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A number of asymmetrical thioethers based on 3,5-di-tert-butylcatechol containing sulfur atom bonding with
physiologically active groups in the sixth position of aromatic ring have been synthesized and the electro-
chemical properties, antioxidant, cryoprotective activities of new thioethers have been evaluated. Cyclic vol-
tammetry was used to estimate the oxidation potentials of thioethers in acetonitrile. The electrooxidation of
compounds at the first stage leads to the formation of o-benzoquinones. The antioxidant activities of the com-
pounds were determined using 2,2’-diphenyl-1-picrylhydrazyl radical (DPPH) assay, experiments on the oxi-
dative damage of the DNA, the reaction of 2,2’-azobis(2-amidinopropane hydrochloride) (AAPH) induced glu-
tathione depletion (GSH), the process of lipid peroxidation of rat liver (Wistar) homogenates in vitro, and iron(II)
chelation test. Compounds 1-9 have greater antioxidant effectiveness than 3,5-di-tert-butylcatechol (CatH,) in
all assays. The variation of physiologically active groups at sulfur atom allows to regulate lipophilic properties
and antioxidant activity of compounds. Thioethers 3, 4 and 7 demonstrate the combination of radical scaven-
ging, antioxidant activity and iron(II) binding properties. The researched compounds 1-9 were studied as
possible cryoprotectants of the media for cryopreservation of the Russian sturgeon sperm. Novel cryoprotective
additives in cryomedium reduce significantly the content of membrane-permeating agent (DMSO). A cryopro-
tective effect of an addition of the catechol thioethers depends on the structure of groups at sulfur atom. The
cryoprotective properties of compounds 3, 4 and 7 are caused by combination of catechol fragment, bonded by a
thioether linker with a long hydrocarbon chain and a terminal ionizable group or with a biologically relevant
acetylcysteine residue.

1. Introduction [5-11]. Catechols and their modified analogues demonstrate anti-

bacterial, antitumor, anti-inflammatory, cytotoxic activities, as well as

Catechol (hydroquinone) fragment is a versatile platform that has
been found in many natural and synthetic compounds [1-4]. Several
classes of biological active substances including flavonoids, amines,
alkaloids and phenolic acids contain this moiety. The different struc-
tural modifications of catechol (hydroquinone) have been performed to
change the properties of these compounds via modulation of lipophi-
licity, introduction of the additional physiologically active groups,
variation of the different redox active fragments. The successful syn-
thetic examples of such targeted modification of the structure are de-
rivatives of hydroxycinnamic acid, dopamine, hydroxytyrosol, urishinol

neuroprotective effect [12-18]. This class of compounds exhibits anti-
oxidant activity inhibiting free radical processes. However, catechols
(hydroquinones) may undergo redox-transformations with a generation
of semiquinone radicals which are producers of reactive oxygen species
(ROS): superoxide radical anion, hydrogen peroxide [19,20].

We are interested in the antioxidant properties of polyatomic phe-
nols, in particular containing catechol moiety, since some of them have
been considered as potential therapeutic agents against inflammation
processes and neurodegenerative diseases [21-24]. Antioxidants have a
presumably therapeutic effect in such diseases. Oxidative stress and
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inflammation are intrinsically related. The imbalance between oxidants
and antioxidants in favor of the oxidants is closely associated with the
initiation of neurodegenerative disorders and leads to the molecular
damage in cells component such as proteins, lipids, DNA. Catechol
containing compounds possess anti-inflammatory effects as they can
induce the expression of heme oxygenase-1 (HO-1), as a consequence of
Nrf-2 activation [17,25]. It was found that modified analogs of dopa-
mine also exhibit anti-inflammatory properties [26], inhibits tumor
necrosis factor alpha (TNFa) [27], exert cytoprotective properties in-
cluding prevention of cold inflicted injury [8]. These peculiarities make
such type of compounds interesting molecules to decrease impacts
caused by inflammation or oxidative stress.

Thioethers prevail in the structure of biologically active compounds
and pharmaceuticals [28]. Recently, antioxidants bearing sulfur atoms
attracted the particular attention [29]. The introduction of sulfur atom
into the structure of redox-active compounds — phenols, synthetic de-
rivatives of tocopherols, ascorbic acid — develops new perspectives for
design of polyfunctional antioxidants [30-32]. The unsubstituted hy-
droquinone/catechol thioethers with glutathione or acetylcysteine re-
sidues are well-known compounds [33-35]. In coordination chemistry,
sulfur-modified sterically hindered catechols are widely used as che-
lating ligands [36-40]. Catechol-based compounds have attracted in-
terest owing to their antioxidant and radical scavenging properties as
well as their application in the synthesis of coordination polymers as
multitopic ligands, in supramolecular and material chemistry [41-43].

At the same time few results oriented to antioxidant researches were
reported [44-46]. Catechol thioethers are attractive objects for a design
of effective exogenous antioxidants as the combination of two different
fragments covalently linked by sulfide bond can convey synergy from
the effects of both acting moieties. In this context, herein we research
hybrid antioxidants structurally based on sterically hindered catecholic
scaffold.

Natural catechols (hydroquinones) are the redox active molecules.
The important feature is that catechols (quinones) readily donate, store
and accept electrons under biologically relevant conditions. Redox ac-
tivity of quinone-type compounds deals with the possibility of the ex-
istence in three different redox states: catecholate, o-semiquinone ra-
dical anion, o-benzoquinone. Thioether group also possesses redox
activity as it relates oxidative sequence with sulfoxides and sulfones.
From this viewpoint, electrochemical methods can be promising tools in
the study of catechol containing thioethers. Electrochemical approaches
have often been used to evaluate the reducing power of antioxidants, to
establish the interrelation between redox potentials and antioxidant
activities of compounds [47,48].

The present research is focused on the development of the effective
antioxidants based on the Michael addition reaction of sulfur con-
taining compounds with 3,5-di-tert-butyl-o-benzoquinone (Scheme 1).

The synthesized thioethers contain three constituent parts: redox-
active sterically hindered catechol moiety donates hydrogen atom and
plays a role of primary antioxidant; thioether linker is able to appear
secondary antioxidants properties; the terminal polar group is a phy-
siologically active residue. In this paper we discuss the influence of the
different polar groups at sulfur atom on the electrochemical properties;
antioxidant and cryoprotective activity of thioethers 1-9. The radical
scavenging and antioxidant properties of the compounds were eval-
uated using 2,2’-diphenyl-1-picrylhydrazyl radical (DPPH) assay, the
reaction of 2,2’-azobis(2-amidinopropane hydrochloride) (AAPH) in-
duced glutathione depletion (GSH), the oxidative damage of the DNA,
the process of lipid peroxidation of rat liver (Wistar) homogenates in
vitro and iron(Il) chelating test.

Cryopreservation is a promising way for conservation of rare and
endangered species, such as sturgeon. The fish sperm is favorable object
for these purposes, as it can be stored in liquid nitrogen during several
decades without change of its productive qualities [49]. However,
cryopreservation of spermatozoa produces the injury of the majority of
the cells because of intra- and extracellular water crystallization which
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Scheme 1. Reagents and conditions of synthesis compounds 1-9.

leads to the damage cellular membranes, mitochondria, DNA and
hyper-production of ROS [50,51]. To minimize these impacts the var-
ious methods are used. The addition of antioxidants in cryoprotective
medium is one of them [52,53]. The studied thioethers were considered
as cryoprotectants of the media for cryopreservation of the Russian
sturgeon sperm.

2. Results and discussion
2.1. Chemistry

The thioethers 1-9 were synthesized as shown on Scheme 1 with the
yields from 35 to 71%. Optimal conditions for Michael addition reac-
tion of the sulfur containing organic compounds to 3,5-di-tert-butyl-o-
benzoquinone are the use of ethanol and inert atmosphere at the room
temperature. The reagent ratio “o-benzoquinone: thiol” varies from 1 to
2. It was found that the maximal target product formation takes place at
the ratio “o-benzoquinone: thiol” as 1.0: 1.5. The structure of the syn-
thesized compounds was confirmed by 'H and '*C NMR, IR spectro-
scopy and elemental analysis. Compounds 7 and 8 containing the chiral
center were isolated as a racemic mixture of isomers.

X-ray quality crystals of 8 were grown from acetonitrile solution as
solvate 8:CH3;CN. The thioglycerine fragments in molecules of 8 in
crystal are disordered over two positions (Fig. 1). The six-membered
carbon ring C(1-6) is aromatic with C—C bond distances of
1.385(3)-1.404(3) A. The equal carbon-oxygen bonds C(1)-O(1) and
C(2)-0(2) of 1.365(3) A are usual for catechols [54]. The thioglycerine
group leaves the plane of the aromatic ring of catechol moiety: the
torsion angle C(1)-C(6)-S(1)-C(15) is 69.8(7)°, the torsion angle
C(1)-C(6)-S(1)-C(15") is 88.5(8)°.

We have found a lot of intra- and intermolecular hydrogen bondings
in crystals 8. CH5CN (Fig. 2). The intramolecular hydrogen bondings O
(2)-H(2)...0(1) and O(1)-H(1)...0(3) were observed, the corre-
sponding distances O(2)...0(1) and O(1)...0(3) are 2.62 A and 2.78 10\,
respectively; angles O(2)-H(2)-O(1) and O(1)-H(1)-O(3) are 115.68
and 163.04°, respectively. Molecules of 8 form dimers through the in-
termolecular hydrogen bonds O(2)-H(2)...0(4) (the distance O(2)...0
(4) is 2.97 &), 0(3)-H(3)...0(1) (the distance O(3)...0(1) is 3.03 A).
The corresponding bond angles are 136.46 and 131.56 A.

A wide choice of commercially available thio-derivatives, 3,5-di-



L.V. Smolyaninov, et al.

HQ)

o)

i 0)

-
H)

Fig. 2. The intra- and intermolecular hydrogen bondings between two neigh-
boring molecules 8 in crystals 8:CH3;CN. The hydrogen atoms excepting atoms H
(1), H(2), H(3) and H(4) are omitted for clarity.

tert-butyl-o-benzoquinone, and the simplicity of the reaction allows to
modify the catechol ring by the various functional groups bonded by
sulfide linker. The presence of blocking tert-butyl groups inhibits the
reaction polymerization which is known for dopamine. The target
compounds contain a catechol unit and polar fragments such as ali-
phatic hydroxyl group, carboxylic or phosphonic acid moieties, amino-,
acetamido-, thioether functionalities. The presence of tert-butyl sub-
stituents in catecholic fragment leads to increasing hydrophobicity of
this part of molecules. The combination of terminal polar physiologi-
cally active groups and catecholic fragment allow to consider these
thioethers as amphiphilic substances. The researched compounds can
reveal different type of activity: redox-active catechol fragment has the
three different redox levels and posesses radical scavenging activity,
antioxidant or prooxidant properties; polar groups raise hydrophiliycity
and metal binding ability.

2.2. Evaluation of electrochemical properties by cyclic voltammetry

The electrochemical properties of compounds 1-9 have been in-
vestigated by cyclic voltammetry (CV) in acetonitrile (MeCN) solutions
containing 0.1 M NBu,ClO, (TBAP) as supporting electrolyte at a glassy
carbon working electrode. The redox potentials are referenced to Ag/
AgCl/KCl electrode (Table 1).

In acetonitrile the CVs of compounds 1-8 display two successive
oxidation peaks in the potential range up to 1.80 V (Fig. 3, Figs. S1-S3).
The first two electron electrochemical stage is ascribed to the
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Fig. 1. The X-ray structure of catechol 8 with the
indication of disordered thioglycerine fragment.
The ellipsoids are given with 50% probability.
The hydrogen atoms excepting hydroxyl groups
hydrogens are omitted for clarity. The selected
bond lengths: O(1)-C(1) 1.365(3), O(2)-C(2)
1.365(3), O(3)-C(16) 1.433(7), 0O(3)-C(16")

1.431(7), O(4)-C(17) 1.430(3), S(1)-C(6)
1.811(3), S(1)-C(15) 1.827(4), S(1)-C(6)
1.768(3), S(1)-C(15) 1.827(5), C(1)-C(2)
1.385(3), C(1)-C(6) 1.394(3), C(2)-C(3)
1.386(3), C(3)-C(4) 1.393(3), C(4)-C(5)
1.388(3), C(5)-C(6) 1.404(3), C(15)-C(16)

1.506(6), C(15)-C(16") 1.506(6), C(16)-C(17)
1.499(4), C(16)-C(17) 1.498(5), O(1)-H(1)
0.82(1), O(2)-H(2) 0.84(1), O(3)-H(3) 0.86(1),
0(3")-H(3") 0.80(1), O(4)-H(4) 0.82(1).

Table 1
Electrochemical oxidation potentials of compounds 1-9 (MeCN, GC-anode,
C = 2.0mM, 0.1 M TBAP, scan rate 200mVs ™}, Ag/AgCl/KCD).

Compound EX/V E®*2/V

1 1.18 1.56

2 1.21 1.57

3 1.17 1.57

4 1.06 1.55

5 1.21 1.63

6 1.06 1.63
1.93"

7 1.14 1.70

8 1.15 1.47

9 1.15 1.44
1.58"

""H,Cat-S-C4Hy 1.20 1.60

E®*! E*2 _ potentials of anodic peaks; "E°** — potential of third anodic peak; ™

data for 4,6-di-tert-butyl-3-(butylthio)benzene-1,2-diol (H,Cat-S-C4Hy) from
Ref. [55].

0.20 -

0.10 -

I/mA

0.05 4

-0.05 . ; . ‘ . ‘
0.6 0.2 0.2 0.6 1.0 14 1.8
E/V (vs. Ag/AgCl)

Fig. 3. Cyclic voltammogram of thioether 1 in the potential switch from —0.6
to 1.8 V (MeCN, C = 3mM, 0.1 M TBAP, scan rate 200 mV s~ 1).
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irreversible oxidation of catechol fragment.

The one quasi-reversible two-electron oxidation peak appears on the
CVs of catechols or hydroquinones at different values of pH (most fre-
quently neutral or acidic media) in aqueous solutions containing
phosphate buffer or water/acetonitrile solutions [56-58]. However
electrochemical behavior of catechols and hydroquinones in aprotic
solvents is significantly different in water media. The typical irrever-
sible two-electron oxidation wave is observed [59,60]. In the case of
hydroquinones, a reversible two-electron wave is observed only in the
presence of strong acids [59].

