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Abstract — Single-electron oxidation in acetonitrile and reduction in DMF of sulfides of 3-RS-1,4-dimethyl-7-
ethylazulenes (R = Me, Et, Pp;MeCgH,, p-MeOGzH,, N-1-phenyltetrazolyl) leads to stable radical cations

and radical anions, respectively. The found reduction potentials of sulfides of the azulene series are close to
those of natural and synthetic bioantioxidants. In the radical cations the unpaired electron is essentially de-
localized over the cyclopentadienyl fragment of the molecule, and the sulfide group in large measure defines
the distribution of spin density. In the radical anion spin density is delocalized in the tropylium cycle, and the
influence of the sulfide group is insignificant. Electrochemical oxidation of unsubstituted 1,4-dimethyl-7-
ethylazulene results in the formation of a dimeric radical cation.

It is known that processes of oxidation, which arechlorides. The presence in the molecules of the ob-
vitally important to a living system, are at the sametained sulfides of the azulene series of the tropilium
time fatal to it (hydroperoxide destruction of cell moiety with its high electron affinity and the cyclo-
membranes, mutagenic effects). Living organism@entadienyl fragment combined with the thio group
themselves to some extent produce substances protestiich are powerful electron donors allow one to
ing them from excess oxidants, sulfur- and seleniumeonsider these compounds as potential redox deactiva-
containing enzymes in the first place (glutathionetors of various highly active radicals generated in
peroxidase, as one example). Of high antioxidanliving organisms under external effects. Chemical as
activity are also some vitamins which are exogeniavell as biochemical properties of compounds are to a
for living organisms antioxidants, retinol, ascorbicgreat extent defined by the characteristics of boundary
acid, and tocopherol in their number. In medicalorbitals. By Michaelis postulate [7], multi-electron
practice, synthetic antioxidants, sterically hinderededox processes involve successive acts of single-
phenols and their derivatives in particular, are als@lectron transfer. By now the postulate has gained a
widely used. It should be noted that phenol comsufficient experimental support and quantum-me-
pounds with pronounced antioxidant activity arechanical substantiation [8].
found in many plants (flavanoids, hydroxycinnamic
acids). In addition to this class of compounds, in
plants there are found also other substances which to )3
some extent exhibit reductive properties, mainly iso-

prenoids [1, 2]. Among them we should single outz
1,4-dimethyl-7-azulene and prepared on its basis

R Hs
sulfide derivatives as potential bioantioxidants in view

of their high electron-donor power (JF7.0-7.3 eV CHs CHCH; CHa CHCHs
[3]) and very low toxicity (LD, 3000 mg/kg [4]). I 1=Vl

N=N
R=CsHs-N{ SN (1), Ph (Il ), p-MeCgHg (IV),
\C/

CHs3

S
H

Earlier [5, 6] we reported on the methods of isola-
tion in the pure state from yarrowA¢hillea) a biolo-
gically active substrate, 1,4-dimethyl-7-ethylazulene,
as well as on its enzymatic concentration and
chemical modification by the reactions with sulfenyl p-MeOGgH, (V), Et (VI), Me (VII).
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In the present study we report on the results of inwave of the voltammogram curves are registered
vestigation by means of voltammetry, electrolysis, antwo reduction peaks at the potentials E—)ﬁ ed +0.17
ESR spectroscopy of single-electron transfer oxidatioand E2"®Y = +0.04 V (Fig. 1). In electrolysis at the
and reduction of 1,4-dimethyl-7-ethylazulenig @nd  potential of +0.5 V by means of electrolysis combined
its sulfides (I-VII). with  ESR spectroscopy registered a stable

Electrochemical oxidation. In cyclic voltammo- paramagnetic species witiH ~1.2 mT, its spectrum
grams of 1,4- dimethyl -7-ethylazulens) taken with a |s_presented in F_|g. 2. Or_1 the strength of all the re:_sm_JIts
platinum electrode in acetonitrile (0.1 M &ICIO,) this paramagnetic reactlon product can be identified
there is a single irreversible oxidation peakas a dimeric radical anlork and the overall process
(E, = +0.36 V). The peak current corresponds to thef oxidation of 1,4-dimethyl-7-ethylazulenlecan be
transfer of two electrons per molecule. In the backhus depicted by the following scheme:

