least active compounds. 

METAL COMPLEXES OF PHOSPHONATE DERIVATIVES  
OF ORTHO-DIPHENOLS

To evaluate the effect of complexation on biocide properties of sterically 
hindered ortho-diphenols, their HLVIII–HLX phosphonate derivatives (see Fig. 1) 
were investigated along with the sulfur-containing ones. In our early work we have 
ascertained that HLIII–HLVII compounds form stable complexes in the solid state 
only with Cu(II), Fe(II) and Mn(II) ions (see Fig. 5) [2]. 

Fig. 5. Coordination modes of phosphonate derivatives of sterically hindered  
HLVIII–HLX ortho-diphenols in their metal complexes

When analyzing the data of the pharmacological screening thereof, one should 
take into account that the values of the octanol/water partition coefficients Pow for 
HLVIII–HLX phosphonate derivatives are 1–2 order of magnitude lower than the 
corresponding values for the sterically hindered ortho-diphenols discussed above 
(Table 3). The main reason can be that phosphonate groups uncoordinated to the 
metal ion are present in their molecules. 

A voltammetric investigation of the redox properties of HLVIII–HLX compounds 
demonstrated that they are virtually the same as the corresponding characteristics 
of the sterically hindered HLI ortho-diphenol (see Table 3). Voltammograms of the 
ligands demonstrate one redox process (a peak at 1.31 V), which is realized involving 
phenolic hydroxyl groups. Redox properties of Cu(II), Fe(II) and Mn(II) complexes 
vary more slightly as compared to the characteristics of their parent ligands. It should 
be noted that the reducing activity of these compounds is very low. Considering that 
the structure of the sites of metal ion coordination in HLVIII–HLX phosphonate 
derivatives is virtually the same, no electrochemical investigation of redox properties 
for other compounds was performed.
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Table 3

MICs (µmol ∙ ml–1) and physicochemical characteristics of phosphonate derivatives of 
sterically hindered HLVIII–HLX ortho-diphenols and their metal(II) complexes

Compound M. smegmatis C. albicans logPow Еpa
1, V

HLVIII 0.303 0.303 –2.2 1.32

Cu(LVIII)2 0.138 0.138 2.4 NT

Fe(LVIII)2 0.140 0.140 2.6 NT

Mn(H2O)2(LVIII)2 0.133 0.133 3.3 NT

HLIX 0.279 0.279 –1.6 NT

Cu(LIX)2 0.128 0.128 2.8 1.38

Fe(LIX)2 0.129 0.129 3.7 1.17

Mn(H2O)2(LIX)2 0.124 0.124 2.2 1.09

HLX 0.259 0.259 –0.9 1.33

Cu(LX)2 0.119 0.119 2.3 NT

Fe(LX)2 0.121 0.121 3.9 NT

Mn(H2O)2(LX)2 0.116 0.116 2.7 NT

Streptomycin 0.011 NT NT NT

Tetracycline 0.014 NT NT NT

Chloramphenicol 0.005 NT NT NT

Isoniazid 0.009 NT NT NT

Nystatin NT 0.007 NT NT

Amphotericin NT 0.003 NT NT

Terbinafine NT 0.043 NT NT

Pharmacological screening resulted in finding out that HLVIII–HLX ligands and 
their metal complexes lack antimicrobial activity (see Table 3). 

METAL COMPLEXES OF ORTHO-AMINOPHENOLS

Similarly to the sterically hindered HLXI and HLXII ortho-diphenols, ortho-
aminophenols (see Fig. 1) selectively form stable complexes with transition metal 
ions. Thus, Cu(II), Co(II) and Mn(II) complexes with HLXI, HLXII ligands and 
Fe(II) complex with HLXI ligand were produced in the solid state and characterized 
(Fig. 6) [1, 2, 15, 17]. 

The octanol/water partition coefficients (Pow) of ortho-aminophenols and their 
Cu(II), Co(II), Mn(II) complexes are presented in Table 4; they are indicative of 
a high lipophilicity of these compounds. Like sterically hindered ortho-diphenols, 
HLXI and HLXII ortho-aminophenols are non-innocent ligands and readily undergo 
chemical and electrochemical oxidation and reduction [2, 17]. 
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Fig. 6. Coordination modes of sterically hindered HLXI, HLXII ortho-aminophenols  
in their metal complexes

According to [30], it may be suggested that HLXI and HLXII compounds are 
oxidized successively to form ortho-iminosemiquinone and ortho-iminobenzoquinone. 
The peaks characterizing the reducing ability of HLXI and HLXII ortho-aminophenols 
and their metal complexes are given in Table 4. It is found that the electrochemical 
behaviour of Cu(LXI)2, Cu(LXII)2, Cо(LXI)2, Cо(LXII)2 and Mn(LXI)2 complexes is 
distinctly different from that of their HLXI and HLXII ligands. In contrast to them, 
electrochemical behavior of Fe(LXI)2 complex is the same as that of the parent HLXI 
ligand, because the processes involving the metal do not take place, while Mn(LXII)2 
complex is typified by redox processes involving both the ligand and the metal centre 
(MnII ↔ MnIII) [2].