In aprotic media ECEC mechanism takes place for thioethers 1-8.
This mechanism involves the electron transfer (E) followed by the fast
deprotonation (C) and the subsequent loss of a second electron. At the
same time it is known for catechols two one-electron steps are often
joined in one dielectron stage [57]. The cathodic peak observed on the
reverse scan of the voltammograms (in the range from 0.50 to 0.30V)
corresponds presumably to the reduction of the HQ*-S-R intermediate
[59]. The further deprotonation step leads to o-quinone formation as a
final product of electrooxidation (Scheme 2) at the first stage. This
electrochemical picture is close to that one for recently researched ca-
techol-thioethers [55]. The introduction of thioether group in catechol
moiety leads to the extension of the redox potential range by the oc-
currence of additional irreversible two-electron electrochemical stage
at 1.47-1.70V (Table 1).

The instability of the electrogenerated dications of compounds 1-8
indicates the chemical reaction (C) following the electron transfer: the
C—S bond cleavage or the formation of sulfoxides, sulfones, sulfonium
salts [61]. In case of compound 9, three oxidation peaks are observed
on CV curve (Fig. 4).

The oxidation potentials of the first and the third oxidation peaks of
compound 9 have the close values with other thioethers (Table 1). The
first two-electron peak is responsible for the oxidation of catecholic

0.25 -

I/mA

-0.05 T T T T |
-0.7 -0.2 0.3 0.8 1.3 1.8

E/V (vs. Ag/AgCl)

Fig. 4. Cyclic voltammogram of thioether 9 in the potential switch from —0.7
to 1.8 V (MeCN, C = 3mM, 0.1 M TBAP, scan rate 200 mV s~ 1).
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tBu ++  Scheme 2. Electrochemical transformations of
compounds 1-9.
-2e

tBu O

fragment. The presence of additional electroactive amide group bonded
by p-phenylene spacer gives the quasi-reversible oxidation process at
1.44 V which may be found between the electrooxidation of catecholic
group and the oxidation of thioether linker. Compounds 6 and 7 also
contain amide group, but no one additional peak was not observed on
CVs at potential switch up to 1.8 V. In the case of thioether 6 this
oxidation peak was observed at 1.93V. We think the combination of
electron donor p-phenylene spacer and amide group could be re-
sponsible for the second oxidation process.

To confirm the formation of o-quinones at the first stage of elec-
trochemical process a controlled-potential microelectrolysis of com-
pounds 1, 3, 4, 6,7 was performed at 1.30 or 1.20 V during 2 h. There is
quasi-reversible one-electron reduction peak in the potential range
—0.20-(—0.40) V was observed on the cyclic voltammograms in the
cathode area of potentials after electrolysis. The redox process corre-
sponds to the reduction of electrogenerated o-benzoquinone to o-ben-
zosemiquinone. The recorded UV-vis. absorption spectra of the elec-
trolysis products display the absorption bands with a maximum in the
range 490-505 nm. A wide absorption band in the visible spectral range
is a characteristic feature of compounds containing a quinoid fragment
and a thioether group [62]. These results are consistent with previously
obtained data for catechol thioethers [55].

The values of oxidation potentials have often been used to the
prediction of the antioxidant activity since this parameter is inter-
related to the electron-donating properties of molecules as one of the
factor of radical scavenging ability. Low oxidation potential values
point out the higher antioxidant, and antiradical activity. Compounds
1-3 and 5 are characterized by the similar oxidation potentials with
previously studied H,Cat-S-C4Ho. It is worth noting that the thioesters 4
and 6 with minimal values of E,°*" are compounds with potentially
higher antioxidant activity. The oxidation potentials of the catechol
thioethers are close to those for 11-(2,3-dihydroxyphenyl) undecanoic
acid and alkyl gallates [18,63]. In the case of compounds 7-9 we also
found the shift of oxidation potentials to the cathodic area as compared
to H,Cat-S-C4H, that indicates an increase in the reduction activity. The
feature of compounds with catechol moiety is the most pronounced
antiradical power and lowest oxidation peak potential [64].

However, not only the value of redox potential affects antioxidant
properties, but also the ability to ionize polar groups, the number of
possible redox states, and the stability of intermediates formed during
the oxidation. Groups with acid-base properties dominate in the
structure of antioxidants, the influence of pH on the electrochemical
characteristics can be observed. In most cases with increasing pH the
oxidation potential has a tendency to become less positive, and elec-
trooxidation occurs with greater facility [64]. The thioether 5 has a
protected amino-group, while the compounds 3, 4 and 7 contain the
acidic carboxylic or phosphonic groups. Under physiological conditions
these groups can be ionized, consequently this process would affect the
antioxidant properties of compounds. We researched the electro-
chemical behavior of thioethers 3-5 and 7 in the presence of bases
(BuyNOH or Et3N). The additive of one equivalent of Buy,NOH into a
solution of thioethers 3, 4 and 7 leads to the splitting the first two-
electron oxidation peak of catechol fragment to two peaks (Fig. 5, Fig.
S4). The change of oxidation mechanism from two-electron step to two
stages occurs. New irreversible one-electron oxidation peaks are
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Fig. 5. Cyclic voltammograms of thioether 3 (curve 1); in the presence 1 eq. of
BuyNOH (curve 2) (the potential switch from —0.7 to 1.8V, MeCN, C = 2mM,
0.1 M TBAP, scan rate 200mV s~ 1).

observed at 0.21, 0.27, 0.48 V for compounds 3, 4 and 7, respectively.

The second oxidation peak has the reversible one electron character.
The current ratio (I./1,) is 0.9 for compounds 3 and 7 (for compound 4
the value of I./I, = 0.4). The reversibility of this redox process points
out the formation of the relatively stable intermediate in the time of CV
experiment. It should be mentioned that the anodic stage corresponding
to the oxidation at sulfide linker remains unchanged. The deprotonation
of carboxylic (phosphonic) group favors to formation of anion. The
presence of two hydroxyl groups in catechol unit may provide the in-
tramolecular or intermolecular hydrogen bonding with a carboxylate
anion. The intramolecular electron transfer for redox-asymmetric sys-
tems accompanies proton-coupled electron transfer (PCET), as the
combination of proton transfer reactions facilitates electron transfer
[65-69]. Numerous papers devote the investigation of sterically hin-
dered phenol compounds containing nitrogen base group [70-73]. In
these systems, the phenol oxidation process occurs at a much lower
potential than that of a non-H-bonded phenols. In the presence of a base
the oxidation of catechol moiety is also observed at more negative
potential. However, in our case the first oxidation is irreversible one-
electron process with following chemical stage in the solution. This
reaction may be the proton transfer from oxidized catechol fragment to
anion with the formation of the stable 2-hydroxyphenoxyl radical. The
reversible oxidation of this radical to cation occurs at the same poten-
tials (E1,» = 1.06-1.08 V) for three compounds that confirms the gen-
eration of the same type intermediates (Scheme 3).

The value of oxidation potentials of the second stage is close to a
well-known reversible process of one-electron oxidation of phenoxyl
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-0.7 -0.2 0.3 0.8 1.3 1.8
E/V (vs. Ag/Ag(C))

Fig. 6. Cyclic voltammograms of thioether 5 (curve 1); in the presence 1 eq. of
Et3N (curve 2) (the potential switch from —0.6 to 1.7V, MeCN, C = 3mM,
0.1 M TBAP, scan rate 200mV s~ ).

radical [74]. The indicator of current ratio (0.9 and 0.4) suggests the
possibility of realization of the next chemical stage — the deprotonation
of cation to o-benzoquinone. In the course of time the generated
monoanions is unstable under oxygen condition that leads to coloration
of the solutions. In the UV-vis. spectra we observed the absorbtion with
maximum in the range of 490-505 nm proper to o-benzoquinones.

The interaction of thioether 5 with triehylamine (or BuyNOH) leads
to a change of the electrochemical picture (Fig. 6(2)). The first oxida-
tion process (1.21 V) shifts to 0.27 V, the second stage is disappeared,
while a new oxidation peak at 1.35V is observed on the CV curve. The
intensity of current of the first peak is equal to one without the additive
of base, this fact points out the two-electron transfer during the oxi-
dation process. The deblocking of amine-group favors to decreasing the
oxidation potential due to the hydrogen bonding as in case of phenol
compounds with amino-, imidazole or pyridine groups. However, the
number of transferred electrons remains unchanged as well as the ir-
reversibility of electrochemical process. The electrooxidation coupled
with proton transfer promotes the formation of unstable o-benzoqui-
none at the first stage (Scheme 4). The second oxidation step may be
related to the oxidation of the product of intramolecular cyclization
forming from generated o-benzoquinone [36].

It is interesting to estimate the modulation of antioxidant activity of
the initial and ionized forms of target compounds using cyclic vol-
tammetry. The cathodic shift of the oxidation peaks of anionic forms of
thioethers correlates with the increase of antioxidant properties. The
CV method can be applied for the assessment of the ease of electron
transfer through the shift of the redox potential (E) (AG = —n'F-AE)
[75]. The differences in the redox potentials of the initial and ionized
forms for compounds 3-5 and 7 give the values of AG = —22.6; —
18.2; —21.7; —16.8kcalmol !, respectively. It points out the easer

tBu tBu
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B -e
— —
-HB
tBu OH tBu O
H,C” H,C”~
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tBu O tBu 0
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Scheme 3. Electrochemical transformations of 7 in the presence of one equivalent of base.
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Scheme 4. Electrochemical transformations of compound 5 in the presence of one equivalent of triethylamine.

oxidation of ionized forms of these compounds. Thus, according to
electrochemical data the deprotonation of NHs-cation in 5 or carboxylic
(phosphonic) groups in compounds 3, 4, 7 lead to the growth of anti-
oxidant activities. Another method to estimate the antioxidant prop-
erties often combined with electrochemical data is a DPPH radical
scavenging activity assay.

2.3. Antioxidant activity assay

2.3.1. Scavenging ability of DPPH radical

A comparative evaluation of antioxidant activity of compounds 1-9,
3,5-di-tert-butylcatechol (CatH,) with known antioxidant such as a-to-
copherol was performed in a reaction with 2,2-diphenyl-1-picrylhy-
drazyl radical. The main parameters of DPPH scavenging activity (ECso,
TECs0, AE) of the compounds were determined in acetonitrile at 298 K.
The introduction of compounds 1-9 in solution of DPPH results in a
decrease in the intensity of the absorption maximum at 517 nm. The
comparative data on the antiradical activity of compounds 1-9 and a-
tocopherol are presented in Table 2.

The thioethers 1-9 are characterized by close ECs, parameters in a
range of 19.0-14.5 umol. Phosphonic acid 4 has lower value of ECsq
among the set of compounds. In the case of 2 with the terminal hy-
droxyl group the parameter ECso is comparable with natural analog
hydroxytyrosol (13.4 = 0.6 umol). Our results are constituent with the
data obtained earlier for catechol containing 2-isothiocyanatoethyl
group in the 4th position of aromatic ring (16.6 * 1.0 umol) and do-
pamine hydrochloride (11.4 = 1.2 umol) [77]. At the same time the
index ECsq for compounds 1-9 is lower than ECsg in case of synthetical
mitochondriotropic antioxidants with catechol ring [4,78]. The con-
sidering thioethers have higher indicators of ECsy in comparison with
catechol thioethers with hydrocarbon substituent at sulfur atom (H,Cat-
S-C4Ho) or a-tocopherol [55]. However, these ECsq values point out the

Table 2
Radical scavenging activity of target compounds in the reaction with DPPH
radical (MeCN, 298 K).

Compound ECs0/pmol TECs0/min AE10°

1 18.5 = 0.8 10.0 = 0.5 54 + 0.4
2 15.2 = 0.4 30.1 = 0.6 22 + 0.1
3 17.5 = 0.6 10.1 = 0.3 5.7 = 0.4
4 14.5 = 0.9 10.0 = 0.8 6.9 + 0.6
5 19.0 = 0.5 10.3 = 0.9 51 + 0.5
6 17.1 = 0.3 91 £ 1.0 6.5 = 1.2
7 155 + 0.7 1.3 + 0.7 64.3 + 14.3
8 155 = 1.0 52 = 0.8 12.7 = 2.8
9 15.0 = 0.8 10.0 = 1.0 6.7 =+ 1.1
“HpCat-S-C4Ho 12.0 = 0.2 50.0 = 0.5 1.7 = 0.5
"H,Cat-S-CH,-COOH 13.2 = 0.9 10.0 = 0.9 7.6 = 0.8
ba-tocopherol 12.0 + 0.5 15.1 + 0.4 5.55 + 0.1

2 Data for HoCat-S-C4Hg are from Ref. [49].
Y Data for H,Cat-S-CH,-COOH and a-tocopherol are from Ref. [76].

pronounced radical scavenging activity.

The times of achievement of an equilibrium state (TECsp) for com-
pounds 1-9 differ considerably. This parameter deals with the re-
activity of the compounds toward short living radicals formed in bio-
logical systems. The most of compounds (1, 3-6, 9) have identical
values of TECso exceeded the data for a-tocopherol (Table 2). These
results are consistent with the indicator TECsq for 2-((4,6-di-tert-butyl-
2,3-dihydroxyphenyl)thio)acetic acid (H,Cat-S-CH,-COOH) [76]. The
presence of the polar groups favors to reducing TECsq of the compounds
in comparison with H,Cat-S-C4Hg and this indicates an increase of
antiradical activity. The deprotonation of cationic group in 5 by trie-
thylamine does not significantly influence the value of ECsq
(20.0 = 0.8 umol) but the indicator of TECsq reduces to 1.1 *+ 0.4 min
in comparison with that one for the initial catechol thioether
(10.3 = 0.9 min). The ability of an intramolecular H-bonding between
amino-group and catechol hydroxyl has a profound influence on the
rate of H-atom abstraction. These data are consistent with results for the
reaction of DPPH with hydroquinone containing pendant piperidine
fragment, which is caused by the presence of H-bond [79].

Compounds 7 and 8 with chiral carbon atom and the possibility the
formation of intramolecular H-bonds are characterized the minimal
time of achievement of an equilibrium state in the reaction with DPPH.
The antiradical efficiency (AE) combines two parameters, viz., ECso and
TECs0, and makes it possible to estimate both the capacity of substance
of electron or hydrogen atom donating and the rate of the reaction with
DPPH radical. According to the earlier proposed classification [80] only
compound 2 reveals a medium antiradical efficiency, whereas com-
pounds 3, 4, 6-9 have the high values AE which exceed data for a-
tocopherol and alkyl gallates [81]. In DPPH test the most active com-
pounds are catechol thioethers 7 and 8 containing acetylcysteine and
ethylene glycolic fragments, respectively.

