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ABSTRACT

The novel metal complexes of general formula MCl,-L (M = Cu, Fe, Co, Mn, Zn) based on the di-(2-
picolyl)amine ligand L with the redox-active ferrocenyl fragment were synthesized and characterized
by elemental analysis, IR, 'H, 13C NMR, UV—vis spectroscopy and MALDI-TOF mass spectrometry. The
molecular structure of [ZnCl,L] was established by X-ray crystallography. The redox properties of com-
plexes were studied using cyclic voltammetry (CV) method and feasible schemes of electrochemical
transformations were proposed. The antioxidant activity of compounds was tested by various methods.
The lipoxygenase (LOX) inhibition activity of the studied compounds was evaluated. The in vitro bio-
logical experiments were performed using rat brain homogenates. The results demonstrate that ditopic
compounds containing ferrocene and redox active dipicolylamine fragments act as polyfunctional an-
tioxidants. These results let us to conclude that combining in one molecule several redox-active metal
centers is a promising way of metallodrug design in modern medicinal chemistry.

Biological activity

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The dipicolylamine (DPA) metal complexes are widely used as
models of enzymes, metal scavengers, sensors for metal ions and
phosphate groups, and in analytical fields (extraction of ions, etc)
[1—10]. Modification of DPA by introducing moieties with known
activity leads to polyfunctional compounds that may be used as
pharmaceuticals. A promising approach to incorporate redox-active
moiety into biologically active molecules is the application of fer-
rocenyl fragments [11,12].

In our previous work the Schiff bases of ferrocenecarbox-
aldehyde bearing 2,6-di-tert-butyphenol fragments have been
studied by cyclic voltammetry [13].

Recently we have synthesized a series of metal (Zn, Mn, Fe, Co,
Ni) complexes of DPA with redox-active 2,6-di-tert-butylphenol
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pendant and the high antioxidant activity was demonstrated [14].
This result opens up the possibility for the design of novel bio-
mimetic systems containing redox-active groups that might serve
as electron transfer agents and prevent the oxidative stress.

The oxidative stress occurs when the natural defense systems of
the organism are overwhelmed by an excessive generation of
reactive oxygen species (ROS), such as superoxide radical-anion
0,-~, hydroxyl *OH, peroxyl radicals LOO-, lipid hydroperoxides
LOOH. It is considered to be involved in many pathological pro-
cesses, including cardiovascular diseases, mutagenic changes, and
cancerogenesis [15—17]. Thus, the development of novel redox-
active cell protectors from oxidative stress conditions is of impor-
tance. The minimization of negative influence of ROS on living or-
ganisms might be achieved by application of compounds with
antioxidant activity [18]. There are numerous assays of antioxidant
activity based mostly on the ability to quench stable radicals or to
change oxidation state of metal-ions [19,20]. For example, a reac-
tion with the stable radical of 2,2'-diphenylpicrylhydrazyl (DPPH)
[21—23] and CUPRAC test based on spectrophotometrically
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monitored Cu?* jon reduction are widely used [24]. But often there
is no correlation between the activity determined by different
methods for the same compounds, or even by the same assay in
different laboratories [25,26]. Since there is no simple universal
method for the accurate and quantitative determination the anti-
oxidant activity the simultaneous application of several assays,
such as DPPH-test, CUPRAC, determination of the activity in the
reaction with superoxide radical-anion O;-"etc., is the most
perspective approach.

During the last decade, electrochemical methods are more
widely applied for antioxidant activity evaluation [27—30]. More-
over, the redox and antioxidant properties are tightly connected
[31]. The introduction of appropriate metal ions capable to electron
transfer may open new ways for increasing of the antioxidant ef-
ficiency of such polyfunctional compounds and elucidate the
possible role of redox center in mechanism of this activity. Both
redox and antioxidant properties of the complexes with 2,6-di-tert-
butylphenol pendant on DPA were studied [32] by cyclic voltam-
metry (CV) and rotating disk electrode (RDE) methods, and it was
demonstrated that metal ion plays a key role in mechanism of ac-
tivity. The most easily oxidized iron complex shows the best anti-
oxidant efficiency in DPPH test that implies the electron transfer
step in the mechanism of radical scavenging. In general, data ob-
tained by both spectrophotometrical and electrochemical DPPH-
tests correlate. In order to elucidate the role of redox-active moi-
eties in total antioxidant and biological activity, complexes with
DPA containing ferrocenylmethyl pendant capable of electron
transfer were synthesized (Scheme 1) and their redox properties as
well as antioxidant activity were studied in this work.

2. Results and discussion
2.1. Synthesis

Ligand 1 was obtained by reacting ferrocenylmethyl-
trimethylammonium iodide and 2-dipicolilamine by modified
method from Ref. [33]. The reaction was conducted in a small
volume of DMF solution instead of water used in Ref. [33],
increasing the yield up to 82%. The product extraction required a
much smaller amount of diethyl ether than in the case method [33].
Moreover, it significantly reduced the reaction time from14hto2 h
by raising the reaction temperature to 115 °C. Structure and purity
of the compound 1 was confirmed by IR and NMR spectra.