W - €0

CH,CHs CH,CHs CH,CHs
|
CH>CH3
z @@
CH>CH3
CH>CH3

—e -e
l2 —/—— 13¥ &——= 1J°
+0.04 V +0.17 V

The transfer of the first electron results in theaccount of the two-electron level of the irreversible
formation of the radical cationl() which rapidly oxidation peak, the appearance of the dimeric radical
splits off proton to transform into the radical’  cation, and the absence of the subsequent oxidation
Dimerization of the latter leads to the dimer of 1,4-peaks, since the dication is hard to oxidize.
dimethyl-7-ethylazulene 1), which easier than the
starting 1,4-dimethyl-7- ethylazulene donates two Unlike the case with 1,4-dimethyl-7-ethylazulene
electrons in succession to give finally the dicationl, electrochemical oxidation of sulfides of 1,4-di-
(I2) Under homogeneous conditions the dlmerlcmethyl7ethylazuleneII—V|I in acetonitrile with
dication oxidizes 1,4-dimethyl-7-ethylazulehgo be 0.1 M E{NCIO, as a background proceeds as a multi-
reduced itself to the dimeric radical cation registeredtep process (see the table). At the first step in the low
by ESR. The above scheme makes it possible to giveotentials region (0.24.52 V) occurs a rever-
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1mT
—_—
1 1 1 H
0 0.3 06 EV Fig. 2. ESR spectrum of the radical cation of the 1,4-di-
methyl-7-ethylazulene dimer 1) generated by the
Fig. 1. Cyclic voltammogram of a 103 M solution of electrochemical oxidation at a platinum electrode of a
1,4-dimethyl-7-ethylazulene 1Y in MeCN/0.1 M 5x103 M solution of 1,4-dimethyl-7-ethylazulend )(
E4NCIO, at a platinum electrodey 100 mV/s, 22C. in MeCN/0.1 M ELNCIO, at the potential of +0.5 V.

sible transfer of one electron resulting in the formationCharacteristics of the reduction and oxidation waves of
of radical cations stable in the time scale of volt-the sulfides of 1,4-dimethyl-7-ethylazulendl {VII )
ammetric measurements (seconds). At the potentia

sweep rates of 2@200 mV/sec in the cyclic volt- Reduction Oxidation

ammogram curves symmetric anedathode peaks Comp.

(Fig. 3, ig/ip 1.0) are registered indicative of high no. -E"84, nc | aicd | BT | o giae

stability of the products of single-electron oxidation vP vP P

of compounddI -VII . Further oxidation of the radical

cations at the potentials of the subsequent waved 186 |[10| 0.70 0.36 | 20| 0.0

proceeds irreversibly. Radical cations of compounds 270 | 10| 0.00

II-VIl were registered by means of ESR at thell 180 (10| 0.60 052 |1.0( 1.0

controlled potential of the first wave. 2.63 | 46| 0.00 111 |1.0| 0.0
11 1.86 0.48 |1.0| 1.0

The spectra of the radical cations of compouHds

IV, andV display a ten-component structure with a 1.84 122 ;'8 8'8
binominal ratio of line intensities (Fig. 4). The spec- v 186 |10l 077 036 |10l 10

trum of the radical cation of compound| consists
of twelve components (Fig. 5). By analogy with the
literature data for similar radical cations [3, 9] the
spectrum of compoundI(™) can be analyzed as one
resulting from the interaction with the protons of the
methyl group in the position 3a(~0.88 mT), with
the proton in the position 7a(~0.39 mT), and with
the methylene protons in the position &+0.36 mT)
and roughly equal contants of hyperfine interaction
with the protons in the positions 2 and @ (
~0.08 mT). Splittings from the protons of the methyl
group in the position 3 are sensitive to the electrony
donor properties of the substituents, characterized by
the oxidation potentials of compounds, and decrease
with decreasing oxidation potential.

2.87 1.0| 0.00 0.90 1.0( 0.0
131 20| 0.0
\Y 1.86 1.0| 0.62 0.32 10| 1.0
2.86 1.3| 0.00 0.82 1.0( 0.0
1.16 15| 0.0
1.38 20| 0.0
Vi 1.84 1.1| 0.66 0.29 1.0( 1.0
2.85 0.9| 0.00 0.92 1.0| 0.0
VI 2.00 1.0| 0.71 0.24 1.0( 1.0
2.92 1.2| 0.00 0.82 1.0( 0.0

Reduction by polarography in DMF/0.1 M BMNI at a mercury
drop electrode, oxidation by cyclic voltammetry in
MeCN/0.1 M E{NCIO, at a platinum electrodé® Potentials
are measured relative tdg/AgNO5 0.01 M in MeCN.€ The