2.3.2. AAPH-induced oxidation of DNA

We have performed the experiments on the oxidative damage of
DNA in vitro in the presence of compounds 1-9 and trolox. 2,2’-Azobis
(2-amidinopropane) dihydrochloride (AAPH) decomposes at physiolo-
gical temperature (37 °C) with the generation of the peroxide radicals
wich induce the supercoiled DNA strand. In the result of this process,
the formed carbonyl compounds react with thiobarbituric acid (TBA) to
obtain TBA reactive substances (TBARS) [82,83]. The AAPH induced
oxidation of DNA was carried out at 50 umol thioethers concentration
and the absorbance of TBARS in UV-vis. spectra was measured after the
oxidation during 150 min in comparison with that in the blank ex-
periment (Fig. 7).

In the presence of compounds 1-9 and trolox the absorbances of
TBARS are lower than those in the blank experiment (Fig. 5, control)
indicating that the substances additives inhibit the degradation of DNA.
Compounds 1-9 act as antioxidants in this test. The catechol thioethers
2, 3 containing the long hydrocarbon chain and terminal polar hydroxyl
or carboxylic groups are less active: the level of TBARS decreases by
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Fig. 7. The variety of the absorbance (at the thickness of the absorbing layer — 1 cm) of TBARS in the DNA oxidation (2.0 mg ml~!) induced by 40 mM AAPH in the
presence of 1-9 and trolox (the results are expressed as mean + standard deviation (p < 0.005; “p < 0.05).

18.0%. The compounds 1, 6-9 with acetamide or hydroxyl groups have
more pronounced inhibition effect: their reduce the TBARS amounts by
30.7-38.0%. The antioxidant activity of these thioethers is higher than
the activity of trolox. The combination of polar group and the thioether
linker with catechol ring favors to the appearance of the inhibition
activity of compounds 1-9. It was earlier shown that 3,5-di-tert-bu-
tylcatechol (CatH,) displays a weak promotion effect on the oxidation
of DNA (103.1 = 3.8%) [76]. In this assay the most active compounds
are catechols 4 and 5 with phosphonic acid and cystamine hydro-
chloride fragments, respectively. In comparison with the control ex-
periment, the absorbance of TBARS reduces by 52.5 and 57.2%. These
results exceed data for catechol thioether with additional phenolic
group (37.4%) [76].

In this test we have shown that catechol thioethers 1, 4-9 can de-
monstrate more pronounced inhibiting activity than the known anti-
oxidant trolox. These results suggest that the thioethers 1-9 may act as
antioxidant in the presence of radical promoter. On the one hand, the
activity of 1-9 in the reaction with DPPH, in the test with the AAPH
induced oxidation of DNA suggest a demonstration of radical scaven-
ging properties of thioethers. On the other hand, electrochemical data
point out the formation of o-quinones during the oxidation process.
Consequently, such type of compounds may exhibit a dual anti- or pro-
oxidant activity. An interaction of quinones with glutathione, ascorbic
acid or NADH will cause the disruption of intracellular redox balance,
induce the lipid peroxidation (LP) process. Glutathione (GSH) is in-
volved in the functioning of the organism antioxidant defense system,
and the ratio of a reduced to an oxidized form of glutathione (GSSG)
relates to the disturbance of redox balance in the cell. In order to
evaluate the potential pro-oxidant effect of thioethers 1-9, their influ-
ence on the AAPH induced glutathione oxidation was investigated.

2.3.3. The influence of compounds on AAPH induced glutathione depletion
and process of lipid peroxidation in vitro

The water-soluble radical initiator AAPH is also used in the reaction
with glutathione. Interaction of ROO-radicals with glutathione accom-
panies a GSH depletion (Scheme 5).

The addition of the promoter contributes a regular decrease of

NH NH

0-0 + GSH —> O-OH + GS
CIH;N CIH;N

Table 3

The change of GSH concentration in time in the presence of AAPH and effect of
compounds 1-9, CatH,, Trolox, (C = 0.1 mM) on remaining level of GSH. The
reaction system (GSH + AAPH) consisted 2.0 mM AAPH and 0.1 mM GSH in
PBS, incubated at 37 °C during 180 min.

Compound 1h 2h 3h

1 76.1 + 0.9 54.3 + 0.7 352 = 0.5
2 86.1 + 1.9 749 * 1.1 47.6 = 0.9
3 84.7 + 0.8 729 + 2.3 47.1 + 1.2
4 79.5 + 0.6 66.8 + 1.3 43.1 £ 0.7
5 74.3 + 2.0 63.4 = 0.9 40.8 = 1.0
6 779 + 1.8 68.1 + 2.4 39.6 = 1.8
7 58.2 + 0.4 324 + 1.7 143 = 1.5
8 57.4 + 1.0 37.7 = 0.8 17.4 = 0.7
9 83.1 + 1.6 69.1 + 2.3 39.8 = 0.8
CatH, 59.6 + 0.8 42.6 = 0.6 30.3 = 0.7
Trolox 80.2 + 0.4 68.3 + 0.4 46.6 + 0.3
Control 75.3 + 0.8 62.4 + 3.0 40.2 = 2.8

glutathione concentration in the reaction medium on the 60 pmol of the
initial value (Table 3).

The thioethers 1, 4-6 and 9 can be marked out in the series of
compounds because they don’t change significantly the level of deple-
tion of GSH during the time of test in comparison with control ex-
periment data (Table 3). Consequently, these catechols do not show
pronounced anti- or pro-oxidant effect on AAPH induced oxidation of
GSH. Unlike above mentioned compounds the thioethers 7 and 8, as
well as 3,5-di-tert-butylcatechol have a remarkable promoting effect.
The concentration of GSH decreases by 10-30 pmol in comparison with
the results obtained for AAPH. It should be mentioned that these
thioethers are the most active in the DPPH assay. The promoting effect
of these substances relates possibly to the fast formation of the corre-
sponding o-quinones. In the presence of a radical initiator and a redu-
cing agent (GSH), a redox cycling catechol/o-quinone is possible re-
sulting in a significant reduction of glutathione concentration in the
reaction medium. This behaviour has been previously observed for 2-
((4,6-di-tert-butyl-2,3-dihydroxyphenyl)thio)benzoic acid and the deri-
vatives of gallic acid [75,80].

. Scheme 5. The interaction of glutathione (GSH)

GS with ROO-radicals generated at physiological tem-

— GSSG perature (37°C) leads to oxidized form of glu-
tathione (GSSG).
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In the set of compound only 2 and 3 catechols have the antioxidant
effect on the AAPH induced depletion of GSH. These compounds are
characterized by the high hydrophobicity. Such behavior has been also
observed for natural compounds containing a catechol moiety and hy-
drophobic hydrocarbon groups [84]. Earlier we have shown that the
catechol thioethers with pentyl- and cyclopentyl substituents at sulfur
atom possessed an analogical activity [76]. It is possible that com-
pounds 2 and 3 could participate in the micellization process facil-
itating their existence as micelles or other aggregates in the water
phase.

In the assay with AAPH induced glutathione depletion the several
compounds reveal the absence of pronounced effect or prooxidant
properties. It is interesting to estimate the behaviour of these substances
in the model reaction of lipid peroxidation (LP) in vitro. Here we
evaluate the influence of compounds 1-9 and CatH, on Fe?*-induced
lipid peroxidation of the rat (Wistar) liver homogenate as a non-enzy-
matic process by addition of (NH4)Fe(SO4)>. The intensity of lipid
peroxidation of the rat liver homogenates was assessed by the accu-
mulation of TBARS products [85]. The samples of the rat liver homo-
genates were divided as following: one control (blank experiment) and
homogenates with additives of thioethers. TBARS concentrations were
determined by measuring the intensity of absorbance of solutions at
535 nm using UV-vis spectroscopy (Fig. 8).

All examined catechol derivatives showed generally antioxidant
properties than the catechol CatH, which had a weak promotion action.
In the presence of compounds 1-4, 7, 8 decrease of the TBARS content
(16.0-39.4%) was observed. This fact points out the antioxidant in-
fluence of these substances on the lipid peroxidation process. The most
active thioethers were 1-4 and 7. At the same time, the TBARS con-
centration remains practically equal to the control in the rat liver
homogenates with the additives of compounds 5, 6 and 9. The variation
of the groups at sulfur atom allows to modulate anti-, pro-oxidant
properties of this type compounds. For example, catechol thioether
with phenolic fragment reveales only weak antioxidant activity [76].
The presence of polar hydroxyl, acidic groups bonding with sulfur atom
and hydrophobic carbon chain or acetylcysteine moiety in the structure
of thioethers gives the better effect on antioxidant properties. While
acetamide derivatives 7, 9 and catechol with the residue of cystamine
hydrochloride 5 haven’t pronounced influence on the lipid peroxidation
the rat liver homogenate. While the compounds 5, 6 or 9 can possibly
undergo the hydrolysis or the deprotonation in the biological conditions
giving amino derivatives. Nevertheless the pronounced antioxidant
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effect is absence for these compounds.

The increase of activity of compounds 1-4 may be attributed to the
higher lipophilicity achieved through the elongation of carbon chain.
Calculated values of ClogP are equal 5.04 (1), 7.56 (2), 8.37 (3), 7.95
(4) 8.37 [86]. Compounds 2-4 possess high lipophilicity. This im-
portant parameter for antioxidant molecules is due to their partition
into lipid bilayers. The absence of antioxidant effect was observed for
catechol compounds containing hydrophobic group at sulfur atom,
conversely this type of compounds had pro-oxidant influence [76]. Also
the presence only carboxylic group in the catechol derivatives led to the
analogical effect. The catechol fragment bonded via sulfur linker with
hydrocarbon chain containing the terminal polar group favors to appear
the antioxidant activity. This behavior may be due to the interaction
with metal ion (Fe?*) and occurring chelation activity. Consequently,
we researched the iron binding properties of thioethers.

2.3.4. Evaluation of iron(I) chelation properties

Iron participates in many vital essential biochemical processes. A
disbalance of iron homeostasis (the generation of free iron or its over-
load) may provoke numerous disorders and diseases. It has been shown
that Fe overload plays an important role in free radical production
(Fenton reaction), initiation of lipid peroxidation leading to the pro-
gress of oxidative stress [87,88]. The iron imbalance is one of assumed
reason in the pathogenesis of neurodegenerative diseases (Parkinson’s
and Alzheimer’s diseases) [89]. Besides, ferroptosis is one of form of
programmed cell death which is caused by iron metabolism and the
accumulation of lipid peroxidation products [90]. It has been proved
that iron-dependent ROS generation and lipid peroxidation is involved
in this way of regulated cell death [91]. Ferroptosis can be inhibited by
the application of iron chelators, lipophilic antioxidants, inhibitors of
lipid peroxidation [92]. Catechol-based compounds are known iron
chelators [1]. Catechol containing siderophores possess a higher affi-
nity to iron ions [93,94]. The different types of metal chelators with
catechol, galloyl moieties, acid residues or amide linkage were studied
[95,96].

In this context it is interesting to estimate the iron-binding activity
of the target catechol thioethers and to define an existence of the cor-
relation with the structure of antioxidants. The iron(II) chelating ability
of catechols 1-9 was evaluated by ferrozine test. In the presence of 1-9
the lowering absorbance is observed. EDTA was used as a reference
compound. The percentage of iron(II) binding for the thioethers is
displayed in Fig. 9. It has been found that EDTA chelates completely all

Fig. 8. The level of TBARS in rat liver homo-
J* genates (Wistar) in vitro, in the presence of
20 1 compounds 1-9 and CatH, during the incubation
3 h (concentration of compounds in the reaction
] medium is 0.1 mM; without additives — control;
] 5 I the results are expressed as mean = standard
. 167 deviation (p < 0.005; "p < 0.01;
E % r 'p < 0.05)).
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Fig. 9. Iron(Il) chelation activity of target compounds 1-9, CatH, and EDTA. Results are expressed as mean + standard deviation ('p < 0.001; “p < 0.05).

Fe?* ions and inhibites the formation of the colored ferrozine-iron(II)
complex. In case of compounds 1, 2, 5-7 and 9 the introduction of
additional polar group increases insignificantly the iron-binding ac-
tivity varing from 18 to 29%.

The thioether 4 with terminal phosphonic group has maximal iron
(ID) chelation capacity (88%). A large number of coordination modes
are accessible for phosphonic acids with a maximal coordination
number of nine [97]. These compounds as carboxylate ligands are able
to form polynuclear metal containing compounds [98]. The replace-
ment of phosphonic by carboxylic group in compound 3 leads to the
decrease of chelation properties (53%). In the case of compounds 3, the
chelating activity may be caused by the formation of carboxylate
complexes with iron(II) ion (Scheme 6).

In the transition from compounds 1 and 2 with one hydroxyl group
to the thioether 8 containing ethylene glycolic fragment the activity
doubles. Compound 7 with acetylcysteine group has not pronounced
iron-binding activity in comparison with 3 and 4. This behavior may be
caused by the intramolecular hydrogen bonding due to the closeness of
catechol fragment with acetylcysteine residue. In contrast to the re-
searched compounds, a sterically hindered catechol (CatH,) doesn’t
exhibit chelation ability due to the presence of hydrophobic tert-butyl
substituents in catechol ring. However, it is known fact that the coffeic
acid derivatives possess the iron-binding activity [96]. Modified ca-
techol containing compounds with acetamide group and lipophilic tri-
phenylphosphonium cation reveal the high chelation properties (90%)
[78]. The elongation of hydrocarbon linker is accompanied by the
growth of hydrophobicity and results in the reduction of iron-binding
ability (60-65%). The difference between researched compounds and
aforementioned catechols is the presence hydrophobic substituents in
catechol ring. In our case the tert-butyl groups in aromatic moiety re-
duce significantly iron-chelation properties in comparison with un-
substituted catechols. The chelation activity of target catechol thioe-
thers is mostly determined by the presence of polar terminal groups.