The complexes 2—6 were readily prepared by mixing the metal
chlorides and 1 in equimolar ratio in relevant solvents at room
temperature or under reflux condition. The compounds were fully
characterized by IR, UV—vis, H and 3C NMR spectroscopy, MALDI
TOF mass spectrometry, and elemental analysis. In MALDI TOF
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M= Cu (2); Fe (3); Co (4); Mn (5); Zn (6)

Scheme 1. The structures of 2,2"-dipicolylamine containing ferrocenyl moiety (L) and
metal complexes based on it.

spectra the peaks of two particle types, monomeric ([L-MCl]") and
dimeric ([(L-M),Cl3]"), were observed with stoichiometric metal-
ligand ratio M: L = 1: 1. The absence of complexes of another
composition is connected probably with the large size of ferrocenyl
fragment bonded to N-atom.

Among the complexes, only zinc complex 6 is diamagnetic, thus
possible to be characterized by NMR ('H, '3C). The signals of fer-
rocenyl fragment protons remained almost unchanged in the 'H
NMR spectrum of 6, in comparison to the ones of 1 where the
signals of the pyridine rings are shifted to the weak field due to
electron density transfer from the N atom to zinc. Dramatic changes
in the position of methylene group protons have been also
observed. Two CHy groups associated with the pyridine fragments
and two methylene group protons associated with the ferrocene
moiety are non-equivalent, in contrast to the free ligand, indicating
the limitation of internal rotation of five-membered rings formed
upon the metal coordination.

2.2. Crystal structure of 6

The molecular structure of [ZnCl,L] 6 determined by X-ray
diffraction is presented at Fig. 1A. All three distances Zn—N are very
close (2.1763 A and 2.1788 A — distances to pyridine N atoms,
2.2058 A — distance to amino group N atom), pointing out the
three-dentate coordination of zinc by ligand's three N atoms. The
crystal elementary cell includes four densely packed molecules
(Fig. 1B). The coordination number of Zn is 5. It could be also seen
that the pyridine rings are not equivalent due to specific orientation
of ferrocenyl fragment in the crystal: it is turned towards one of the
pyridine rings to form stacking interactions. In the NMR spectrum
this asymmetry is not observed, because in the solution the posi-
tion of ferrocene is not fixed. Selected bond distances and angles for
the complex are given in Table 1, and crystal data, the structure
refinement details and elementary crystal cell of complex 6 are
given in Supporting Materials (Appendix A. Table S1, Fig. S1).

2.3. Vibrational spectroscopy

All compounds obtained have been characterized by IR spec-
troscopy. In the spectrum of L there are characteristic stretching
bands of CH (3045-3082 cm™!) and CH, groups (2838-2929 cm™1),
and bands of deformation vibrations of aromatic rings (1566, 1587

Fig. 1. Thermal displacement ellipsoid (50% probability) plot of 6 with the atom
numbering scheme. Hydrogen atoms are omitted for clarity.
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Table 1
Selected bond lengths (A) and angles (°) for complex 6.
Bond lengths (A) Angles (°)
Zn1-CI3 2.2851 (10) CI3-Zn1-Cl4 116.44 (4)
Zn1-Cl4 2.2510 (11) C3-Zn1-N1 103.32 (6)
Zn1-N1 2.199 (2) CI3-Zn1-N3 95.68 (6)
Zn1-N3 2175 (2) CI3-Zn1-N4 97.57 (7)
Zn1-N4 2.178 (3) Cl4-Zn1-N1 140.24 (6)
Cl4-Zn1-N3 99.23 (7)
Cl4-Zn1-N4 97.96 (7)
N1-Zn1-N3 75.71 (8)
N1-Zn1-N4 75.95 (8)
N3-Zn1-N4 150.79 (8)

cm-1). In the IR spectra of complexes 2—6 these bands are slightly
shifted compared to the corresponding free ligand bands, being an
evidence of complex formation.

2.4. Electronic spectra

Ferrocene derivatives are colored both in solution and in the
solid state. The spectral data (4 and ¢) of the compounds 1—6 so-
lutions in MeOH and CH,Cl; are presented in Table 2. The spectra of
the compounds 1—6 have the intense bands at 253—262 nm, but
the molar absorption varies from 6309 to 15849 M cm™! for the
different compounds. These bands have a complicated profile due
to the superposition of several bands of electronic transitions in the
ferrocene core of the molecule and the transition of the pyridine
moiety allowed due to symmetry.

Absorption spectra of copper complex 2 were recorded at
different pH, using the constant ionic strength created by 1 M
NaClO4 methanol-water solution. Appearance and enhancement of
the band at 630 nm shows that ferrocene moiety is oxidized by
atmospheric oxygen to the ferrocenium ion in the acidic medium
[34-36].

2.5. Redox behavior of compounds

The redox properties of compounds 1—6 were studied by cyclic
voltammetry (CV) on glassycarbon (GC) electrode in CH3CN. The
experimental redox potential data referred to Fc/Fct couple
(E =0.5/0.43 V vs Ag/AgCl/KCl) are summarized in Table 3, and vs
Ag/AgCl (see Table S3a, Appendix A).

