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Abstract—para-Substituted iron meso-triphenylcorrole derivatives [Fe(ms-p-R-Ph);Cor] containing elec-
tron-donating (R = OMe) and electron-drawing (R = NO,) groups in phenyl rings are synthesized and char-
acterized by '"H NMR, electronic absorption spectroscopy, and mass spectrometry. The effect of the nature
of functional groups within iron complexes on the redox processes involving these complexes in water—alka-
line solutions is analyzed. Electronic transitions in the ligand (£, dfox = 0.820—0.850 V) and the metal (E,q/0x =
—0.005 to —0.190 and —0.790 to —0.870 V for the Fe*" <> Fe§ and Fe?" < Fe?" transitions, respectively)
were found in the cyclic voltammograms. Iron in the synthesized complexes I-IV under the conditions under
study exists in the +4 oxidation state. The activity of iron complexes in electroreduction of molecular oxygen
significantly depends on the nature of a substituent, increases in the series: Fe(ms-p-NO,Ph);Cor (II) <
Fe(ms-p-MeOPh);Cor (I) < Fe(B-Br)g(ms-Ph);Cor (IV) < Fe(ms-Ph);Cor (II) and is caused by the fact that
low-energy redox electron transitions occur in the molecules. The electrocatalytic activity of iron corroles is

much higher than that of metal porphyrins with a similar structure.

DOI: 10.1134/S0036023617120051

The interest in investigation of porphyrin (H,P)
analogues with the modified structure of the coordina-
tion center N, H,, such as corroles, is due to their poten-
tial use as catalysts and electrocatalysts, photosensitiz-
ers, and other components of hybrid nanomaterials for
various applications [1—8]. Development of electrocat-
alysts for reduction of molecular oxygen and chemical
current sources based on these electrocatalysts is a rele-
vant field of application of metal corroles [1, 9].

Compared to porphyrins, corroles have a number
of important features in their geometrical and w-elec-
tron structure. Hence, these trianionic ligands can
stabilize metals in higher oxidation states (e.g., Mn*",
Fe*', Ni**, Cu®*, Ag?*, etc.) that are not typical of
porphyrin—metal complexes (MP) within metal cor-
roles (MCor). The reason for this stabilization is that
metal corroles exhibit non-innocent behavior and
redox activity of ligands [1, 10, 11], which consists in
possibility of intramolecular electron transitions M << L
in these compounds. These properties draw a signifi-
cant interest to them as objects of electrochemical
research [9—13]. Almost all measurements conducted
earlier were performed in organic solvents.

Electroreduction of oxygen in aqueous solutions is
a complex reaction running via two main pathways.

The first one consists in two-electron transfer giving
rise to hydrogen peroxide or a peroxide ion in the
acidic or alkaline medium, respectively. The second
pathway involves four-electron transfer yielding water
or hydroxide ion in the acidic or alkaline medium,
respectively (1), (2) [9].

0, +2¢ + H,0 =2 HO; + OH", (1)
0, + 4% + 4H,0 = 40H. 2)

The dissociation energy of the O—O bond
(494.04 kJ/mol) is relatively high. Most electrode
materials facilitate two-electron reduction that
releases approximately half of the free energy com-
pared to the free energy of the four-electron reduction
reaction. Hence, in order to obtain the maximum free
energy during cathodic reduction, one needs to make
the reaction run via the four-electron pathway. One of
the methods is to use metal complexes with aromatic
macroheterocycles for this purpose; however, the
result will depend on ligand structure and metal nature
in this case [9].

This work continues the previous studies focused on
the effect of chemical modification on the electrochemical
behavior of metal-meso-triphenylcorroles: metal nature
(M(ms-Ph);Cor, M = Cu, Zn, Co, Mn) [14], complete
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[B-octabromo substitution (M(B-Br)g(ms-Ph);Cor, M =
Cu, Co, Mn, Fe) [1], para-substitution of the phenyl
rings of macrocycles using the copper and manganese
complexes as an example [15]. The electrochemical
characteristics of iron meso-triphenylcorroles Fe(ms-

R
i |
R

I. M = Fe, R = OCH;
IL. M = Fe, R= NO,

EXPERIMENTAL

meso-Phenyl-substituted corroles I and II were
synthesized and purified using the procedures
described in [16, 17].