0
2 HyCat—S—R—(”
~OH

Feer /O\ O
—  HyCat—S—R—” “F¢ N R_s_cam
No N ’

2.4. Cryoprotective activity

Cryopreservation of generative cells is one of the effective methods
to safe endangered species. The reactive oxygen species (ROS) may be
generated in the process of cryopreservation and storage of sperm
leading to deterioration of sperm quality. A sufficiently high con-
centration of polyunsaturated acids in sperm makes it very sensitive to
the harmful effects of free radicals and heavy metals. Sperm contains
small amounts of antioxidant enzymes that prevent or eliminate da-
mage caused by an oxidation [99]. The addition of different types of
antioxidants in cryomedia is one of ways to reduce the impact of oxi-
dative stress [100]. In papers of our colleagues it was shown that the
introduction of antioxidants bearing phenolic group in cryoprotective
medium caused the inhibition effect on lipid peroxidation process and
improved the quality of thawed fish sperm [101,102]. Keeping in mind
this fact, the influence of dopamine derivatives during hypothermic
organ preservation and antioxidation properties of researched com-
pounds, we decided to verify the protective ability of catechol thioe-
thers in the process cryopreservation of sperm Russian Sturgeon.

Solvents such as methanol, dimethylsulfoxide is present in most
types of cryoprotective media in the concentration of 10-12%
[102,103]. These additives prevent the formation of intracellular ice
crystals and play a role of cell membrane-permeating cryoprotectants.
However, the most frequently used DMSO has few negative effects that
create some difficulties to apply it in routine procedures [104]. In this
part of the work we attempted to carry out the cryopreservation of fish
sperm with minimal quantity of DMSO necessary for the dissolution of
substances (0.2 ml). Earlier it was shown that optimal concentration in
case of phenolic antioxidant for cryopreservation of fish sperm was
100 umol [101,102]. The target compounds 1-9 were administrated in
cryoprotective medium in the same concentration. The effect of ca-
techol thioethers on the time of motility of Russian sturgeon sperm was
studied in the modified Stein’ s medium after cryopreservation during
3 days of freezing in liquid nitrogen (Fig. 10). In the control experiment
all spermatozoa died without enough of DMSO.

Scheme 6. The proposed structure of the
resulting chelate iron-containing complex at
the chelation of compound 3.



L.V. Smolyaninov, et al.

240

200 -

160 -

120 ~

Motility time, s

40 -

1 2 3 4 5

Bioorganic Chemistry 89 (2019) 103003

6 7 8 9 trolox control

Fig. 10. The variation of the post thaw spermatozoa motility in dependence of additive of target compounds 1-9. Results are expressed as as mean *+ standard

deviation.

The addition of catechols resulted in keeping sperm motility during
108-2065s. Under artificial conditions of reproduction of Russian
Sturgeon the minimal time for fertilization of sturgeon roe is 180s.
According this parameter, the compounds can be divided into two
groups. The first one contains catechol thioethers 1, 2, 5, 6, 8, 9 with
lower threshold value of motility time (109-130s). However, in com-
parison with control group the fact of saving viability spermatozoa
points out the protective effect of these compounds in the cryopre-
servation process. The second group consists of thioethers 3, 4 and 7
having motility time more than 180s. The cryoprotective activity of
these thioethers is comparable with results for water-soluble anti-
oxidant — trolox. The feature of compounds 3 and 4 is the presence of
the head catechol moiety, long hydrocarbon chain and terminal ionized
group (carboxylic or phosphonic). These acids are hydrophobic com-
pounds with ClogP 8.37 and 7.95, respectively [86]. Nevertheless in the
presence of catechol thioether 2 with similar structure and the para-
meter ClogP the motility time does not exceed 180s. At the same time
compound 7 is not so lipophilic (ClogP = 2.05) but it contains acet-
ylcysteine residue that can be transformed into catechol with cysteine
fragment under hydrolysis conditions. It is known fact that cysteine
improves the motility and fertility of sperm cells during cryopreserva-
tion [105,106].

Earlier it was shown that there is a correlation between the in-
hibition action of antioxidant in the process of fish sperm lipid perox-
idation and sperm motility [101,102]. In our case catechols 1-4 and 7
possess the antioxidant effect on lipid peroxidation of the rat liver
homogenates while compounds 3, 4 and 7 in this series have the
cryoprotective activity. The occurrence of cryoprotective activity for
trolox suggests that the contribution of antioxidant function is also one
of the factors determining the cryoprotective properties of catechol
thioethers. It can be suggested that compounds 3 and 4 have the ability
to integrate in plasma membrane of sperm cells and to stabilize it in the
process of cryopreservation. The presence of acetylcysteine fragment
increases cryprotective activity of 7.

3. Conclusions

At the first stage, the electrooxidation of catechol thioether 1-9
results in the generation of o-benzoquinones. The second oxidation step
for compounds involves a sulfide linker. In the case of compounds 6 and
9 the presence of amide group at the sulfur atom leads to appearance of

10

the third oxidation process at higher anodic potential. Catechol thioe-
sters 4 and 6 with minimum values of Ep"Xl are compounds with po-
tentially higher antioxidant activity. Compounds 3-5 and 7 contain
ionize polar moieties. The deprotonation of these group shifts oxidation
potentials in cathodic area and changes a mechanism of electro-
chemical oxidation. In case of compounds 3, 4, 7 electrooxidation oc-
curs in two consecutive stages: the first oxidation is one-electron irre-
versible process with following deprotonation that leads to the
formation of the stable 2-hydroxyphenoxyl radical. These intermediates
are reversibly oxidized at the potentials in the range from 1.06 to
1.08 V. The differences of the redox potentials of the initial and ionized
forms for compounds 3-5 and 7 give the values of AG = —22.6;
—18.2; —21.7; —16.8kcalmol ™!, respectively. The deprotonation of
polar group in these compounds leads to the growth of antioxidant
activities.

Similar ECs, values for test compounds suggest the participation of
the catechol fragment in the reaction with DPPH. The additional groups
at the sulfur atom affect the values TECs that for compounds 1, 3-6, 9
exceeded the data for a-tocopherol. For example, it has been shown for
compound 5 that the deprotonation promotes a 10-fold reduction in the
index of TECsy in comparison with the initial catechol thioether. In the
course of the AAPH induced oxidative DNA damage, all tested com-
pounds exhibit inhibitory activity. In this test we have shown that ca-
techole thioethers 1, 4-9 demonstrate more pronounced inhibiting
activity than the known antioxidant — trolox. The most active com-
pounds are catechols 4 and 5 with phosphonic acid and cystamine
hydrochloride residues.

The catechol thioethers 1, 4-6 and 9 can be marked out in the series
of compounds because they do not show pronounced anti- or pro-oxi-
dant effect on AAPH induced oxidation of GSH. This fact points out the
absence of potential toxic effect of these compounds on GSH redox
cycle. Unlike above mentioned compounds the thioethers 7 and 8, as
well as 3,5-di-tert-butylcatechol have a remarkable promoting effect.
Compound 1-4 and 7 possess pronounced antioxidant activity in the
model reaction of lipid peroxidation of the rat (Wistar) liver homo-
genate. The combination of catechol fragment, the terminal polar group
and hydrocarbon chain favors to appear the antioxidant activity. The
presence of the tert-butyl groups in aromatic moiety reduces sig-
nificantly iron chelation properties for most compounds in comparison
with unsubstituted catechols. The chelation activity of catechol thioe-
thers 3, 4, and 8 is mostly determined by the presence of polar terminal
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groups.

The application of catechol thioethers as cryoprotective additives
shows their perspectivity in the process of cryopreservation of the
Russian sturgeon sperm. The modified cryomedium contributes to the
safe of the viability of spermatozoa after cryopreservation and a de-
crease of concentration of cell membrane-permeating agents.
Compounds 3, 4 and 7 are the most suitable substances according to the
time required for artificial reproduction.

These compounds in the majority of tests exhibit pronounced anti-
oxidant properties, inhibit the reaction of oxidative DNA damage, lipid
peroxidation process and possess iron(II) binding activity. The found
properties of these substances are due to a combination of catechol
fragment, bonded by a thioether linker with a long hydrocarbon chain
and a terminal ionizable group or with a biologically relevant acet-
yleysteine residue.

4. Experimental
4.1. Synthesis and characterization

4.1.1. Materials and methods

All starting reagents were commercially available (3,5-di-tert-butyl-
o-benzoquinone (Alfa Aesar, 98+ %), L-glutathione reduced (GSH)
(Sigma Aldrich, =97%), 2,2’-azobis(2-amidinopropane) dihy-
drochloride (AAPH) (Aldrich, 97%), 11-mercaptoundecylphosphonic
acid (Aldrich, 97%), 9-mercapto-1-nonanol (Aldrich, 96%), 11-mer-
captoundecanoic acid (Aldrich, 95%), 4-acetamidothiophenol (Acros
Organics, 95%), 4-mercapto-1-butanol (Aldrich, 95%), N-acet-
yleysteamine (Aldrich, 95%), 2-aminoethanethiol (Acros Organics,
98%), 1-thioglycerol (Sigma Aldrich, =99%), N-acetyl-i-cysteine
(Aldrich, 99%), 2,2-diphenyl-1-picrylhydrazyl (Aldrich), thiobarbituric
acid (=98%, Sigma-Aldrich), deoxyribonucleic acid sodium salt (DNA)
from salmon testes (Sigma), phosphate buffered saline (PBS) pH 7.4
(Sigma), 3,5-di-tert-butylcatechol (98%, Aldrich), ( = )-a-tocopherol,
(96 +%, Sigma), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox) (97%, Aldrich), 5,5’-dithio-bis(2-nitrobenzoic acid)
(DNTB) (98%)) (Sigma), trichloroacetic acid (=99%, Sigma-Aldrich)
were used without further purification. Solvents were purified fol-
lowing standard procedures [107].

The IR spectra were recorded on an FSM-1201 FT-IR spectrometer
in KBr pellets. The NMR spectra were measured in CDCl3 or DMSO-dg
on a Bruker Avance DPX-200, Bruker Avance HD 400 spectrometers
with a frequency of 200 MHz (*H) or 400 MHz (*H) and 50 MHz (*C) or
100 MHz (*3C) using Me,Si as an internal standard. The chemical shift
values are given in ppm with the reference to solvent and the coupling
constants (J) are given in Hz. The elemental analysis was carried out on
a Euro EA 3000 (C,H,N) and Analytik Jena multi EA 5000 (C,S,N,Cl)
elemental analyzers. The UV-VIS spectra were recorded with a SF-103
spectrophotometer (in a range of 350-900 nm) at room temperature in
the quartz cells with the thickness of 1.0 cm. Electrochemical studies
were carried out using IPC-Pro potentiostate in three-electrode mode.
The stationary glassy carbon (d = 2mm) disk was used as working
electrode; the auxiliary electrode was platinum-flag electrode. The re-
ference electrode was Ag/AgCl/KCl (sat.) with watertight diaphragm.
All measurements were carried out under argon. The samples were
dissolved in the pre-deaerated solvent. The scan rate (v) was 200 mV
s~1. The supporting electrolyte 0.1 M BuyNClO4 (99%, electrochemical
grade, Fluka) was dried in vacuum (48 h) at 50 °C. The concentration of
compounds was 1-3mmol. The compounds 1-9 show a linear de-
pendency of the first anodic current peak with the square root of the
scan rate (v'/?), indicating a diffusion controlled system.

Microelectrolysis of compounds 1, 3, 4, 6, 7 (2 h) was performed at
25°C under anaerobic condition (argon) in an undivided three-elec-
trode cell (2ml), in MeCN with 0.1 M BuyNClO,. Platinum flag elec-
trodes with the surface area of 0.7 cm? were applied. The concentration
of compounds was 2 mmol. The electrolysis at controlled-potential was
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performed at 1.20V (4, 6) or 1.30V (1, 3, 7). A platinum wire and the
standard Ag/AgCl reference electrode with watertight diaphragm were
used.

4.1.2. X-ray diffraction

The X-ray diffraction data for 8:CH3;CN were collected on a Bruker
D8 Quest diffractometer (Mo-Ka radiation, w-scan technique,
A = 0.71073 f\). The intensity data were integrated by SAINT [108]
program. SADABS [109,110] was used to perform area-detector scaling
and absorption corrections. The structure was solved by dual-space
[111] method and was refined on F? using all reflections with the
SHELXTL package [112]. All non-hydrogen atoms were refined aniso-
tropically. The H atoms were placed in calculated positions and refined
in the “riding-rotating model”. The H atoms of —OH groups were treated
with different distances using AFIX 148 instruction. The thioglycerine
fragment of molecule 8 is disordered over two positions (~0.54:0.46
ratio). In the crystal of 8:CH;CN a solvate molecule of acetonitrile was
found to be disordered at the special position. The details of crystal-
lographic, collection and refinement data for 8 are presented in Table
S1. CCDC-1900814 contain the supplementary crystallographic data of
8:CH3CN for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

4.1.3. Synthesis of catechol thioethers 1-9

The target compounds were prepared according to reported proce-
dure [55] with some modifications. The appropriate thiol (3 mmol in
10 ml ethanol) was added dropwise to a solution of 3,5-di-tert-butyl-o-
benzoquione (2.0 mmol, 0.44 g) in 15 ml ethanol over a period of 4-5h
and the mixture was stirred at room temperature under argon till de-
colouration of the reaction media. The volume was concentrated under
a reduced pressure to yield a crude solid which was recrystallized from
acetonitrile.

4,6-Di-tert-butyl-3-((4-hydroxybutyl)thio)benzene-1,2-diol (1)

Yield: 0.38 g (58%). White powder. M.p. 94 °C. FT-IR (KBr) v, cm L
3372s, 2995m, 2986s, 2910w, 2870m, 1474s, 1391s, 1360m, 1291s,
1222s. 'H NMR (400 MHz, CDCl5) 8, ppm: 1.40 (s, 9H, tBu), 1.49 (s, 9H,
tBu), 1.52 (s, 1H, OH), 1.65-1.83 (m, 4H, CH,), 2.70 (t, J = 7.2 Hz, 2H,
CH,), 3.69 (t, J = 6.2Hz, 2H, CH,), 5.63 (s, 1H, OH), 6.91 (s, 1H,
CeHy), 7.29 (s, 1H, OH). *C NMR (100 MHz, CDCls) 8, ppm: 25.83,
29.27, 31.27, 31.84, 35.08, 36.81, 37.47, 62.33, 115.63, 115.93,
135.90, 140.58, 143.11, 145.21. Anal. calc. for C;gH3003S: C, 66.22; H,
9.26; S, 9.82. Found: C, 66.18; H, 9.30; S, 9.87.