Fig. 2 displays CV of compound 1 on GC-electrode. It can be seen
that the ligand 1 undergoes three-step oxidation on GC surface
(Fig. 2). First one-electron reversible peak obviously corresponds to
ferrocene fragment oxidation (see Fig. S2a, Appendix A). The sec-
ond one at more positive potential of E®* = 0.85 V vs Fc/Fc™ is
irreversible, but the reduction peak of product formed in Step 2 is
observed on reverse scan (E = 0.13), pointing out the ECE mecha-
nism. The third peak of oxidation is also irreversible. Such a cascade
reactions may be related to anodic reactions of aliphatic tertiary
amines containing acidic hydrogen atoms in the a position [37]. The
second peak is assigned to the ligand N-centered oxidation which

Table 2
Electronic spectra of compounds 1—6.

Table 3
The redox potentials values of 1—6 obtained on GC electrode (referenced to Fc/Fc*
couple).
Compound E°* (V) Ered (V)
on1 EDXZ on3 Ered 1 Ered 5 Ered 3
1L 0.00/-0.1 0.85/0.13 1.21° —2.53% —
2 [CuCl,L] 0.13/0.05 — — -0.6/-0.5 —-1.14/-0.79 -1.8°
3 [FeCLL] -0.12/-0.33; 0.08/0.07 — -22° - -
-0.62
4 [CoCl,L] 0.09/0.08 0.78° — -1.91 -2.14° —
5 [MnCLL] 0.09/0.08 0.64/0.55 0.94° 247 -
6[znClLL]  0.09/0.08 14° - ~2.54 - -
2 Irreversible.
I, mA
0.06
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0.02
0 -
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Fig. 2. CV curve of 1-10~3 M compound 1 on GC electrode (200 mV/s, TBABF,, Ag/AgCl,
CH3CN; red line -solvent without additives). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

proceeds through the intermediacy of a nitrogen-centered radical
cation which is deprotonated and further oxidized to an iminium
ion according to Scheme 2. Eventually, these species can be hy-
drolyzed by traces of water to yield the corresponding aldehyde
and secondary amine. The H* liberated in the step 2 is able to
protonate the starting compound 1 forming an electroinactive
ammonium species (Scheme 2b). According to [38], the reduction
peak of low intensity on the reverse scan may be associated with
Fc/Fc" reduction of iminium cation.

The CV exhibits a peak in cathodic range at Epc = —2.1V, that in
agreement with [39] may be attributed to pyridine reduction. But
the definite assignment of its nature requires additional studies and
is beyond this study.

CV of 2—6 display peaks at the potential range 0.08—0.13 V,
corresponding to reversible ferrocene—ferrocenium Fc/Fc™ pair

Compound Amax» NM (Ige), CHs0H Amax» NM (Ige), CH,Cl;

1 262.0 (4.1); 432.0 (2.3) 229.0 (3.9); 257.0 (3.9); 436.0 (2.2)

2 259.0 (4.2); 442.5 (2.3); 677.5(2.3) 229.5 (4.2); 258.0 (4.2); 462.5 (2.4); 763.0 (2.4)

3 253.5(4.1); 375.5 (3.4) 255.5 (4.0); 385.5 (3.3)

4 257.5 (4.2); 591.5 (2.4) 228.0 (4.0); 256.5 (3.9); 418.5 (2.2); 523.0 (2.2); 557.5 (2.2); 636.5 (2.1)
5 261.0 (4.1); 428.5 (2.3) 227.5 (4.0); 262.5 (4.0)

6 262.0 (4.1); 428.5 (2.4) 228.0 (3.7); 262.0 (3.8); 432.0 (2.3)
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Scheme 2. The redox transformations of ligand 1.

(Fig. 3). The Ep, values of Fc/Fc™ transition move to more positive
values compared to 1, indicating that the ferrocene centers become
more resistant to oxidation, probably due to acceptor effect of
positively charged metal ion.

The peak of the amino group oxidation in the copper complex 2
is not observed on GC electrode (Fig. 3). There is a Cu"/Cu' reversible
reduction peak (Scheme 3) in the cathodic region, in agreement
with the data of [33]. Since the Cu' complex is generally poorly
soluble in CH3CN [40], the second peak at E = - 1.14 V (vs Fc/Fc™)
corresponding to the reduction Cu' — Cu® has a low intensity
(Fig. 3). When this process occurs, the black precipitate appears on
the electrode surface. On the reverse scan after this potential, two
peaks are observed: the Cu® — Cu" oxidative desorption peak of
characteristic triangular shape, and peak corresponding to the
transition Cu' — Cu'. These features on anodic branch appears at
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Fig. 3. CV curve of 1-10~ M compound 2 on GC electrode (200 mV/s, TBABF,, Ag/AgCl,
CH5CN).

reverse scan after potential of Cu® precipitation, on modified elec-
trode surface, that results in the significant increase in current
(Fig. 3, black line). We suppose that this also is the reason of the
significant shift of ligand 1 reduction peak to anodic potential
values (E™9; = - 1.37 V vs Fc/Fc* couple). As it was shown earlier
[41,42] the spontaneous reduction process Cu"— Cu' might take
place if the ligands contain donor atoms and solvent has the nitrile
group. We might to propose that the feature at —0.25 V (vs Fc/Fc")
is associated with the oxidation of such spontaneously reduced Cu'!
in new ligand environment.

