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The oxidative stress of an organism is a result of the
acceleration of lipid peroxidation (LPO) in cells and
the formation of reactive oxygen species and free rad�
icals. This process leads to destruction of membranes,
the emergence of numerous pathologies, and prema�
ture aging of the organism. The search for new antiox�
idants, as well as for methods to assess the antioxidant
activity, is an important and interesting task [1]. Of
particular interest are synthesis and study of properties
of polyfunctional compounds with several pharma�

cophoric centers in the molecule, because such a com�
bination is able not only to enhance the known physi�
ological activity but also to cause the appearance
of new types of physiological activity [2–4]. Ionol I
(2,6�di�tert�butyl�4�methylphenol) is a known anti�
oxidant used in the manufacture of foodstuffs (food
additive E321). 2,6�Diisobornyl�4�methylphenol
(dibornol) IV is currently undergoing preclinical tri�
als as a promising drug [5].
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Fig. 1. Cyclic voltammogram of free base of porphyrin V in
DMF at a potential sweep rate of 100 mV/s (Pt, porphyrin
concentration 10–3 M, n�Bu4NBF4, Ag/AgCl).
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Fig. 2. Kinetic curves of DPPH concentration vs. time in
the presence of additives: (1) compound I
([DPPH]/[additive] = 1 : 4), (2) IV ([DPPH]/[additive] =
1 : 4), (3) III ([DPPH]/[additive] = 1 : 1), (4) V
([DPPH]/[additive] = 1 : 1), (5) II ([DPPH]/[additive] =
1 : 1); DMF, Pt, 0.05 M n�Bu4NBF4, Ag/AgCl/KCl, c0 =
0.1 mM. Reaction time, 60 min.
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Scheme 1.

Previously, it was shown that tetra(3,5�di�tert�
butyl�4�hydroxyphenyl)porphyrin (II), containing
ionol moieties, and its analogue with the palmitic acid
residue in the molecule (III) exhibit high antioxidant
activity in the model oxidation reaction of (Z)�9�octa�
decenoic (oleic) acid, as well as in the LPO processes

in Wistar rat liver homogenates [6–8]. Tetra(3,5�
diisobornyl�4�hydroxyphenyl)porphine (V), contain�
ing bulky bicycloalkyl substituents on the phenyl ring,
has been recently synthesized [9].

In this paper, we evaluated the antioxidant activity
of compounds I–V from the hydrogen atom transfer
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rate in the reaction with the stable radical 2,2'�diphe�
nyl�1�picrylhydrazyl (DPPH), Scheme 1. Since one
of the absorption bands of porphyrins (λmax, is
522.0 (II), 521.0 (III), and 522.5 (V) nm) is close to
the absorption band of DPPH (517 nm), the reaction
course was monitored using our proposed electro�
chemical DPPH test. The cyclic voltammogram (CV)
of DPPH in the anode region shows two reversible
waves corresponding to the reduction and oxidation of
the DPPH radical. This allows us to study the kinetics

of the reaction by monitoring the change in the CV
peak current [10–13] or from the limiting diffusion
current in the polarization curve obtained by the rotat�
ing disk electrode (RDE) method.

The use of the electrochemical DPPH test requires
the absence of overlap of the oxidation–reduction
peaks of DPPH and compounds under consideration.
In this context, we studied the behavior of compounds
I–V in DMF by cyclic voltammetry (the choice of a
medium is due to the extremely low solubility of V in
CH3CN). The cyclic voltammograms of phenols I and
IV in the anodic range show a wave of the irreversible
two�electron oxidation localized on the hydroxyl
group of the sterically hindered phenol moiety to give
the phenoxylium cation (table).

The voltammograms of porphyrins II, III, and V in
the anodic range are similar: there are two irreversible
one�electron oxidation peaks (Fig. 1). The first peak is
apparently due to the oxidation of the porphyrin ring
to the radical cation, followed by its rapid reduction
via intramolecular electron transfer (IET) from the
phenol group (Scheme 2). The irreversible character
of the peak is caused by the rapid chemical stage of
proton elimination (the EC mechanism). The second
peak corresponds to one�electron oxidation of the
phenoxyl radical thus formed to the corresponding
cation [13]. The oxidation peak of phenol groups are
not observed because of the shift to the discharge
region of the supporting electrolyte molecules.