4,6-Di-tert-butyl-3-((9-hydroxynonyDthio)benzene-1,2-diol (2)

Yield: 0.33 g (42%). White powder. M.p. 63-64 °C. FT-IR (KBr) v,
cm™': 3540s, 3492w, 3350m, 2995m, 2954s, 2924w, 2852m, 1483s,
1395s, 1361m, 1293m, 1242s. 'H NMR (200 MHz, CDCl;) 8, ppm:
1.25-1.37 (m, 10H, CH,), 1.41 (s, 9H, tBu), 1.49 (s, 9H, tBu), 1.50-1.75
(m, 4H, CH,), 2.65 (t, J = 7.4Hz, 2H, CH,), 3.65 (t, J = 6.5Hz, 2H,
CH,), 3.75 (br.s, 3H, 30H), 6.91 (s, 1H, C¢H; arom.). '*C NMR
(50 MHz, CDCl3) 8, ppm: 25.65, 28.93, 29.07, 29.27, 29.29, 29.34,
31.44, 32.67, 35.07, 36.80, 37.79, 63.00, 115.86, 115.91, 135.83,
140.55, 143.09, 146.20. Anal. calc. for C53H4005S: C, 69.65; H, 10.17;
S, 8.08. Found: C, 69.70; H, 10.21; S, 8.12.

11-((4,6-Di-tert-butyl-2,3-dihydroxyphenyDthio)undecanoic acid (3)

Yield: 0.63 g (71%). White powder. M.p. 68 °C. FT-IR (KBr) v, cm L
3525m, 3489m, 3325m, 2991m, 2953s, 2923m, 2856m, 1708s, 1492m,
1468m, 1397s, 1362m, 1293s, 1239s, 1198m. 'H NMR (200 MHz,
CDCl3) 8, ppm: 1.25-1.37 (m, 12H, CHy), 1.41 (s, 9H, tBu), 1.49 (s, 9H,
tBu), 1.55-1.75 (m, 4H, CH,), 2.36 (t, J = 7.4 Hz, 2H, CH,), 2.65 (t,
J = 7.4Hz, 2H, CH,), 5.61 (br.s, 1H, OH), 6.91 (s, 1H, C¢H; arom.),
7.29 (s, 1H, OH), 10.75 (br.s, 1H, COOH). 1*C NMR (50 MHz, CDCls) 8,
ppm: 24.64, 28.97, 28.99, 29.14, 29.28, 29.30, 29.38, 31.45, 34.02,
35.08, 36.81, 37.82, 115.87, 115.91, 135.82, 140.54, 143.11, 145.20,
180.04. Anal. calc. for Co5H4004S: C, 68.45; H, 9.65; S, 7.1. Found: C,
68.40; H, 9.74; S, 7.37.
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(11-((4,6-Di-tert-butyl-2, 3-dihydroxyphenylthio)undecyl)phosphonic
acid (4)

Yield: 0.36 g (37%). White powder. M.p. 97 °C. FT-IR (KBr) v, em ™ b
3543m, 3326m, 2995m, 2954m, 2924m, 2852s, 1486m, 1465m, 1397s,
1362m, 1235s, 1160m. 'H NMR (400 MHz, DMSO-dg) 6, ppm: 1.22
(br.s, 10H, 5 CH,), 1.25-1.35 (m, 4H, 2 CH,), 1.32 (s, 9H, tBu),
1.38-1.50 (m, 4H, 2 CH,), 1.43 (s, 9H, tBu), 1.56 (qv, J = 7.5 Hz, 2H,
CH,), 2.65 (d, J = 7.5 Hz, 2H, SCH,), 5.85 (br.s, 1H, OH), 6.75 (s, 1H,
arom. CgHy), 7.99 (br.s, 1H, OH). '3C NMR (100 MHz, DMSO-ds) 8,
ppm: 22.78, 26.98, 28.33, 28.53, 28.61, 28.69, 28.76, 29.00, 29.31,
30.08, 30.23, 31.26, 34.66, 35.64, 36.43, 114.81, 117.88, 134.78,
141.31, 142.32, 147.29. Anal. calc. for CosH4505PS: C, 61.45; H, 9.28;
S, 6.56. Found: C, 61.42; H, 9.33; S, 6.60.

3-[(2-AminoethyD)-sulfanyl]-4,6-di-tert-butylbenzene-1,2-diol ~ hydro-
chloride (5) was synthesized according to previous report [36]. Yield:
0.21g (40%). FT-IR (KBr) v, cm™ ! 3350m, 2998m, 2958s, 291w,
2873m, 2600m, 1483m, 1332m, 1232m. Anal. calc. for C,¢H2gsNO,SCl:
C, 57.55; H, 8.45; Cl, 10.62; N, 4.19; S, 9.60. Found: C, 56.75; H, 8.60;
Cl, 10.1; N, 4.06; S, 9.71.

N-(2-((4,6-Di-tert-butyl-2, 3-dihydroxyphenyl)thio)ethyl) acetamide (6)

Yield: 0.39g (57%). White powder. M.p. 167 °C. FT-IR (KBr) v,
cm ™1 3384s, 3262m, 2997m, 2958s, 2904w, 2870m, 1645s, 1594m,
1486m, 1396s, 1231m. 'H NMR (200 MHz, CDCl5) §, ppm: 1.39 (s, 9H,
tBu), 1.47 (s, 9H, tBu), 2.00 (s., 3H, CHj3), 2.83 (t, J = 6.3Hz, 2H,
CH,S), 3.54 (q, J = 6.3Hz, 2H, CH,), 5.70 (br.s, 1H, OH), 6.02 (br.t,
J = 6.2Hz, 1H, NH), 6.91 (s, 1H, arom. C¢H;), 7.57 (br.s, 1H, OH). 3C
NMR (50 MHz, CDCl;3) 8§, ppm: 23.13, 29.26, 31.52, 35.09, 36.84,
38.09, 39.55, 114.92, 116.23, 136.17, 140.91, 143.23, 145.61, 170.77.
Anal. calc. for C1gH,9oNO3S: C, 63.68; H, 8.61; N, 4.13; S, 9.44. Found:
C, 63.85; H, 8.90; N, 4.08; S, 9.52.

N-Acetyl-S-(4,6-di-tert-butyl-2,3-dihydroxyphenyl)cysteine  (7) was
isolated as a racemic mixture of isomers. Yield: 0.47 g (61%). White
powder. M.p. 193°C. FT-IR (KBr) v, cm™!: 3520m, 3360m, 2995m,
2961s, 2913w, 2866m, 1736s, 1624s, 1540m, 1486m, 1395s, 1239s. 'H
NMR (200 MHz, CDCl3) 8, ppm: 1.32 (s, 9H, tBu), 1.40 (s, 9H, tBu),
1.86 (s, 3H, CHs), 2.86-3.05 (m, 2H, CH,), 4.39 (m, 1H, CH), 6.77 (s,
1H, C¢H,), 8.11 (s, 1H, OH), 8.37 (d, J = 7.4 Hz, 1H, NH), 8.39 (br. s,
1H, OH), 12.84 (br.s, 1H, COOH). '*C NMR (50 MHz, CDCl5) 8, ppm:
22.19, 29.12, 31.08, 34.49, 36.17, 37.35, 51.67, 114.80, 116.61,
135.20, 141.56, 142.15, 147.17, 169.28, 171.80. Anal. calc. for
C10H29NOsS: C, 59.51; H, 7.62; N, 3.65; S, 8.36. Found: C, 59.53; H,
7.80; N, 3.59; S, 8.41.

4,6-Di-tert-butyl-3-((2,3-dihydroxypropyDthio)benzene-1,2-diol (8)
was isolated as a racemic mixture of isomers. Yield: 0.35 g (54%). White
powder. M.p. 110°C. FT-IR (KBr) v, cm™ Y 3394s, 2997m, 2960s,
2910w, 2870m, 1484m, 1396m, 1366m, 1239m, 1170w. 'H NMR
(400 MHz, DMSO-d¢) 8, ppm: 1.32 (s, 9H, tBu), 1.45 (s, 9H, tBu), 2.60
(dd, J=8.1Hz, J=12.8Hz, 1H, CH,), 2.85 (dd, J= 3.2Hz,
J =12.5Hz, 1H, CH,), 3.28 (m, 2H, SCH,), 3.63-3.70 (m, 1H, CH),
4.79 (br.s, 1H, OH), 5.85 (br.s, 1H, OH), 6.75 (s, 1H, arom. CgH,), 8.12
(br.s, 1H, OH), 8.84 (br.s, 1H, OH). *3C NMR (100 MHz, DMSO-dg) 8,
ppm: 29.25, 31.45, 34.67, 36.43, 42.27, 64.58, 69.96, 114.50, 117.34,
134.78,141.67, 142.15, 147.35. Anal. calc. for C;7,H5504S : C, 62.16; H,
8.59; S, 9.76. Found: C, 62.21; H, 8.72; S, 9.80.

N-(4-((4,6-Di-tert-butyl-2, 3-dihydroxyphenyDthio)phenyl acetamide
9

Yield: 0.40g (52%). White powder. M.p. 215°C. FT-IR (KBr) v,
cm™ 1 3533, 3407 s, 3283 m, 3184 m, 2961 s, 2910 m, 2873 m, 1671 s,
1531 m, 1492 m, 13985, 1235m. 'H NMR (200 MHz, CDCl3) 8, ppm:
1.42 (s, 9H, tBu), 1.44 (s, 9H, tBu), 2.11 (s, 3H, CH3), 5.37 (br.s, 1H,
OH), 6.87 (d, J = 8.6 Hz, 2H, CgH, arom.), 6.89 (s, 1H, arom. CgH;),
7.36 (d, J = 8.6 Hz, 2H, C¢H,4 arom.), 7.52 (br.s, 1H, OH). °C NMR
(50 MHz, CDCl3) 8, ppm: 23.13, 29.26, 31.52, 35.09, 36.84, 38.09,
39.55, 114.92, 116.23, 136.17, 140.91, 143.23, 145.61, 170.77. Anal.
calc. for Cy,HooNO3S: C, 68.18; H, 7.54; N, 3.61; S, 8.27. Found: C,
68.24; H, 7.70; N, 3.44; S, 8.32.
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4.2. Antioxidant activity assay

4.2.1. DPPH radical scavenging activity assay

DPPH radical scavenging activity was performed according to the
method of Bondet et al. [113] with some modification. A MeCN solution
(Cp = 50 pmol) of the radical DPPH was prepared daily and protected
from light. An absorbance was recorded to check the stability of the
radical throughout the time of analysis. For each antioxidant, different
concentrations were tested (expressed as the number of moles of anti-
oxidant/mole DPPH). The antioxidant solution in acetonitrile (0.05 ml)
was added to 2ml of a 50 umol solution of DPPH in MeCN. The de-
crease in absorbance was determined at 517 nm at 0, 1, 2, 3, 4, 5min
and every next 5min until the reaction reached a plateau at room
temperature.

The parameter ECs is the concentration of an antioxidant necessary
for decreasing the amount of DPPH radical by 50% of the initial value.
The value of ECsy was determined at equilibration in 0-30 min de-
pending on the compound used. To determine ECsq, the plot of the
residual concentration of the stable radical vs molar ratio, expressed as
the number of moles of the antioxidant per 1 mol of the stable radical,
was constructed. The parameter (npppy) is the number of molecules of
converted DPPH radical per one molecule of the compound
(npppy = Co/(2 X ECsp), where Cq is the initial concentration of ra-
dical). TECs is the time of achievement of an equilibrium state at the
antioxidant concentration equal to ECsq. The antiradical efficiency (AE)
was determined with the equation AE = 1/(ECso X TECsp) [114]. To
determine ECsq, the plot of the residual concentration of the stable
radical vs molar ratio, expressed as the number of moles of the anti-
oxidant per 1 mol of the stable radical, was constructed. All experi-
ments were performed in triplicate at room temperature.

4.2.2. AAPH-induced oxidation of DNA assay

The deoxyribonucleic acid sodium salt (DNA) from salmon testes,
2,2’-azobis(2-amidinopropane) dihydrochloride (AAPH) and thio-
barbituric acid (TBA) were purchased from Sigma and used without
purification. AAPH-induced oxidation of DNA was carried out following
the known method with a little modifications [82,83]. Briefly, 0.02 ml
of stock solutions of the research compounds in DMSO were added to
PBS (pH 7.4) solutions of AAPH and DNA, in which the final con-
centration of DNA and AAPH was kept 2.5mg ml~! and 40 mmol, re-
spectively. Then, the above solution was dispatched into test tubes with
2.0 ml solution contained in every one. All the tubes were incubated in
a water bath during 2.5h at 37 °C to initiate the oxidation. Test tubes
were taken out and cooled immediately, to which 1.0 ml of TBA (1.00 g
TBA and 0.40 g NaOH dissolved in 100 ml PBS (pH 7.4)) and 1.0 ml of
3.0% trichloroacetic acid aqueous solution was added. The tubes were
heated in a boiling water bath for 15min. After cooling, 2.0 ml of n-
butanol was added and shaken vigorously to extract TBARS. The ab-
sorbance of n-butanol layer was measured at 535nm. Finally, the
average value of three absorbance data (within 10% experimental
error) was determined. The absorbance in the blank experiment and in
the presence of the compounds (catechol thioethers 1-6, 2-((4,6-di-tert-
butyl-2,3-dihydroxyphenyl)thio)acetic acid (7), 3,5-di-tert-butylca-
techol (CatH,) and trolox were assigned as Ap and A;. The antioxidant
effect of the tested compounds (in percentage of forming TBARS) on the
AAPH induced oxidation of DNA was expressed by A;/Ay x 100.

4.2.3. AAPH induced glutathione depletion

The AAPH-induced depletion of GSH was carried out following the
known method [67]. A solution of GSH (0.1 mmol) in PBS (pH 7.4) was
incubated with 10 mmol AAPH in PBS at 37 °C for 3.0 h. Compound
1-7, CatH, and trolox (0.02 ml in ethanol solution) were added before
the addition of AAPH. A final concentration of the compounds in the
reaction mixture was 0.1 mmol. Three samples with volume of 0.5 ml
were collected after each hour of the incubation, diluted with PBS to
1.5ml and 0.1 ml of DNTB (5,5-dithiobis (2-nitrobenzoic acid)
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0.0396 g in 10 ml ethanol) was added. The absorbance at 412 nm was
recorded against a blank consisting of 2 ml of PBS and 0.1 ml of DTNB.
A residual glutathione concentration was evaluated by the analytical
curve which was produced using standard GSH solutions in the range
from 5 to 100 uM concentrations.

4.2.4. Lipid peroxidation of rat liver homogenate

On the day of the experiment, adult Wistar male rats fasted over-
night were euthanized in a CO,— chamber followed by decapitation.
The procedure was in compliance with the Good Laboratory Practice
and Guidelines for Animal Experiments at Leprosy Research Institute,
Ministry of Health of the Russian Federation. Homogenates of liver
brain (1:10 w/v) were prepared immediately before use in phosphate
buffer, pH 7.4 media using a homogeniser. The extent of lipid perox-
idation was estimated by using the thiobarbituric acid reactive sub-
stances (TBARS) assay [85].