The CV of the Fe complex 3 (GC-electrode) displays two oxida-
tive peaks (Fig. 4). The first wave is quasireversible and may be
attributed to the Fe' — Fe' transition at E = - 0.12 V vs Fc/Fc* (the
potential of a peak on reverse scan is - 0.33 V). Quasireversibility of
this peak may be explained by the geometry change of ligand
environment. Second reversible peak corresponds to the ferroce-
nium fragment oxidation Fc/Fc™ (Scheme 4). The oxidation peak of
amino group is not observed up to the discharge potential of the
supporting electrolyte molecules apparently due to the acceptor
effect of Fe! ion coordinated with N- atoms.

Another interesting feature of the electrochemical behavior of
compound 3 is that the two reduction peaks appear on the reverse
scan at more negative potentials than transition Fc*/Fc. The first
one should correspond to the reduction Fe' — Fel' at E™9; = -
0.33 V (vs Fc/Fc™) in the complex with a modified geometry (qua-
sireversible wave, Fig. 4). The second peak at E"%, = —0.62 V may
be attributed to the same reduction of Fe', but in this case in the
complex 3 with a modified ligand environment (It is putative the
coordination of acetonitrile, Scheme 4).

The anodic oxidation of Co, Mn, Zn complexes proceeds only
with partition of the ligand fragment. The CV of the Co complex 4
on the GC-electrode displays two peaks (Fig. 5a) corresponding to
the oxidation of ferrocene fragment (reversible) and amino group
by the EC mechanism. In the case of the Mn complex 5 the oxida-
tion of ligand on GC electrode proceeds according to Scheme 2a
(Fig. 5b). Three peaks of oxidation are observed in the anode region,
the second one responsible for the oxidation of the amino group
has some degree of reversibility. The CV of Zn complex 6 on the GC
electrode displays two peaks at anodic region (second one is irre-
versible, implemented the EC-mechanism) (Fig. 5¢).

The peak of metal ion reduction is observed on CV of complex 4
in cathodic region. The quasireversible character of the Co"" — Co'
reduction peak at —1.91 V points out the change of complex ge-
ometry. At more negative potentials the peak of the ligand reduc-
tion appears. In the case of 5 and 6 only peaks of ligand reduction
are observed at cathodic potentials (Table 3).
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Fig. 4. CV curve of 1-10~> M compound 3 on GC electrode (200 mV/s, TBABF,, Ag/AgCl,
CH5CN).

2.6. The antioxidant activity study

A series of experimental techniques was used to evaluate the
antioxidant activity, namely: DPPH test, CUPRAC test, activity
assessment in the reactions with hydrogen peroxide, hydroxyl
radical OH, assessment on the activity of non-enzymatic oxidation
of linoleic acid (LA) and lipoxygenase (LOX-1B) and activity
assessment in the reaction with superoxide radical anion O,- . The
results are given in Table 4.

2.7. DPPH test

The activity of radical scavengers was evaluated using the

method based on the ability of the compounds to interact with the
stable radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) [23]. As can be
seen in Table 4, the ligand L and most of complexes are weak radical
scavengers. The most easily oxidized complex 3 demonstrates
highest activity (ECso 44.5 pM) that might be explained by
involvement of electron transfer in DPPH reaction. In earlier studies
of dipicolylamine complexes containing 2,6-di-tert-butylphenol
groups, the Fe complex also demonstrated highest activity in
spectrophotometric and electrochemical DPPH tests [14,32].

2.8. Cu ?* ion reducing (CUPRAC) assay

Compounds 1—6 are more potent in CUPRAC test than their
analogues containing 2,6-di-tert-butylphenol moieties [14], prob-
ably due to their redox-active ferrocene fragment capable of Cu"
reduction. The results are presented in Trolox equivalents (TEAC,
Trolox Equivalent Antioxidant Capacity). TEAC for 2—6 was above
0.1, suggesting a key role for metal atom in multifunctional system
participating in the copper reduction process. Compound activity
increases as follows: 6 (Zn) <2 (Cu) <3 (Fe) <1 (L) <4 (Co)<5
(Mn), and the redox inactive zinc complex 6 is the least active,
confirming this hypothesis. Thus, the DPA complexes with ferro-
cenyl moieties are efficient electron donors.