Scheme 2. 
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Since the oxidation of porphyrins II, III, and V
proceeds at more anodic potentials than the DPPH
reduction wave potential (table) [14], it is possible to
use the RDE method for estimating their antioxidant
activity. The limiting diffusion current of the polariza�
tion curve on the rotating disk electrode is determined
by the Levich equation [15]

Id = 0.62nSFD2/3ω1/2ν–1/6c0,

where n is the number of transferred electrons, S is the
electrode area (cm2), F is Faraday’s constant, D is the
diffusion coefficient (cm2/s), ω is the angular velocity
of electrode rotation (rad/s), ν is the kinematic viscos�
ity of a solution (cm2/s), and c0 is the depolarizer con�
centration (mol/cm3).

For fixed values and the electrode area and rotation
velocity, the ratio of the current at the beginning of the
reaction (no additives) and in the end is determined by
the DPPH concentration ratio:

I/I0 = c/c0,

where I0 is the limiting current at the initial DPPH
concentration c0, I is the current at a DPPH concen�
tration at a given moment of time.

As the reaction with DPPH proceeds, the limiting
diffusion current decreases. Knowing the values I, I0,
and c0 values, we construct kinetic curves of the DPPH
concentration versus reaction time (Fig. 2). The anti�
oxidant activity was quantified by determining the

Oxidation and reduction potentials (Eox, Ered) and antioxi�
dant efficiency values (AE*) for compounds I–V deter�
mined from the rate of hydrogen elimination from DPPH
by the rotating disc electrode method

Compound Eox Ered AE, %

I 1.28 – 25.37

II 0.908
1.182

–1.167 77.36

III 0.961
1.246

–1.16 52.55

IV 1.23 –0.681
–1.782 

30.98

V 0.912
1.247

–1.162 65.38

* The DPPH concentration is 0.1 mM. The additive�to�DPPH con�
centration ratio is 1 : 1 (compounds II, III, and V) and 4 : 1 (com�
pounds I and IV). Reaction time 60 min, Pt, 0.05 M n�Bu4NBF4,
DMF, Ag/AgCl.
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antioxidant efficiency (AE) factor, which character�
izes the content of the unreacted DPPH: AE =
(c0 ⎯ cfin)/c0 × 100%, where c0 is the initial concentra�
tion and cfin is the final concentration of DPPH (reac�
tion time, 60 min). The AE values for compounds I–V
are presented in the table.

It can be seen that the activity of porphyrins with
2,6�dialkylphenol substituents changes along the
series III < V < II. The decrease in antioxidant activity
upon the introduction of the palmitic acid moiety is
presumably associated with aggregation processes that
occur due to hydrophobic interactions involving this
substituent. It should also be noted that the antioxi�
dant activity of I–V correlates with their oxidation
potentials Eox (table): compounds oxidized at more
anodic potentials react with DPPH at a slower rate.

Noteworthy is the fact that the activity of porphy�
rins II, III, and V is clearly superior to the activity of
compounds I and IV, even in the case where the con�
centration of I and IV exceeds the DPPH concentra�
tion (and the corresponding porphyrins) fourfold. It
can be assumed that the antioxidant activity of II, III,
and V is due not only to the combined effect of four
phenol substituents but also to the presence of the por�
phyrin macrocycle in the molecule. The role of the
macrocycle is that it is involved in unpaired electron
delocalization, which enhances the stability of the
resulting phenoxyl radical. Compounds for which AE
exceeds 50% can be treated as promising antioxidants.

Voltammograms were measured in a three�elec�
trode cell using an IPC�pro potentiostat (Volta, Rus�
sia) under argon. A stationary or rotating platinum
electrode 3 mm in diameter was used as the working
electrode and a platinum plate served as the auxiliary
electrode. An (Ag/AgCl/KCl) electrode with a water�
proof diaphragm was used as the reference electrode.
The supporting electrolyte was a 0.5 M solution of
Bu4NBF4 (99%, Acros) twice recrystallized from
aqueous EtOH and dried in vacuum for 48 h at 50°C.
The concentration of DPPH in all experiments was
1 mM. The EA was determined at various substrate�
to�DPPH concentration ratios (table); the reaction
time was 60 min.
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