With compoundVIl, additional interactions with  number of electrons is estimated by comparison with one-
the methylene protons at the atom of sulfur are ap- electron limiting reduction and oxidation currents of reference
pended. In the order of magnitude they are the samecompounds? Ratio between anode commutated current and
as the interaction with protons in the positions 5 and limiting cathode current,f 10 Hz, theoretical value for
7. Participation of the orbitals of sulfur in the distribu- reversible processes 0.78Ratio between the currents of the
tion of spin density is also reflected in a noticeble corresponding cathode and anode peaks obtained by cyclic
deviation of theg-factor [for compound (V) equal voltammetry.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 71 No.3 2001



460 PLEMENKOV et al.

1mT

—_—

H

III' L
0.4 0.8 1.2E,V

Fig. 4. ESR spectrum of the radical cation of compound

Fig. 3. Cyclic voltammogram of ¥ 1073 M solution of IV generated by electrochemical oxidation of B3 M
compoundlV in MeCN/0.1 M ELZNCIO, at a platinum solution of compoundV in MeCN/0.1 M E4NCIO, at
electrode;V 100 mV/sec, 22C. a platinum electrode at a potential of +0.6 V.

to 2.0042] from the value common to the radicalsubsequent waves. After a prolonged electrooxidation
cations of aromatic compounds. (>30 min) of the sulfides of the azulene serlésViIi
at the potentials of the first peak and upon the sub-

A correlation between the oxidation potentials of i :
1 4-dimethyl-7-ethylazuiend)and its sulfidedi il Seduent bringing the potential down, a spectrum of
shows that introduction of the RS group in the Ioosi_'che dimeric radical cation is registered by ESR. It

tion 3 of the molecule of 1,4-dimethyl-?-ethylazulenes‘eems likely that slow elimination of the ﬁé@roup
(1) results in promotion or hampering of the process RS Chg
of oxidation, depending on the nature of R. The elec-

tron-donor properties of the RS groups decrease in
the following order of R: Me > Et >-MeOGH, >
p-MeCsH, > Ph > N-1-phenyltetrazolyl.

Noteworthy is the fact that alkyl sulfidegl, VI CH CH,CHs
are oxidized more readily than the corresponding aryl 3
derivatives, while dialkyl sulfides are more hard to

riy . . e . RS  CHy N
oxidize than diaryl sulfides [9]. In all likelihood, this
is due to the fact that, as distinct from,& where .
sulfur acts as a reaction center, the RS group in di-— _sow o p
methylethylazulenes at the first two stages of oxida- -RS'
tion is but a substituent, and in acetonitrile it under-
goes transformations only at the potentials of the CHg CH,CHj

1mT
H

Fig. 5. ESR spectrum of the radical cation of compouridgenerated by electrochemical oxidation of B3> M solution of
compoundVI in MeCN/0.1 M EyNCIO, at a platinum electrode at a potential of +0.6 V.
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Fig. 6. ESR spectrum of radical anions generated by the electrochemical reductiorL6f5M solution of 1,4-dimethyl-7-
ethylazulene I) in MeCN/0.1 M E4NCIO, at a platinum electode at the potential e2.1 V.

takes place from the radical cations to give the radicadubstituents is insignificant, since the substitutent is
(1), which further undergoes the same transformationkcated in the node of the HOMO. At the potentials
as in the oxidation of 1,4-dimethyl-7-ethylazulene.of the second wave radical anions irreversibly accept
one electron in the case of compourdsV-VII and
four electrons in the case of sulfide. In contrast to

ethylazulene I) and its sulfidesll-VIl in DMF L : .
: . the process of oxidation, the effect of substituents in
against a background of 0.1 M gl are reduced in reduction is less pronounced. As an example, for

a way similar to azulene [10]. In the polarograms two ompoundslV and V the reduction potentials are

reduction waves observed (see the table). At the firsa : . s )
: ractically the same, while the oxidation potentials
stage occurs a reversible transfer of one electron resu iffer by 40 mV. However, in general, substituents R

ing in the formation of fairly stable radical anions - : y
registered by ESR in the electrolysis at the potential xert similar effect on the reduction and oxidation

. . : otentials: those decreasing the oxidation potential
of the first wave directly in the resonator of the ESRincrease the reduction potentiale., shift thereduc-
spectrometer.