2.9. Superoxide radical anion scavenging activity

Free radicals are generated in vivo by the action of oxidoreduc-
tases and oxidases enzymes. For example, superoxide radical anion
0O,-~ is generated by Mo containing xanthine oxidase (XO). The
products of Oy one-electron reduction are ROS (O;-~, Hy0,°OH),
which are involved in the initiation of lipid peroxidation (LP).
Xanthine oxidase catabolizes purines to uric acid and regenerates
oxygen to superoxide in a conjugate reaction, which immediately
dismutates to hydrogen peroxide [43]. Thus, during the reaction
active oxygen species capable to cause oxidative stress are formed.
The superoxide radical-anion scavenging activity of the complexes
was determined by NBT assay [44]. In this method O,-~ generated
by the xanthine—xanthine oxidase (X—XO system) reduces yellow
nitro blue tetrazolium (NBT) to the blue formazan, which is
measured spectrophotometrically at 560 nm. Therefore, com-
pounds can compete with NBT for oxidation of the generated su-
peroxide radical-anion. Scavengers are able to inhibit the formation
of blue formazan.
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Ligand L was found to be inactive in the formation and utiliza-
tion of the superoxide radical anion, whereas metal complexes 2—6
are efficient. The Mn (ICs¢ = 73.5 pM), Cu (IC5¢9 = 72.0 uM) and Co
(ICs0 = 28.3 uM) complexes demonstrate high activity in this test. It
is of interest that the redox active Fe complex 3 accelerates the
formation of blue formazan, which is apparently due to the
reduction of NBT to formazan by the ion Fe? * action.

2.10. Hydrogen peroxide test

One of the active oxygen species is H,O, produced in the body
tissues from O,-~, therefore the antioxidant compound should be
able to neutralize the H,0; efficiently. Most compounds showed
sufficient activity in hydrogen peroxide decomposition. The ligand
L is the most potent (EC59 = 79.5 uM) in the tested series, whereas
the ECsqg values of 2—6 are higher (151.2—177.4 uM). Thus, the ac-
tivity of these compounds against H,0; is primarily confined to the
ligand's redox-active ferrocenium center.

2.11. Hydroxyl radical test

Hydroxyl radical -OH is a reactive dioxygen metabolite, as well
as hydrogen peroxide. All the compounds showed a weak activity
against- -OH: even at the concentration of 2 mM they were able to
react less than 50% of hydroxyl radical.

2.12. Inhibition of non-enzymatic peroxidation of linoleic acid

Polyunsaturated fatty acids are fragments of the cell membrane
phospholipids and undergo oxidative destruction by ROS causing
the membrane damage [7]. The model reaction of linoleic acid (LA)
peroxidation in the presence of 1—6 was studied. Most compounds
have shown low activity and inhibit LA peroxidation by less than
50% at a concentration of 2 mM. The copper complex 2 is the most
active.

2.13. Lipoxygenase inhibition
Lipoxygenase (LOX-1B) is an enzyme catalyzing the poly-

unsaturated fatty acids oxidation. Active oxygen metabolites
capable to cause oxidative stress are by-products of this process

[45]. Parameter characterizing the compound activity as a lip-
oxygenase inhibitor is ICsg — concentration of compound required
to reduce the initial rate of linoleic acid oxidation by 50%.

Change of the LA oxidation rate by LOX-1B and different con-
centrations of Co complex 4 is shown in Fig. 6. The complexes 2—6
demonstrate higher activity than the ligand 1 (L does not influence
the reaction even at the concentration of 100 pM). The activity of
compounds increases in the order 1(L) << 6 (Zn) < 5 (Mn) < 3
(Fe) < 4 (Co) < 2 (Cu), suggesting that the metal ion plays a key role
in the enzyme inhibition.

The inhibition of lipoxygenase is completely reversible in all
cases. When adding linoleic acid to the enzyme incubated with the
inhibitor, the reaction rate does not differ from the rate in the
absence of incubation. The most efficient inhibition of LOX-1B is
achieved by 2 with IC5p < 1 uM. The kinetics of LOX-1B inhibition in
presence of zinc complex 6 was studied earlier [46].

Possible interactions between the complexes and the enzyme
were analyzed with the help of molecular docking. The most
energetically favorable binding mode of 6 is shown in Fig. 7. Con-
trary to the crystal structure, the docked molecule is almost sym-
metric, and crystal-like conformation is not found among
reasonable docking poses. Steric complementarity to the fatty acid
binding site of LOX-1B suggests possible competitive interaction.
The bidentate ligand L cannot accept a favorable conformation
similar to the conformation of the complex 6 in the absence of the
metal. As soon as there are no directed interactions between the
docked molecule and the protein, such as hydrogen bonds, shape
complementarity may be the main driving force of the binding.
Most LOX-1B substrates are fatty acids, so the binding site is mostly
hydrophobic. Iron atom in the binding site may interact with a
pyridine ring m system.

2.14. Influence of complexes on lipid peroxidation in rat brain
mitochondria

Mitochondria play a crucial role in the functioning of cells: they
are the energy factories, where the synthesis of ATP, coupled with
the O, to H,O reduction, proceeds. Thus, mitochondria are the
major site for generating free radicals, including active oxygen
metabolites. The effect of compounds 1—6 on lipid peroxidation
(LP) in isolated brain mitochondria of Wistar rats was studied using
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Fig. 5. CV curves of 1-10~> M compounds 4-6 on GC electrode: (a) 4, (b) 5, (c) 6 (200 mV/s, TBABF4, Ag/AgCl, CH5CN).
Table 4
Antioxidant activity of compounds 1-6.
Method 1(L) 2 (Cu) 3 (Fe) 4 (Co) 5 (Mn) 6 (Zn)
DPPH, ECso, pM >1000 >1500 44.5 414 >1000 467
CUPRAC, TEAC 0.21 0.16 0.18 0.23 047 0.13
H,0, decomposition, ECsg, tM 80 151 168 164 — 177
*OH scavenging activity, (%)* 42 14 21 11 25 3
Inhibition of LA peroxidation (%)? 35 64 8 41 29 -
Inhibition of LOX-1B, ICsg, M >100 0.9 9 5 13 14
0,7, scavenging activity ICso, pM b 72 activation 28 73 -