The influence of compounds 1-9 and CatH, on lipid peroxidation of
the rat liver homogenates was carried out at 37 °C for 3 h in phosphate
buffer (pH 7.4) in the presence or absence of compounds or vehicle
(DMSO). The concentration of compounds in the medium was 0.1 mM.
The level of lipid peroxidation was measured in the rat (Wistar) liver
homogenates as a non-enzymatic process by the addition of ascorbic
acid and (NHy4)2Fe(SO4).. The homogenate was divided into following
experimental groups: one control homogenate and ten samples of
homogenate with the addition of compounds 1-9, CatH,. Solutions of
ascorbic acid (0.1 ml, 2.6 mmol), Fe(NH,4)5(SO4), (0.1 ml, 0.4 mM) and
trichloroacetic acid (1 ml, 40%) were injected into the probe. The test
tubes were incubated at 37 °C and then probes were centrifuged (10 min
at 3000g). The supernatants (2 ml) were transferred to new test tubes
and mixed with 1 ml TBA solution (0.8%). The probes were heated at
95 °C for 10 min, cooled at 4 °C, then probes centrifuged (10 min at 10
000g) and the supernatants absorbance was measured at 535 nm at the
SF-103 spectrophotometer. All the experiments were performed using
four independent experiments. Data are normalized to control probe
with oxidant. Preliminary experiments were done in the absence of
compounds interaction with thiobarbituric acid. The values are ex-
pressed as mean % *+ SD.

4.2.5. Iron (II) chelation activity

The iron(Il) chelation ability of catechol thioethers was evaluated
by the specrophotometric ferrozine method measuring the absorbance
of the [Fe(ferrozine)s]?™ complex at 562nm [115]. Ammonium iron
(ID) sulphate in ammonium acetate buffer (pH 6.7) was used. All solu-
tions were prepared in a plastic material in order to avoid iron con-
tamination. A solution of the test compound (0.5mmol) 200 pl in
ethanol and ammonium iron (II) sulphate (0.1 ml) in ammonium
acetate (200 pmol) were added, incubated for 10 min and the absor-
bance was read at 562 nm. An aqueous 5 mmol solution of ferrozine was
freshly prepared and then added (0.2 ml) to each test tube (100 uM final
concentration). Addition of ferrozine solution was followed by a new
incubation at 37 °C for a 10 min period, and measurement of [Fe(fer-
rozine);]%+ complex absorbance at 562 nm. In the control researched
compounds solution was replaced by blank test tubes with ethanol. The
absorbance of the first reading was subtracted to the final values to
discard any absorbance due to the test compounds. EDTA used as re-
ference compound. It was found that EDTA chelates practically all
available iron and inhibites the formation of the colored ferrozine-Fe(II)
complex. The percentage of iron(Il) chelation (% Fe(II) chelation) va-
lues was expressed as mean *+ standard deviation of five independent
experiments.

4.3. Cryoprotective activity of thioethers in cryopreservation of Russian
sturgeon (Acipenser gueldenstaedti) sperm

4.3.1. Sperm collection

Russian  sturgeon, received from  sturgeon  hatchery
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(Aleksandrovsky) was used in the study. Tests were carried out during
the period from 2017 to 2018. Every year naturally mature fish (8-10
male fish, weighing 65 kg indi-vidually, 10-12 years old) were obtained
during peal stage of the spawning season (from the end of April to the
middle of May). The sperm was collected by the hypophysial injections
method. Maturation and spawning were induced with an intramuscular
injection of 4 mg/kg of the LH-RHa (Luteinizing Hormone — Releasing
Hormone Ethylamide) at water temperature 9 °C. The response time to
the hormone injection was approximately 12 h. The sperm was col-
lected by catheter. Sperm was stripped from three individuals of each
species by gentle abdominal massage, taking care to avoid contamina-
tion with blood, urine or faeces.

The percentage of motile sperm cells was estimated subjectively
using binocular microscope Micmed-5 with video-eyepiece HB-200
(LOMO, Russia) with x 800 total magnifications after addition of river
water as an activating solution to the post-thaw sperm at a ratio of
1:250, and the fresh sperm was activated at a ratio of 1:1000. For
cryopreservation we used the sperm samples showing less than 90%
motility were discarded. Motility time (total period of sperm move-
ment, sec) was defined as the time from the activation to the termi-
nation of movement using stopwatch. Duration time of sperm activation
was measured by the same operator for three times.

4.3.2. Sperm cryopreservation

Thioethers were dissolved in 0.2 ml DMSO a then added into in the
modified Steins cryomedium (130 mmol NaCl, 5mmol KCl, 20 mM
NaHCO3, 5.5 mmol sucrose, 12.5% egg yolk) to make a stock solution
with the sperm at a compound concentration of 0.1 mM. Sperm cryo-
preservation was carried out according to the methods of Tsvetkova
et al. [116]. The sperm diluted with the cryoprotective medium was
distributed in labeled 1.5ml Eppendorf tubes and placed in the re-
frigerator for 40 min for equilibration [117]. The ratio of sperm and
cryomedium was 1:1. Freezing temperature was measured with an
electronic thermometer. After equilibration deep freezing was per-
formed in three stages: from 5°C to —15°C with rate 2-5°C/min
(freezing time 2-5min); from —15°C to —70 °C with rate 20-25°C/
min (freezing time about 3 min); deep freezing in liquid nitrogen.
Thawing of sperm was performed in a water bath during 30-40s at a
temperature of 38-40 °C. Sperm survival was evaluated using the cri-
teria of the post thaw spermatozoa motility.

Acknowledgements

The works on synthesis of compounds, investigation of redox-
properties and antioxidant activity were supported by the Russian
Science Foundation grant 17-13-01168. The studies of cryoprotective
activity ~were financially supported by government task
(01201354245). The spectroscopic and X-ray investigations of com-
pounds were carried out in the analitycal Centre of IOMC RAS in the
accordance with the state assignment of IOMC RAS.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bioorg.2019.103003.

References

[1] J. Yang, M.A. Cohen Stuart, M. Kamperman, Jack of all trades: versatile catechol
crosslinking mechanism, Chem. Soc. Rev. 43 (23) (2014) 8271-8298.

Q.F. Kuang, A. Abede, J. Evans, M. Surumaran, Oxidative transformation of tu-
nichromes — model studies with 1,2-dehydro-N-acetyldopamine and N-acet-
ylcysteine, Bioorg. Chem. 73 (2017) 53-62.

W. Choi, V. Villegas, H. Istre, B. Heppler, N. Gonzalez, N. Brusman, L. Snider,

E. Hogle, J. Tucker, A. Onate, S. Onate, L. Ma, S. Paula, Synthesis and char-
acterization of CAPE derivatives as xanthine oxidase inhibitors with radical
scavenging properties, Bioorg. Chem. 86 (2019) 686-695.

[4] C. Oliveira, F. Cagide, J. Teixeira, R. Amorim, L. Sequeira, F. Mesiti, T. Silva,

[2]

[3]


https://doi.org/10.1016/j.bioorg.2019.103003
https://doi.org/10.1016/j.bioorg.2019.103003
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0015
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0015
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0015
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0015

L.V. Smolyaninov, et al.

[5]

(6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

J. Garrido, F. Remiao, S. Vilar, E. Uriarte, P.J. Oliveira, F.M. Borges,
Hydroxybenzoic acid derivatives as dual-target ligands: mitochondriotropic anti-
oxidants and cholinesterase inhibitors, Front. Chem. 6 (2018) 126, https://doi.
org/10.3389/fchem.2018.00126.

F.M.F. Roleira, C. Siquet, E. Orru, E.M. Garrido, J. Garrido, N. Milhazes, G. Podda,
F. Paiva-Martins, S. Reis, R.A. Carvalho, E.J. Tavares da Silva, F. Borges, Lipophilic
phenolic antioxidants: correlation between antioxidant profile, partition coeffi-
cients and redox properties, Bioorg. Med. Chem. 18 (2010) 5816-5825.

J. Teixeira, T. Silva, S. Benfeito, A. Gaspar, E.M. Garrido, J. Garrido, F. Borges,
Exploring nature profits: development of novel and potent lipophilic antioxidants
based on galloyl-cinnamic hybrids, Eur. J. Med. Chem. 62 (2013) 289-296.

F. Mura, T. Silva, F. Borges, M.C. Zuniga, J. Morales, C. Olea-Azar, New insights
into the antioxidant activity of hydroxycinnamic and hydroxybenzoic system:
spectroscopic, electrochemistry, and cellular studies, Free Rad. Res. 48 (2014)
1473-1484.

R.M.N. Losel, U. Schnetzke, P.T. Brinkkoetter, H. Song, G. Beck, P. Schnuelle,

S. Hoger, M. Wehling, B.A. Yard, N-octanoyl dopamine, a non-hemodyanic do-
pamine derivative, for cell protection during hypothermic organ preservation,
PLoS ONE 5 (2010) e9713, , https://doi.org/10.1371/journal.pone.0009713.

M. Goto, H. Mizuma, Y. Wada, M. Suzuki, Y. Watanabe, H. Onoe, H. Doi, 11C
labeled Capsaicin and its in vivo molecular imaging in rats by positron emission
tomography, Food Nutr. Sci. 6 (2015) 216-220.

E. Belmonte-Reche, M. Martinez-Garcia, P. Penalver, V. Gomez-Perez, R. Lucas,
F. Gamarro, J.M. Perez-Victoria, J.C. Morales, Tyrosol and hydroxytyrosol deri-
vatives as antipripanosomal and antileishmanial agents, Eur. J. Med. Chem. 119
(2016) 132-140.

J.Y. Kim, J.-Y. Cho, Y.K. Ma, Y.G. Lee, J.-H. Moon, Nonallergenic urushinol de-
rivatives inhibit the oxidation of unilamellar vesicles and of rat plasma induced by
various radical generators, Free Rad. Biol. Med. 71 (2014) 379-389.

X. Liu, Y. Ou, S. Chen, X. Li, H. Cheng, X. Jia, D. Wang, G.-C. Zhou, Synthesis and
inhibitore evaluation of cyclohexen-2-yl- and cyclohexyl-substituted phenols and
quinones to endothelial cell and cancer ceels, Eur. J. Med. Chem. 45 (2010)
2147-2153.

J.-Y. Cho, K.Y. Park, S.-J. Kim, S. Oh, J.-H. Moon, Antimicrobial activity of the
synthesized non-allergenic urushiol derivatives, Biosci. Biotechnol. Biochem. 79
(2015) 1915-1918.

L. Ryckeweart, L. Sacconnay, P.-A. Carrupt, A. Nurisso, C. Simoes-Pires, Non-
specific SIRT inhibition as a mechanism for the cytotoxicity of ginkgolic acids and
urushiols, Toxicology Lett. 229 (2014) 374-380.

Y. Hong, S. Sengupta, W. Hur, T. Sim, Identification of novel ROS inducers: qui-
none derivatives tethered to long hydrocarbon chains, J. Med. Chem. 58 (2015)
3739-3750.

Y. Soeda, M. Yoshikawa, O.F.X. Almeida, A. Sumioka, S. Maeda, H. Osada,

Y. Kondoh, A. Saito, T. Miyasaka, T. Kimura, M. Suzuki, H. Koyama, Y. Yoshiike,
H. Sugimoto, Y. Ihara, A. Takashima, Toxic tau oligomer formation blocked by
capping of cysteine residues with 1,2-dihydroxybenzene groups, Nat. Commun. 6
(2015), https://doi.org/10.1038/ncomms10216.

H. Kim, W. Kim, S. Yum, S. Hong, J.-E. Oh, J.-W. Lee, M.-K. Kwak, E.J. Park,
D.H. Na, Y. Jung, Caffeic acid phenethyl ester activation of Nrf2 pathway is en-
hanced under oxidative state: structural analysis and potential as a pathologically
targeted therapeutic agent in treatment of colonic inflammation, Free Radic. Biol.
Med. 65 (2013) 552-562.

T. Satoch, R. Stalder, S.R. McKercher, R.E. Williamson, G.P. Roth, S.A. Lipton, Nrf2
and, HSF-I Pathway activation via hydroquinone-based proelectrophilic small
molecules is regulate by electrochemical oxidation potential, ASN Neuro (2015),
https://doi.org/10.1177/1759091415593294.

T. Nakayma, B. Uno, Quinone-hydroquinone st-conjugated redox reaction invol-
ving proton-coupled electron transfer plays an important role in scavenging su-
peroxide by polyphenolic antioxidants, Chem. Lett. 39 (2010) 162-164.

J.L. Bolton, T. Dunlap, Formation and biological targets of quinones: cytotoxic
versus cytopropective effects, Chem. Res. Toxicol. 30 (2017) 13-37.

P. Pallavi, M. Pretze, J. Caballero, Y. Li, B.B. Hofmann, E. Stamellou, S. Klotz,
C. Wingler, B. Wingler, R. Loesel, B. St Roth, H. Theisinger, U. Moerz, W.
Greffrath Binzen, R.-D. Treede, M.C. Harmsen, B.K. Kramer, M. Hafner, B.A. Yard,
A.-1. Kélsch, Analyses of synthetic N-Acyl Dopamine derivatives reveal differential
structural requirements for their anti-inflammatory and transient receptor poten-
tial channel of the vanilloid receptor subfamily subtype 1 (TRPV1) activating
properties, J. Med. Chem. (2018), https://doi.org/10.1021/acs.jmedchem.
8b00156.

F.A. Moura, K. Queiroz de Andrade, J.C. Farias dos Santos, O.R.P. Aratjo,
M.O.F. Goulart, Antioxidant therapy for treatment of inflammatory bowel disease:
does it work? Redox Biol. 6 (2015) 617-639.

J. Gracia-Sancho, M. Josepa Salvado, Gastrointestinal Tissue. Oxidative Stress and
Dietary Antioxidants, first ed., Academic Press, Oxford, 2017.