tion and oxidation potentials in the same direct ion.
The ESR spectrum of the radical anion of 1,4-di-
methyl-7-ethylazulenel) is characterized by a com-  Different sensitivity of radical cations and radical
plex multiplet structure (Fig. 6). By analogy with the anions and their ESR spectra to the influence of
radical anion of azulene [3,10], the multiplets can besubstituents and the oxidation and reduction potentials
attributed to the splittings from the protons at th& Cis apparently due to the fact that it is the cyclopenta-
atom @ ~1.11 mT), in the position 4a~0.61 mT), dienyl fragment which acts as a reaction center in the
from three protons in the methyl group in the positionelectrochemical oxidation. The unpaired electron is
8 (@ ~0.55 mT), and from the protons in the positionlargely delocalized over this fragment, and the sulfide
2 (@ ~0.27 mT). The found value of thg-factor is group takes part in the delocalization of the charge
specific to aromatic radical aniong 2.0026). The and spin density which is reflected in the observed
spectra of the substituted 3-RS-1,4-dimethyl-7-ethylrather strong effect ong. In the reduction, an elec-
azulenesll, IV, V, and VI closely resemble each tron is transferred on the tropylium fragment, and the
other, the expanse of the spectra sligthly decreasing sulfide group practically does not participate in the
proportion to the increase in the electron-acceptodelocalization of the spin density. If the starting
properties of the substituents characterized by theimolecule is conceived as a bipolar structure, then the
reduction potentials, which reflects diminishing spinprocesses of oxidation and reduction can be conventi-
density on the tropylium ring. The influence of variedonally described by the following scheme:

Electrochemical  reduction. 1,4-Dimethyl-7-

RS CH RS Hg R CHs
—e
QO = QO = QO
e
CHj CH,CH3 CHj CH,CH3 CHj CH,CHj3
I-VII
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In summary we should note some points whichcarried out in actonitrile on the background of 0.1 M
permit the sulfides of 1,4-dimethyl-7-ethylazulene toEt,NCIO, by cyclic voltammetry at a platinum disk
be considered as promising inhibitors of radicalklectrode 0.5 mm in diameter with the use of a PI-50-
processes in biological systems. In living organismd potentiostat. As a reference electrode we used a
under the action of various factors highly active freesilver electrode Ag/0.01 M AgN©in MeCN, and
radicals are formed which can lead to pathologiglatinum wire was an ancillary electrode. The poten-
changes or the death of the organism as a result ¢l sweep rate was varied within the interval of-20
a chain reaction [11]. The results of the electro200 mV/sec. The electrochemical reduction was
chemical reduction and oxidation of the derivatives ofstudied by classical and commutation polarography in
1,4-dimethyl-7-ethylazulene show that these comBbMF on the background of 0.1 M BMI with the use
pounds efficiently deactivate many radicals by SET-of a PU-1 polarograph. Parameters of the capillany:
mechanism. Their reasonably low reduction potential®.71 mg/sect; 0.5 sec. Switching rate was 10 Hz.
indicate that these compounds are efficient intercepFhe solvent was deaerated with argon. The substrate
tors of solvated electrons, no active radical speciesoncentration was I8 M, temperature 2Z.
forming in the process, which is testimony to the
possibility of their using as radioprotectors. Of par-
ticular promise is their use as antioxidants which ISyere described earlier [14].

determined by several considerations.
The electrolysis-ESR studies were performed with

(1) 1,4-Dimethyl-7-ethylazulené and its sulfides .
VIl are oxidized in the same region of potentialst® USe Of a set comprised of an ESR spectrometer and

or even easier than known antioxidants (e.g., der & Potentiostat and making it possible for the electro-
tocopherol in acetonitrilé, 0.53 V [12]), and so wil chemical process to be carried out immediately in the

q dical ith not | q babl .thresonator of the ESR spectrometer. We used a special-
reduce raaicals with not lower, and probably Withy,,mose three-electrode cell devised in the Arbusov

greater efficiency. IOC of the KSC, RAS [14].

(2) All these compounds are relatively inert to
atmospheric oxygen and will obviously not be con-
sumed in undesirable processes.

The procedures of purification of solvents and
background salts and polarographic measurements

As a working electrode we used a platinum plate,
an ancillary electrode was a platinum wire, the re-
ference electrode was a silver wire. The ESR spectra

(3) The products of oxidation are inert and do notwere registered on a RadioPAN SE/X-2544 spectro-
continue the chains of radical reactions. meter. Deaeraition of the solution was carried out by

(4) The processes of reduction and oxidation of théhree-fold freezingevacuationunfreezing of the cell.

dimeric species are to a high degree reversible. In
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