@ The percentage of inhibition at the compound concentration of 2 mM.
b Not determined due to inactivity of compound.
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Fig. 6. Kinetic curves of LA oxidation by LOX-1B at different concentrations of Co complex 4. (1-1 pM; 2—5 pM; 3—10 pM; 4—25 pM; 5—50 pM, borate buffer pH 9.0).

Fig. 7. The docked pose of 6 in the fatty acid binding site of LOX-1.

rat brain homogenates (RBH). Lipid peroxidation induced by Fe3+-
ions (FeNH4(S04)2-12H,0) or by tert- butylhydroperoxide (‘BHP).
The LP level was monitored spectrophotometrically by the con-
centration of thiobarbituric acid reactive substances (TBARS) at
Amax 532 nm. The content of TBARS derived from (Ag - A1)/Ao-100%,
where Ag - optical density of blank probe with only diluent, A; -
optical density of probe with additive, is shown in Table 5.

The complexes 2—6 inhibiting ‘BHP induced lipid peroxidation
efficiently. The activity of cobalt and manganese complexes is lower
than that of ligand 1. In the presence of Fe complex 3 the level of
lipid peroxidation increased. It seems to be related to oxidation Fe

— Fel in the complex, which could additionally promote LP.

2.15. MTT test

The toxicity of 1-6 was studied on primary cultures of brain
cortex and hippocampus of rat neurons obtained from newborn
rats (1—2 days) by trypsinization followed by pipetting [47]. Ex-
periments were performed on 8—10 days cultures. In order to study
the effect of 1-6 on the cell survival, the primary culture of rat
cortical neurons was incubated for 24 h at 37 °C in cell medium.
MTT assay was performed on the next day by the standard pro-
cedure [48]. The data obtained are shown in Table 5. Neuronal
survival was at least 60% under the conditions of the experiment,
the Fe (99%) and Co (86%) complexes demonstrating the lowest
toxicity. Compounds 1-6 are promising antioxidants due to a

Table 5

Effect of 16 (30 uM) on induced lipid peroxidation of rat brain homogenates,
estimated as TBARS, and the rat cerebral cortex neuron survival after 20 h of incu-
bation with 1 uM of 1—6 determined by MTT method.

Compound 'BHP-induced LP (% of control) ICsg, uM Neuron survival, %

1 219 032+0.03 63+10
2 8.3 027 +0.02 61=+10
3 a - 99 + 10
4 36.7 0.77 £ 0.05 86 +38
5 39.5 032+0.03 61=+29
6 149 035+0.02 64=+19

2 Complex 3 demonstrated pro-oxidant activity — the peroxidation level was
143% higher than that of control experiment.

sufficiently low toxicity and their high efficiency in a number of
antioxidant activity assays.

3. Conclusions

The synthesis, structures, redox properties and in vitro antioxi-
dant effects of a series of new Cu, Fe, Co, Mn, Zn, complexes with
ferrocenylmethylbis (2-pyridylmethyl)amine is presented. The
metal complexes 2—6 are polytopic agents since their molecules
possess two redox-active centers (ferrocenyl group and dipicolyl-
amine complex) capable of electron transfer. The electrochemical
study demonstrates that all these compounds are redox-active ones
and the independent redox transitions involving ferrocenium
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moiety, dipicolylamine and metal ion take place.

The antioxidant radical scavenging activity of complexes was
measured using DPPH test and linoleic acid peroxidation. Although
most compounds are weak antioxidants, high activity was found for
easily oxidized Fe complex as well as for its analogue containing
antioxidant 2,6-di-tert-butylphenol group [14].

In electron transfer reactions (CUPRAC test and inhibition of
enzymatic generation of superoxide radical-anion by xanthine
oxidase) Mn complexes show greater activity than the other metal
complexes. The LOX-1B inhibition activity of the studied com-
pounds was evaluated, with all complexes showing IC59 < 50 WM.
The in vitro experiments with rat brain homogenate indicate high
antioxidant activity of all the compounds in inhibition of ‘BHP
induced lipid peroxidation. These results let us to conclude that
combining in one molecule several redox active metal centers is a
promising way of metallodrug design in modern medicinal
chemistry.

4. Experimental
4.1. Materials and equipment

Ferrocenylmethyltrimethylammonium iodide was synthesized
as described previously [49], di-(2-picolyl)amine (Aldrich, 97%),
ZnCly-2H50, anhydrous MnCl,, FeCly, CoCly, NiCly, CuCl, were used.
Solvents (DMF, diethyl ether, petroleum ether, methanol, acetone,
ethanol) were used as supplied (without further purification).