S. Losada-Barreiro, C. Bravo-Diaz, Free radicals and polyphenols: the redox
chemistry of neurogenerative diseases, Eur. J. Med. Chem. 133 (2017) 379-402.
S.F. Nabavi, A.J. Barber, C. Spagnuolo, G.L. Russo, M. Daglia, S.M. Nabavi, E,
Sobarzo-Sanchez, Nrf2 as molecular target for polyphenols: a novel therapeutic
strategy in diabetic retinopathy, Crit. Rev. Clin. Lab. Sci. 53 (5) (2016) 293-312.
R. Sancho, A. Macho, L. de La Vega, M.A. Calzado, B.L. Fiebich, G. Appendino,
E. Munoz, Immunosuppressive activity of endovanilloids: N-arachidonoyl-dopa-
mine inhibits activation of the NF-kappa B, NFAT, and activator protein 1 sig-
naling pathways, J. Immunology 172 (2004) 2341-2351.

M.C. Hottenrott, J. Wedel, S. Gaertner, E. Stamellou, T. Kraaij, L. Mandel,

R. Loesel, C. Sticht, S. Hoeger, L. Ait-Hsiko, A. Schedel, M. Hafner, B. Yard,

C. Tsagogiorgas, Noctanoyl dopamine inhibits the expression of a subset of kappaB

14

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Bioorganic Chemistry 89 (2019) 103003

regulated genes: potential role of p65 Ser276 phosphorylation, PLoS ONE 8 (2013)
e73122, , https://doi.org/10.1371/journal.pone.0073122.

M. Feng, B. Tang, S. Liang, X. Jiang, Sulfur containing scaffolds in drugs: sythesis
and application in medicinal chemistry, Curr. Top. Med. Chem. 16 (2016)
1200-1216.

S. Menichetti, R. Amorati, V. Meoni, L. Tofani, G. Caminati, C. Viglianisi, Role of
noncovalent sulfur-oxygen interactions in phenoxyl radical stabilization: synth-
esis of super tocopherol-like antioxidants, Org. Lett. 18 (2016) 5464-5467.

C. Viglianisi, M. Bartolozzi, G.F. Pedulli, R. Amorati, S. Menichetti, Optimization
of the antioxidant activity of hydroxyl-substituted 4-thiaflavanes: a proof-of-con-
cept study, Chem. Eur. J. 17 (2011) 12396-12404.

J. Poon, V.P. Singh, J. Yan, L. Engman, Regenerable antioxidants — introduction of
chalcogen substituents into tocopherols, Chem. Eur. J. 21 (2015) 2447-2457.
P.G. Finichiu, D.S. Larsen, C. Evans, L. Larsen, T.B. Bright, E.L. Robb, J. Trnka,
T.A. Prime, A.M. James, R.A.J. Smith, M.P. Murphy, A mitochondria-targeted
derivative of ascorbate: MitoC, Free Rad. Biol. Med. 89 (2015) 668-678.

T.J. Monks, S.S. Lau, The pharmacology and toxicology of polyphenolic glu-
tathione conjugates, Annu. Rev. Pharmacol. Toxicol. 38 (1998) 229-255.

T.J. Monks, S.S. Lau, Toxicology of quinone-thioethers, Crit. Rev. Toxicol. 22
(1992) 243-270.

R. Xu, X. Huang, K.J. Kramer, M.D. Hawley, Characterization of products from the
reactions of dopamine quinone with N-acetylcysteine, Bioorg. Chem. 24 (1996)
110-126.

Y.T. Tesema, D.M. Pham, K.J. Franz, Synthesis and characterization of copper(II)
complexes of cysteinyldopa and benzothiazine model ligands related to pheome-
lanin, Inorg. Chem. 45 (2006) 6102-6104.

N.V. Loginova, A.A. Chernyavskaya, G.I. Polozov, T.V. Koval’chuk, E.V.
Bondarenko, N.P. Osipovich, A.A. Sheryakov, O.I. Shadyro, Silver(I) interaction
and complexation with sterically hindered sulfur-containing diphenol derivatives,
Polyhedron 24 (2005) 611-618.

V.A. Kuropatov, V.K. Cherkasov, Yu.A. Kurskii, G.K. Fukin, L.A. Abakumova,
G.A. Abakumov, A reaction of 3,6-di(tert-butyl)-4-chloro-1,2-benzoquinone with
potassium ethyl xanthate. New sulfir-containing o-quinones, Russ. Chem. Bull. 55
(2006) 708-711.

V. Kuropatov, S. Klementieva, G. Fukin, A. Mitin, S. Ketkov, Y. Budnikova,

V. Cherkasov, G. Abakumov, Novel method for the synthesis of functionalized
tetrathiafulvalenes, an acceptor-donor-acceptor molecule comprising of two o-
quinone moieties linked by a TTF bridge, Tetrahedron 66 (2010) 7605-7611.
N.V. Loginova, T.V. Koval’chuk, Y.V. Faletrov, Y.S. Halauko, N.P. Osipovich, G.I.
Polozov, R.A. Zheldakova, A.T. Gres, A.S. Halauko, L.I. Azarko, V.M. Shkumatov,
O.1. Shadyro, Redox-active metal(II) complexes of sterically hindered phenolic
ligands: antibacterial activity and reduction of cytochrome c. Part II. Metal(II)
complexes of o-diphenol derivatives of thioglycolic acid, Polyhedron 30 (2011)
2581-2591.

M. Guardingo, F. Busque, F. Novio, D. Ruiz-Molina, Design and synthesis of a non-
innocent multitopic catechol and pyridine mixed ligands: nanoscale polymers and
valence tautomerism, Inorg. Chem. 54 (14) (2014) 6776-6781.

F. Nador, K. Wnuk, C. Roscini, R. Solorzano, J. Faraudo, D. Ruiz-Molina, F. Novio,
Solvent-tuned supramolecular assembly of fluorescent catechol/pyrene amphi-
philic molecules, Chem. Eur. J. 24 (55) (2018) 14724-14732.

J. Saiz-Pseu, J. Mancebo-Aracil, F. Nador, F. Busque, D. Ruiz-Molina, The chem-
istry behind catechol-based adhesion, Angew. Chem. Int. Ed. 58 (3) (2018)
696-714.

L.A. Maslovskaya, D.K. Petrikevch, V.A. Timoshchuk, O.I. Shadyro, Synthesis and
antioksidant activity sulfur-containing proizvodnych 3,5-di-tert-butylpyr-
ocatechol, Zhurn. Obshchei Khimii 66 (1996) 1899-1902 (in Russian).

M.J. Picklo, V. Amarnath, D.G. Graham, T.J. Montine, Endogenous catechol
thioethers may be pro-oxidant or antioxidant, Free. Radic. Biol. Med. 27 (1999)
271-277.

A. Hadi Adibi, M.M. Rashidi, A. Khodaei, M.B. Alizadeh, N. Majnooni,

R. Pakravan, D. Nematollahi Abiri, Catechol thioether derivatives: preliminary
study of in-vitro antimicrobial and antioxidant activities, Chem. Pharm. Bull. 59
(2011) 1149-1152.

M.N. Peyrat-Maillard, S. Bonnely, C. Berset, determination oft he antioxidant ac-
tivity of phenolic compounds by coulometric detection, Talanta 51 (2000)
709-716.

G. Ziyatdinova, H. Budnikov, Electroanalysis of antioxidants in pharmaceutical
dosage forms: state-of-the-art and perspectives, Monatsh. Chem. 146 (2015)
741-753.

R. Billard, J. Cosson, S.B. Noveiric, M. Pourkazemic, Cryopreservation and short-
term storage of sturgeon sperm, a review, Aquaculture 236 (2004) 1-9.

P. Li, M. Hulak, P. Koubek, M. Sulc, B. Dzyuba, S. Boryshpolets, M. Rodina,

D. Gela, P. Manaskova-Postlerova, J. Peknicova, O. Linhart, Ice-age endurance: the
effects of cryopreservation on proteins of sperm of common carp, Cyprinus carpio
L, Theriogenology 74 (2010) 413-423.

S. Pérez-Cerezales, S. Martinez-Paramo, J. Beirdo, M.P. Herrdez, Evaluation of
DNA damage as a quality marker for rainbow trout sperm cryopreservation and
use of LDL as cryoprotectant, Theriogenology 74 (2010) 282-289.

C.F. Lucio, L.C.G. Silva, F.M. Regazzi, D.S.R. Angrimani, M. Nichi,

M.E.O. Assumpcdo, C.I. Vannucchi, Effect of reduced glutathione (GSH) in canine
sperm cryopreservation: in vitro and in vivo evaluation, Cryobiology 72 (2016)
135-140.

F. Amidi, A. Pazhohan, M. Shabani Nashtaei, M. Khodarahmian, S. Nekoonam, The
role of antioxidants in sperm freezing: a review, Cell Tissue Bank 17 (2016)
745-756.

AL Poddel'sky, M.V. Arsenyev, T.V. Astafleva, S.A. Chesnokov, G.K. Fukin,


https://doi.org/10.3389/fchem.2018.00126
https://doi.org/10.3389/fchem.2018.00126
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0025
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0025
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0025
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0025
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0030
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0030
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0030
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0035
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0035
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0035
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0035
https://doi.org/10.1371/journal.pone.0009713
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0045
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0045
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0045
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0050
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0050
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0050
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0050
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0055
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0055
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0055
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0060
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0060
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0060
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0060
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0065
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0065
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0065
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0070
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0070
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0070
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0075
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0075
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0075
https://doi.org/10.1038/ncomms10216
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0085
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0085
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0085
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0085
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0085
https://doi.org/10.1177/1759091415593294
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0095
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0095
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0095
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0100
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0100
https://doi.org/10.1021/acs.jmedchem.8b00156
https://doi.org/10.1021/acs.jmedchem.8b00156
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0110
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0110
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0110
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0120
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0120
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0125
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0125
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0125
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0130
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0130
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0130
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0130
https://doi.org/10.1371/journal.pone.0073122
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0140
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0140
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0140
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0145
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0145
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0145
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0150
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0150
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0150
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0155
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0155
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0160
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0160
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0160
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0165
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0165
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0170
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0170
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0175
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0175
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0175
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0180
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0180
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0180
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0190
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0190
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0190
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0190
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0195
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0195
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0195
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0195
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0205
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0205
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0205
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0210
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0210
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0210
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0215
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0215
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0215
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0220
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0220
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0220
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0225
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0225
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0225
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0230
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0230
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0230
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0230
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0235
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0235
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0235
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0240
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0240
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0240
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0245
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0245
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0250
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0250
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0250
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0250
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0255
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0255
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0255
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0260
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0260
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0260
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0260
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0265
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0265
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0265
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0270

L V. Smolyaninov, et al.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

G.A. Abakumov, New sterically-hindered 6th-substituted 3,5-di-tert-butylca-
techols/oquinones with additional functional groups and their triphenylantimony
(V) catecholates, J. Organometal. Chem. 835 (2017) 17-24.

1.V. Smolyaninov, O.V. Pitikova, A.I. Poddel’sky, N.T. Berberova, Electrochemical
transformations and antiradical activity of asymmetrical RS-substituted pyr-
ocatechols, Russ. Chem. Bull. 67 (10) (2018) 1857-1867.

H. Beiginejad, D. Nematollahi, Thermodynamic and electrochemical study of some
dihydroxybenzenes in the presence of different nucleophiles, Monatsh. Chem. 147
(2) (2016) 329-339.

H. Beiginejad, D. Nematollahi, M. Bayat, F. Varmaghani, A. Nazaripour,
Experimental and the theoretical analysis of the electrochemical oxidation of ca-
techol and hydroquinone derivatives in the presence of various nucleophile, J.
Electrochem. Soc. 160 (10) (2013) H693-H698.

C.-C. Zeng, F.-J. Liu, D.-W. Ping, Y.-Li Cai, R.-G. Zhong, J.Y. Becker,
Electrochemical oxidation of catechols in the presence of 4-amino-3-methyl-5-
mercapto-1,2,4-triazole bearing two nucleophilic groups, J. Electroanal. Chem.,
2009, 625, 131-137.

P.D. Astudillo, J. Tiburcio, F.J. Gonzalez, The role of acids and bases on the
electrochemical oxidation of hydroquinone: hydrogen bonding interactions in
acetonitrile, J. Electroanal. Chem. 604 (1) (2007) 57-64.

M.D. Stallings, M.M. Morrison, D.T. Sawyer, Redox chemistry of metal-catechol
complexes in aprotic media. 1. Electrochemistry of substituted catechols and their
oxidation products, Inorg. Chem. 20 (1981) 2655-2660.

Organic Electrochemistry 4th Edition Revised and Expanded Edited by H. Lund, O.
Hammrich Copyright 2001 Marcel Dekker Inc., New York.

C.J. Regan, D.P. Walton, O.S. Shafaat, D.A. Dougherty, Mechanistic studies of the
photoinduced quinone trimethyl lock dacaging process, J. Am. Chem. Soc. 139
(13) (2017) 4729-4736.

1.V. Smolyaninov, A.I. Poddel’sky, S.A. Smolyaninova, N.T. Berberova Redox
transformations of triphenylantimony(V) catecholate complexes based on alkyl
gallates, Russ. J. Electrochem. 51 (11) (2015) 1021-1028.

A.M. Pisoschi, C. Cimpeanu, G. Predoi, Electrochemical Methods for total anti-
oxidant capacity and its main contributors determination: a review, Open Chem.
13 (1) (2015) 824-856.

A. Neidlinger, V. Ksenofontov, K. Heinze, Proton-coupled electron transfer in
ferrocenium — phenolate radicals, Organometallics 32 (2013) 6955-15965.

R. Wanke, L. Benisvy, M. Kuznetsov, M. Fatima, C. Guedes da Silva,

A.J.L. Pombeiro, Persistent hydrogen-bonded and non-hydrogen-bonded phenoxyl
radicals, Chem. Eur. J. 17 (2011) 11882-11892.

A. Neidlinger, C. Forster, K. Heinze, How hydrogen bonds affect reactivity and
intervalence charge transfer in ferrocenium-phenolate radicals, Eur. J. Inorg.
Chem. 8 (2016) 1274-1286.

S.V. Baryshnikova, E.V. Bellan, A.I. Poddel'sky, M.V. Arsenyev, 1.V. Smolyaninov,
G.K. Fukin, A.V. Piskunov, N.T. Berberova, V.K. Cherkasov, G.A. Abakumov, Tin
(IV) and antimony(V) complexes bearing catecholate ligands connected to ferro-
cene — syntheses, molecular structures, and electrochemical properties, Eur. J.
Inorg. Chem. 33 (2016) 5230-5241.

L.V. Smolyaninov, A.I. Poddel'sky, S.V. Baryshnikova, V.V. Kuzmin,

E.O. Korchagina, M.V. Arsenyev, S.A. Smolyaninova, N.T. Berberova,
Electrochemical transformations and evaluation of antioxidant activity of some
Schiff bases containing ferrocenyl and (thio-) phenol, catechol fragments, Appl.
Organometal. Chem. 32(3) e (2018) 4121.