The investigation showed that HLXI and HLXII ligands and their metal complexes 
can be arranged into sequences according to their reducing ability (Table 4): 

Сu(LXI)2 > Mn(LXI)2 > Fe(LXI)2 > HLXI > Сo(LXI)2, 
Сu(LXII)2 > Mn(LXII)2 > Сo(LXII)2 > LXII.

The electrochemical findings were used in interpreting the results of the 
pharmacological screening of the compounds synthesized (see Table 4).

The highest activity against Mycobacterium smegmatis in the series of HLXI and 
HLXII ortho-aminophenols and their metal complexes is revealed for the complex 
Cu(LXI)2 (MIC = 0.006 µmol ∙ ml–1), and it is higher than that of such commonly 
used antibiotics as streptomycin, tetracycline, chloramphenicol. 

Mn(LXI)2, Fe(LXI)2, Cu(LXII)2, Mn(LXII)2 complexes belong to the group of 
moderately active antimycobacterial agents (MIC = 0.025 ÷ 0.050 µmol ∙ ml–1), 
while the rest exhibited low activities characterized by MIC > 0.050 µmol ∙ ml–1.

An indicator of antifungal activity of HLXI and HLXII ortho-aminophenols under 
study and their metal complexes is their inhibiting action revealed in testing against 
Candida albicans (see Table 4). Thus Cu(LXI)2 complex is characterized by the highest 
activity (MIC = 0.006 µmol ∙ ml–1), exceeding or comparable with the antifungal 
activity of terbinafine, nystatin and amphotericin В widely used in antifungal  
therapy.
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Table 4

MICs (µmol ∙ ml–1) and physicochemical characteristics of sterically hindered HLXI, HLXII 
ortho-aminophenols and their metal(II) complexes

Compound M. smegmatis C. albicans logPow Еpa
1, V

HLXI 0.056 0.056 3.3 0.59

Cu(LXI)2 0.006 0.006 6.0 0.27

Co(LXI)2 0.062 0.062 5.6 0.95

Fe(LXI)2 0.050 0.050 5.8 0.65

Mn(LXI)2 0.025 0.025 5.5 0.56

HLXII 0.336 0.336 2.6 0.85

Cu(LXII)2 0.025 0.025 6.3 0.40

Co(LXII)2 0.153 0.153 6.2 0.72

Mn(LXII)2 0.039 0.039 5.4 0.69

Streptomycin 0.011 NT NT NT

Tetracycline 0.014 NT NT NT

Chloramphenicol 0.005 NT NT NT

Isoniazid 0.009 NT NT NT

Nystatin NT 0.007 NT NT

Amphotericin B NT 0.003 NT NT

Terbinafine NT 0.043 NT NT

It should be noted that HLXII compound and its metal complexes as a whole are 
low active against the test cultures at hand, and it is only complexation with Cu(II) and 
Mn(II) ions that somewhat increases the inhibiting effect of this ortho-aminophenol 
(see Table 4). The noticeable distinctions between antimicrobial activities of HLXI 
and HLXII and their metal complexes can result from the nature of substituents at 
the nitrogen atom of the amino group in the side chain of this ortho-aminophenols.

A comparison of MIC values shows that their antimycobacterial and anticandidal 
activity is decreased in the series:

Сu(LXI)2 > Mn(LXI)2 > HLXI > Fe(LXI)2 > Сo(LXI)2, 
Сu(LXII)2 > Mn(LXII)2 > Сo(LXII)2 > LXII.