Infrared spectra were recorded in KBr pellets with “IR200
Thermo Nicolet” spectrometer. Electronic absorption spectra were
measured on “Evolution 300 Termo Scientific” spectrophotometer.
The NMR measurements were performed with a Bruker Avance-
400 spectrometer operating on 400.1 ('H) and 100.6 MHz (3C) in
CDCl3. The MALDI TOF spectra were acquired using Autoflex II
(Bruker daltonics) mass spectrometer. The samples were dissolved
in CHCl3 and put at target.

4.2. Synthesis

4.2.1. Ferrocenylmethyl-bis(2-pyridylmethyl)amine 1 (L)

Mixture of 116 g (3 mmol) of ferrocenylmethyl-
trimethylammonium iodide and 1.08 ml (6 mmol) of di-(2-picolyl)
amine in 1 ml DMF in a Schlenk vessel was heated for 2 h at
110—115 °C under argon. To the reaction mixture after cooling to
room temperature 10 ml of water were added and it was extracted
by diethyl ether (5 x 5 ml). The ether extracts were combined and
the solvent evaporated in vacuo (10 mm Hg) to a minimum volume.
The residue was allowed to crystallize for 24 h, the resulting orange
crystals were washed with cold petroleum ether, and dried in air for
a day. Yield 82%. Mp 73°C.

IR (cm™~1): 1566, 1587, 3082-2908 (vc.y cm ™).

'H-NMR (6(ppm), CDCl3): 3.56 (s, 2H, FcCH,N); 3.76 (s, 4H,
N(CH>)3); 4.01 (s, 5H, Fc); 4.09 (d, 2H, Fc); 4.19 (d, 2H, Fc); 7.12 (dd,
2H, J.m = 8 Hz, 4 Hz, 2Py); 7.52 (d, 2H, ], = 8 Hz, 2Py); 7.63 (td, 2H,
Jun = 8 Hz, 2 Hz, 2Py); 8.51 (d, 2H, . = 4 Hz, Py).

13C-NMR: 53.56, 54.76, 59.43, 68.41, 70.14, 82.74, 121.82, 122.76,
136.33, 148.88, 160.06.

UV—vis spectrum (MeOH), Amax, nm (lge): 262.0 (4.1), 432.0
(2.3); UV—vis spectrum (CHCly) Amax, nm (Ige): 229.0 (3.9), 257.0
(3.9), 436.0 (2.2).

4.2.2. [CuClbL] (2)

Cu complex 2 was obtained according to the method described
previously [33]. To a solution of 50 mg L (0.126 mmol) in 0.5 ml
MeOH, CuCl, (17 mg, 0.126 mmol) in 0.5 mL of methanol was added
under stirring. The green solution was left for 24 h. The crystalline

solid was washed with petroleum ether and dried on the air. Yield
70%, Mp > 250°C.

IR (cm—1): 1574, 1610, 3030, 3066, 3086, 2914, 2941, 2952.

MS (MALDI TOF), m/z: [L-CuCl]"- 495, [L, CuyCl3]*- 1027.

UV—vis spectrum (EtOH), Amax, nm, (Ige): 259.0 (4.2), 442.5 (2.3),
677.5 (2.3); UV—vis spectrum (CH»Cly), Amax, nm (lge) 229.5 (4.2),
258.0 (4.2), 462.5 (2.4), 763.0 (2.4).

4.2.3. General procedure for the preparation of complexes (3—6)

To a solution of 200 mg L (0.5 mmol) in 2 ml of acetone 0.5 mmol
of metal chloride was added under stirring. The mixture was stirred
for 30 min, and the precipitation of complexes was observed. The
crystals of complex were filtered off, washed with cold petroleum
ether and dried in vacuo. The yields were 50—60%.

[FeCI2L] (3) Yellow green powder. Yield 52%. Mp > 250 -C. Anal.
caled: C 52.72%, H 4.42%, N 8.02%. Found: C 52.60%, H 4.50%, N
7.91%.

IR (KBr, cm~1): 1572, 1605, 3026, 3082, 2908, 2936.

TH-NMR (8(ppm), CDCl3): 3.57 (s, 2H, FcCHyN); 3.77 (s, 4H,
N(CH;),); 4.03 (s, 5H, Fc); 4.11 (d, 2H, Fc); 4.20 (d, 2H, Fc); 7.14 (dd,
2H, Juu = 8 Hz, 4 Hz, 2Py); 7.55 (d, 2H, Jux = 8 Hz, 2Py); 7.65 (td, 2H,
Jun = 8 Hz, 2 Hz, 2Py); 8.53 (d, 2H, J; = 4 Hz, Py).

13C_NMR: 53.57, 59.41, 67.98, 68.43, 70.16, 82.70, 121.86, 122.77,
136.38, 148.95, 160.04.

MS (MALDI TOF), m/z: [L - FeCl]* - 488; [(L)2 - FeoCl3]™ - 1011,
1013.

UV—vis spectrum (EtOH), Amax, nm (Ige): 253.5 (4.1), 375.5 (3.4);
UV—vis spectrum (CH2Cly), Amax, nm (Ige), 255.5 (4.0), 385.5 (3.3).