LI.J. Rhile, J.M. Mayer, One-electron oxidation of a hydrogen-bonded phenols oc-
curs by concerted proton-coupled electron transfer, J. Am. Chem. Soc. 126 (40)
(2004) 12718-12719.

C. Constentin, Electrochemical approach to the mechanistic study of proton-cou-
pled electron transfer, Chem. Rev. 108 (2008) 2145-2179.

T.F. Markl, T.A. Tronic, A.G. DiPasquale, W. Kaminsky, J.M. Mayer, Effect of basic
site substituents on concerted proton-electron transfer in hydrogen-bonded pyr-
idyl-phenols, J. Phys. Chem. A. 116 (50) (2012) 12249-12259.

T.F. Markl, J.M. Mayer, Concerted proton-electron transfer in pyridylphenols: the
importance of the hydrogen bond, Angew. Chem. Int. Ed. 47 (4) (2008) 738-740.
N.N. Meleshonkova, D.B. Shpakovsky, A.V. Fionov, A.V. Dolganov,

T.V. Magdesieva, E.R. Milaeva, Synthesis and redox properties of novel ferrocenes
with redox active 2,6-di-tert-butylphenol fragments: The first example of 2,6-di-
tert-butylphenoxyl radicals in ferrocene system, J. Organomet. Chem. 692 (2007)
5339-5344.

E.N. Nikolaevskaya, A.V. Kansuzyan, G.E. Filonova, V.A. Zelenova,

V.M. Pechennikov, L.V. Krylova, M.P. Egorov, V.V. Jouikov, M.A. Syroeshkin,
Germanium dioxide and the antioxidant properties of catechols, Eur. J. Inorg.
Chem. (2019) (5) 10.1002/ejic.201801259.

1. Smolyaninov, O. Pitikova, E. Korchagina, N. Berberova, A. Poddel'sky,

S. Luzhnova, Electrochemical behavior and anti/prooxidant activity of thioethers
with redox-active catechol moiety, Monatch. Chem. 149 (10) (2018) 1813-1826.
P. Begines, A. Oliete, O. Lopez, I. Maya, G.B. Plata, J.M. Padron, J.G. Fernandez-
Bolanos Chalcogen-containing phenolics as antiproliferative agents. Future Med.
Chem., 10(3) (2018) 319-334.

J. Teixeira, F. Cagide, S. Benfito, P. Soares, J. Garrido, I. Baldeiras, J.A. Ribeiro,
C.M. Pereira, A.F. Silva, P.B. Andrade, P.J. Oliveira, F.M. Borges, Development of a
mitochondriotropic antioxidant based on caffeic acid: proof of concept on cellular
and mitochondrial oxidative stress models, J. Med. Chem. 60 (16) (2017)
7084-7098.

M.C. Foti, The use and abuse of the DPPH radical, J. Agric. Food Chem. 63 (40)
(2015) 8765-8776.

C. Sanchez-Moreno, J.A. Larrauri, F. Saura Calixto, A procedure to measure the
antiradical efficiency of polyphenols, J. Sci. Food Agric. 76 (2) (1998) 270-276.

15

[81]

[82]

[83]

[84]
[85]
[86]

[87]
[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]
[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]
[109]

[110]

[111]

[112]

Bioorganic Chemistry 89 (2019) 103003

1.V. Smolyaninov, A.I. Poddel’sky, S.A. Smolyaninova, S.A. Luzhnova, N.T.
Berberova, Anti- and prooxidant activity of triphenylantimony(V) catecholates
derived from alkyl gallates, Russ. Chem. Bull. 64(9) (2015) 2223-2231.

F. Zhao, Z.-Q. Liu, The protective effect of hydroxyl-substituted Schiff bases on the
radical-induced oxidation of DNA, J. Phys. Org. Chem. 22 (9) (2009) 791-798.
M. Dizdaroglu, P. Jaruga, M. Birincioglu, H. Rodriguez, Free radical-induced da-
mage to DNA: mechanism and measurement 1,2, Free Radic. Biol. Med. 32 (11)
(2002) 1102-1115.

F. Shahidi, Y. Zhong, Antioxidant behavior in bulk oil: limitations of polar paradox
theory, J. Agric. Food Chem. 60 (2012) 4-6.

E.N. Stroev, V.G. Makarova, Praktikum po biologiheskoy khimii [Practical Work in
Biological Chemistry], Vushaya Shkola, Moscow, 1986 (in Russian).

Calculation of Clog P was performed using the Molinspiration

Cheminformatics < http://www.molinspiration.com > .

C. Walling, Fenton’s reagent revisited, Acc. Chem. Res. 8 (1975) 125-131.

J.B. Galey, Recent advances in the design of iron chelators against oxidative da-
mage, Mini-Rev. Med. Chem. 1 (2001) 233-242.

F. Carmona, O. Palacios, N. Galvez, R. Cuesta, S. Atrian, M. Capdevilla,

M. Dominguez-Vera, Ferritin uptake and release in the presence of metals and
metalloproteins: chemical implications in the brain, Coord. Chem. Rev. 257 (2013)
2752-2764.

Y. Xie, W. Hou, Y. Yu, J. Huang, X. Sun, R. Kng, D. Tang, Ferroptosis: process and
function, Cell Death Differ. 23 (2016) 369-379.

S.J. Dixon, K.M. Lemberg, M.R. Laprecht, R. Skouta, E.M. Zaitsev, C.E. Gleason,
D.N. Patel, A.J. Bauer, A.M. Cantley, W.S. Yang, B. Morrison, B.R. Stockwell,
Feroptosis: an iron-dependent form of nonapoptotic cell death, Cell 149 (5) (2012)
1060-1072.

B.R. Stockwell, J.P. Friedmann Angeli, H. Bayir, M. Conrad, S.J. Dixon, S. Fulda,
S. Gascon, S.K. Hatzios, V.E. Kagan, K. Noel, X. Jiang, A. Linkermann,

M.E. Murphy, M. Overholtzer, A. Oyagi, G.C. Pagnussat, J. Park, C.S. Rosenfeld,
K. Salnikov, D. Tang, F.M. Torti, S.V. Torti, S. Toyokuni, K.A. Woerpel,

D.D. Zhang, Ferroptosis: a regulated cell death nexus linking metabolism, redox
biology, and disease, Cell 171 (2017) 273-285.

R.C. Hider, X. Kong, Chemistry and biology of siderophores, Nat. Prod. Rep. 27
(2010) 637-657.

L. Bednarova, J. Brandel, A.M. d’Hardemare, J. Bednar, G. Serratrice, J.-L. Pierre,
Vesicles to concentrate iron in low-iron media: an attempt to mimic marine
siderophores, Chem. Eur. J. 14 (2008) 3680-3686.

C. Queiros, A. Leite, M.G.M. Couto, L. Cunha-Silva, G. Barone, B. de Castro,

M. Rangel, A.M.N. Silva, A.M.G, Silva The influence of the amide linkage in the
Fe-binding properties of catechol-modified rosamine derivatives, Chem. Eur. J.
21 (2015) 15692-15704.

D. Chavarria, T. Silva, D. Martins, J. Bravo, T. Summavielle, J. Garrido, F. Borges,
Exploring cinnamic acid scaffold: development of promising neuroprotective li-
pophilic antioxidants, Med. Chem. Comm. 6 (2015) 1043-1053.

V. Chandrasekhar, T. Senapati, A. Dey, S. Hossain, Molecular transition-metal
phosphonates, Dalton Trans. 40 (2011) 5394-5418.

J. Goura, V. Chandrasekhar, Molecular metal phosphonates, Chem. Rev. 115 (14)
(2015) 6854-6965.

S. Chatterjee, C. Gagnon, Production of reactive oxygen species by spermatozoa
undergoing cooling, freezing, and thawing, Mol. Reprod. Dev. 59 (4) (2001)
451-458.

M. Rodriguez, A. Nivia, Effect of the addition of antioxidants on the spermatic
motility post-cryopreservation and fertility of the semen of fish, Revista
Veterinaria 28 (2) (2017) 157-164.

V.P. Osipova, M.N. Kolyada, N.T. Berberova, E.R. Milaeva, E.N. Ponomareva,
M.M. Belaya, Cryoprotective effect of phosphorous-containing phenolic anti-oxi-
dant for the cryopreservation of beluga sperm, Cryobiology 69 (2014) 467-472.
V.P. Osipova, N.T. Berberova, R.A. Gazzaeva, K.V. Kudryavtsev, Application of
new phenolic antioxidants for cryopreservation of sturgeon sperm, Cryobiology 72
(2) (2016) 112-118.

P. Li, M.D. Xi, H. Du, X.M. Qiao, Z.G. Liu, Q.W. Wei, Antioxidant supplementation,
effect on post-thaw spermatozoan function in three sturgeon species, Reprod.
Dom. Animals 53 (2018) 287-295.

T.H. Jang, S.C. Park, J.H. Yang, J.Y. Kim, J.H. Seok, U.S. Park, C.W. Choi, S.R. Lee,
J. Han, Cryopresevation and its clinical applications, Integrative Med. Res. 6 (1)
(2017) 12-18.

P. Thuwanut, K. Chatdarong, M. Techakumphu, E. Axner The effect of antioxidants
on motility, viability, acrosome integrity and DNA integrity of frozen-thawed
epididymal cat spermatozoa, Theriogenology 70 (2008) 233-240.

P. Chanapiwat, K. Kaeoket, P. Tummaruk, Improvement of the frozen boar semen
quality by docosahexaenoic acid (DHA) and L-cysteine supplementation African, J.
Biotechnol. 11 (2012) 3697-3703.

D.D. Perrin, W.L.F. Armarego, D.R. Perrin Purification of Laboratory Chemicals,
1980, Pergamon, Oxford.

SAINT. Data Reduction and Correction Program. Version 8.37A. Bruker AXS Inc.,
Madison, Wisconsin, USA, 2012.

G.M. Sheldrick, SADABS-2016/2. Bruker/Siemens Area Detector Absorption
Correction Program, Bruker AXS Inc., Madison, Wisconsin, USA, 2016.

L. Krause, R. Herbst-Irmer, G.M. Sheldrick, D. Stalke, Comparison of silver and
molybdenum microfocus X-ray sources for single-crystal structure determination,
J. Appl. Cryst. 48 (2015) 3-10.

G.M. Sheldrick, SHELXT - integrated space-group and crystal — structure de-
termination, Acta Cryst. Section A 71 (1) (2015) 3-8.

G.M. Sheldrick, SHELXTL v. 6.14, Structure Determination Software Suite, Bruker
AXS, Madison, Wisconsin, USA, 2003.


http://refhub.elsevier.com/S0045-2068(19)30361-X/h0270
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0270
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0270
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0280
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0280
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0280
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0285
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0285
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0285
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0285
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0295
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0295
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0295
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0300
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0300
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0300
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0310
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0310
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0310
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0320
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0320
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0320
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0325
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0325
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0330
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0330
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0330
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0335
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0335
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0335
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0340
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0340
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0340
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0340
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0340
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0345
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0345
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0345
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0345
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0345
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0350
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0350
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0350
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0355
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0355
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0360
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0360
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0360
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0365
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0365
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0370
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0370
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0370
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0370
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0370
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0375
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0375
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0375
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0375
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0380
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0380
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0380
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0390
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0390
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0390
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0390
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0390
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0395
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0395
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0400
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0400
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0410
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0410
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0415
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0415
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0415
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0420
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0420
http://www.molinspiration.com
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0435
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0440
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0440
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0445
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0445
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0445
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0445
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0450
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0450
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0455
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0455
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0455
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0455
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0460
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0460
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0460
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0460
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0460
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0460
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0465
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0465
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0470
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0470
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0470
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0475
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0475
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0475
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0475
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0480
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0480
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0480
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0485
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0485
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0490
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0490
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0495
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0495
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0495
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0500
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0500
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0500
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0505
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0505
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0505
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0510
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0510
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0510
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0515
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0515
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0515
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0520
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0520
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0520
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0530
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0530
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0530
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0550
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0550
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0550
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0555
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0555

L.V. Smolyaninov, et al.

[113]

[114]

V. Bondet, W. Brand-Williams, C. Berset, Kinetics and mechanism of antioxidant
activity using the DPPH free radical method, Food. Sci. Technol. 30 (1997)
609-615.

D. Villano, M.S. Fernandez-Pachon, M.L. Moya, A.M. Troncoso, M.C. Garcya-
Parrilla, Radical scavenging ability of polyphenolic compounds towards DPPH free
radical, Talanta 71 (2007) 230-235.

16

Bioorganic Chemistry 89 (2019) 103003

[115] L.L. Stookey, Ferrozine — a new spectrophotometric reagent for iron, Anal. Chem.
42 (1970) 779-781.

[116] L.I. Tsvetkova, Methodic manuals on sperm cryoconservation of carp, salmon and
sturgeon fish, 1997, VNIIPRKH, Moscow.

[117] E.F. Kopeika, A.M. Belous, N.C. Pushkar, Cryoconservation of Fish Sperm,
Cryoconservation of Cells’ Suspension, 1981, Naukova Dumka, Kiev.


http://refhub.elsevier.com/S0045-2068(19)30361-X/h0565
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0565
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0565
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0570
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0570
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0570
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0575
http://refhub.elsevier.com/S0045-2068(19)30361-X/h0575

	Catechol thioethers with physiologically active fragments: Electrochemistry, antioxidant and cryoprotective activities
	Introduction
	Results and discussion
	Chemistry
	Evaluation of electrochemical properties by cyclic voltammetry
	Antioxidant activity assay
	Scavenging ability of DPPH radical
	AAPH-induced oxidation of DNA
	The influence of compounds on AAPH induced glutathione depletion and process of lipid peroxidation in vitro
	Evaluation of iron(II) chelation properties

	Cryoprotective activity

	Conclusions
	Experimental
	Synthesis and characterization
	Materials and methods
	X-ray diffraction
	Synthesis of catechol thioethers 1–9

	Antioxidant activity assay
	DPPH radical scavenging activity assay
	AAPH-induced oxidation of DNA assay
	AAPH induced glutathione depletion
	Lipid peroxidation of rat liver homogenate
	Iron (II) chelation activity

	Cryoprotective activity of thioethers in cryopreservation of Russian sturgeon (Acipenser gueldenstaedti) sperm
	Sperm collection
	Sperm cryopreservation


	Acknowledgements
	Supplementary material
	References