A similar sequence can also be traced in the change of the reducing ability of the 
above-mentioned compounds, while no distinct correlation between their antibacte-
rial activity and the degree of lipophilicity was found, although one of the most lipo-
philic compounds in the series of metal complexes, Сu(LXI)2, demonstrates the high-
est activity (see Table 4). Thus, similarly to the behavior of metal complexes of the 
ortho-diphenols derivatives, it is the redox properties of metal complexes with ortho-
aminophenols that exert primary effect on their antimicrobial activity.
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CONCLUSIONS

The results of our investigation reviewed in this paper show that structural 
modification of the phenolic ligands and complexation with Cu(II), Co(II), Ni(II), 
Zn(II), Fe(II) and Mn(II) ions play an important role in the antimicrobial activity 
of functionalized phenolic derivatives, because the hydrophilic-lipophilic balance 
and redox properties of the organic ligands are thereby purposefully changed. The 
phenolic compounds were found to have a low activity against Mycobacterium 
smegmatis and Candida albicans, while these cultures in vitro are more sensitive to 
their metal complexes. Of the 58 antimicrobial agents analyzed, 4 metal complexes 
are characterized by MIC values which are lower or equivalent to that of isoniazid, 
one of the most effective and widely used of all antitubercular drugs since 1952 [31]. 
The MIC values of 0.006 ÷ 0.012 µmol ∙ ml–1 against Mycobacterium smegmatis and 
Candida albicans are characteristic of the Cu(LIII)2, Cu(LIV)2, Cu(LV)2 and Cu(LXI)2 
complexes. 

Thus, the complexes exhibit a relationship between the antimicrobial activity and 
the nature of a metal ion and a parent ligand. The data reported in this paper point 
out clearly that in the cases mentioned above a synergistic effect is present: the metal 
complexes demonstrate higher antimycobacterial and anticandidal activities than the 
phenolic ligands and starting inorganic salts of transition metals [1]. This provides 
reason to believe that antimicrobial activity of the metal complexes synthesized does 
not correlate with the toxicity of the metal ions towards mycobacteria and yeasts. 
Particularly promising compounds for medical applications are those which provide 
an inhibiting effect matching or exceeding those of commonly used antimicrobials 
(tetracycline, streptomycin, chloramphenicol, isoniazid, nystatin, terbinafine, 
amphotericin B). The above-mentioned Cu(II) complexes are primarily promising. 

All the metal complexes under study are more lipophilic and more active against 
the test microorganisms than the derivatives of sterically hindered phenols forming 
them. It should be noted that the degree of lipophilicity of the above-mentioned 
hit-compounds corresponds to the optimal range of drug-like properties (logPow =  
= 1.5–3.5) [32].

Unfortunately, when evaluating the effect of complexation with transition metal 
ions on antimicrobial properties of sterically hindered phenolic ligands, one is 
forced to accept the fact that thus far the results obtained give no way of distinctly 
relating structure to function in antimicrobial action exerted by the ligands and metal 
complexes. However it is worthy of note that we have linked antimicrobial properties 
to the reducing ability of the ligands and their metal complexes. In this paper the level 
of the activity against Mycobacterium smegmatis (or Candida albicans) in the series 
of the ligands and metal complexes was shown to depend on their reducing ability 
(determined electrochemically). 

According to our previous publications [4, 5], the correlation between the 
antimicrobial activity and reducing ability of the compounds under study deserves 
particular attention, specifically regarding the potential biotarget of their antimicrobial 
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action – ferricytochrome c, namely: both sterically hindered diphenol and 
aminophenol derivatives and their transition metal complexes exhibited the capability 
for the ferricytochrome c reduction. Ferricytochrome c is known as a suitable tool in 
studying electron-donating properties of redox-active drugs as well as in characterizing 
their reducing ability quantitatively [3]. It was the compounds under study with the 
highest reducing ability (determined electrochemically) that exhibited the highest 
ferricytochrome c reduction rate [3–5]. This allowed us to suggest that redox processes 
could play an important role in realizing the mechanisms of biological activity of 
the said compounds. As can be seen from the results obtained (see Tables 1–4), the 
superior reducing ability of diphenols, aminophenols and their metal complexes 
is mainly associated with the ortho-position of hydroxyl (or amino) groups in the 
benzene ring, while the compounds with these functional groups in the meta-position 
exhibit no like properties. However further studies are required to determine the 
exact pharmacological mechanism of the effects observed. In particular, no “one-
to-one” correspondence between their antimicrobial activities and lipophilicity was 
determined. The mechanism of action of bioactive compounds on yeast cells is known 
to be different from that of their action on bacterial ones [9, 33]. In this connection 
it should be noted that commonly used antifungal drugs nystatin, terbinafine and 
amphotericin B lack an activity against Mycobacterium spp. in contrast to the sterically 
hindered phenol derivatives and their metal complexes in hand. The combination 
of antimycobacterial and anticandidal activities gives a base to find a way to new 
pharmaceuticals for prevention and treatment of opportunistic infections in the 
framework of the mentioned class of compounds.

This work was carried out as part of the task 2.2.01.05 SRP “Chemical processes, 
reagents and technologies, bioregulators and bioorgchemistry”.
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