[CoCl,L] (4). Brown powder. Yield 57%. Mp. >250 °C. Anal. calcd:
C 52.41%, H 4.40%, N 7.97%. Found: C 52.31%, H 4.46%, N 8.14%.

IR (cm™1): 1572, 1606, 2999, 3030, 3076, 2854, 2917.

MS (MALDI TOF), m/z: [L - CoCl]t - 491; [L; - CoyCl3]" - 1017,
1019.

UV—vis spectrum (EtOH), Amax, nm (Ige): 257.5 (4.2), 591.5 (2.4);
UV—vis spectrum (CH>Cly), Amax, N (1ge)228.0 (4.0), 256.5 (3.9),
418.5 (2.2), 523.0 (2.2), 557.5 (2.2), 636.5 (2.1).

[MnCl,L] (5). Yellow powder. Yield 60%. Mp > 250 °C.

Anal. caled: C 52.81%, H 4.43%, N 8.03%. Found: C 52.62%, H
4.51%, N 7.95%.

IR (KBr pellet, cm™'): 1572, 1603, 3074, 3093, 2918, 2960, 2987.

MS (MALDI TOF), m/z: [L - MnCl]" - 487; [(L), - MnyCl3]* - 1009,
1011.

UV—vis spectrum (EtOH), Amax, nm (1ge): 261.0 (4.1), 428.5 (2.3);
UV—vis spectrum (CH2Cly), Amax, nm (Ige), 227.5 (4.0), 262.5 (4.0).

[ZnCl,L] (6). The synthesis and analysis were described in detail
in Ref. [46].

4.2.4. Crystallographic data collection and structure determination
of complex 6

In order to obtain crystals of the Zn complex to the L solution
(50 mg, 0.126 mol) in 100 mL of MeOH, 22 mg of ZnCl,-H;0 in
0.35 ml MeOH were added, than the mixture was left in the air and
after some time needle-like crystals appeared. All diffraction data
were collected on an Enraf Nonius CAD-4 diffractometer
[A(MoKa) = 0.71073 A, w-scans] at 293 K. The transparent crystals
of complex 6 were selected for the experiment. The unit cell pa-
rameters were refined from 25 reflections. The structure was solved
by direct methods using the software package SIR2002 CC [50]. The
structure was refined by the full-matrix least-squares technique
against F in the anisotropic—isotropic approximation using the
software package JANA2000 CC [51]. Some of the hydrogen atoms
were found from difference Fourier synthesis, the rest position is
calculated from the geometry of the molecule. The refinement of
hydrogen atoms initially was produced in conjunction with the
respective carbon atoms at a distance of 1.04 A and angles
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corresponding to the type of hybridization of carbon atoms.
Parameter of hydrogen atomic displacement was assumed to be 1.2
of the corresponding carbon atoms atomic displacement. At the
final stage, these restrictions were removed, and the hydrogen
atoms were refined independently. Crystal data and structure
refinement parameters are listed in Supporting Materials
(Appendix A. Table S1). CCDC 1486751 contains the supplementary
crystallographic data for this paper.

4.2.5. Antioxidant activity studies

DPPH radical scavenging activity, lipoxygenase activity, CUPRAC
assay (Cu®* reducing), inhibition of superoxide radical anion for-
mation by xanthine oxidase (NBT assay), inhibition of LA peroxi-
dation and inhibition of Fe>* and ‘BHP induced lipid peroxidation
studies were performed according the procedures described in
Ref. [14]. DPPH, lipoxidase (LOX 1-B) from Glycine max (soybean),
linoleic acid (Sigma-Aldrich 99%), xanthine oxidase were purchased
from Sigma-Aldrich.

4.2.6. Electrochemical study

All measurements were carried out under argon at room tem-
perature. Cyclic voltammetry experiments were performed in
classical three-electrode cell in CH3CN solution with 0.05 M
BuyNBF,4 as supporting electrolyte using a model IPC-Win poten-
tiostat. The number of electrons transferred were determined by
comparing with the height of Fc?*/Fc3* wave for the same con-
centration and by rotating disk electrode method as well. A plat-
inum or glassycarbon (GC) working electrode with diameter 2 mm,
platinum wire auxiliary electrode and aqueous Ag/AgCl/KCl (sat.)
reference electrode were used. The solvents were routinely distilled
and dried prior to use [52].

4.2.7. Molecular docking

The structure of complex 6 was extracted from the CIF file and
optimized using PM6 semiempirical method [53] in MOPAC2009
[54] via SYBYL8.0 interface [55]. Preparation of the initial structure
for docking was performed in MGLTools 1.5.4 [56]; ferrocene was
represented as a rigid structure with 10 Fe-C bonds, two bonds of
the linker were marked as rotatable, and the rest of the structure
was represented as rigid. PM6 charges were used for docking as
recommended [57]. Autodock 4.2 [58,59] was used for docking the
complex into previously prepared [60] LOX model based on PDB
[61] structure 1IK3 [62]; 100 docking solutions were generated and
analyzed visually with MGLTools and SYBYL, and 98 of them gave
the solution depicted at Fig. 7.
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