Complexes I and II were synthesized using the fol-
lowing procedure: a solution of 0.95 X 10~* mole of
iron(II) chloride tetrahydride in DMF was added to
the solution containing 0.95 x 10~ mole of corre-
sponding corrole in 10 mL of DMF. The reaction mix-
ture was brought to boil for 15 min; the complex was
then isolated by diluting the reaction mixture with
water and extracting metal corrole with chloroform
followed by distilling off the solvent. The product was
purified by silica gel column chromatography (chloro-
form was used as an eluent). The yield of the products
was ~60%.

The purity and individuality of the products was
controlled by thin-layer chromatography (Silufol C60,
CHC; used as an eluent), electronic absorption spec-
troscopy (Shimadzu 2000), 'H NMR spectroscopy
(Bruker Avance 500), and MALDI-TOF mass spec-
trometry (Shimadzu Biotech Axima Confidence).

Fe(ms-4-MeOPh);Cor (I): [A (nm), (loge),
CHCl;]: 382 (4.26), 416 (4.21), 517 (3.92), 640 (3.64)
(sh), [A (nm), DMF]: 382, 417, 518, 570 (sh);
'HNMR (CDCly): paramagnetic complex in the
range from —42.9 ppm (meso-phenyl protons) to
+26.8 ppm (B-CH-protons); MALDI FAB MS: M* =
669.43 at a calculated FW = 669.55.
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4-MeOPh);Cor (I) and Fe(ms-4-NO,Ph);Cor (II)
were also studied previously. The effect of substituents on
the shape of cyclic voltammograms (CV) and activity of
compounds in electroreduction of oxygen at the elec-
trode—electrolyte solution interface were investigated.

R ‘ R
R
R
R l R
III.M=Fe, R=H
IV.M = Fe, R = Br

R

R

Fe(ms-4-NO,Ph);Cor (II): [A (nm), (loge),
CHCl;]: 421 (5.00), 513 (4.18), 550 (4.02), 589 (3.92),
643 (3.81), [A (nm), DMF]: 418, 512, 550 (sh), 645;
'"H NMR (CDCI,): paramagnetic complex in the range
from—42.3 ppm (meso-phenyl protons) to +33.9 ppm
(B-CH-protons); MALDI FAB MS: M* = 714.80 at a
calculated FW = 714.46.

Electrochemical measurements were carried out by
cyclic voltammetry in a three-electrode electrochemi-
cal cell (the YaSE-2 model): platinum and silver/silver
chloride electrodes were used as a polarizing and a ref-
erence electrode, respectively. A carbon graphite rod
was used as a working electrode. Active mass prepared
in an ethanol solution was applied onto the working
surface of the electrode (5= 0.64 cm?; thickness, 0.2—
0.3 mm). The active mass consisted of the carbon sup-
port (P-514 industrial grade carbon black; State Stan-
dard GOST 7885-86; 0.45% ash content), fluoropoly-
mer suspension (6% FP-4D), and a catalyst sample at
a7:2:1 weight ratio. Final heating of the active mass
was conducted at 573 K for 1 min.

Measurements were performed using a P-30]
potentiostat/galvanostat system. When studying the
redox processes occurring on the surface of the initial
electrode and the one modified with corrole samples,
argon (99.99%) was bubbled through the electrolyte at
arate of 0.14 mL s~! for 40 min. The working electrode
was then immersed in the electrolyte and cyclic vol-
tammograms were recorded in the potential range of
0.5...—1.5 V. Gaseous oxygen was added to the electro-
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Fig. 1. Electronic absorption spectra of Fe(ms-Ph);Cor
(IIT) in CHCI; (solid curve) and DMSO (dashed curve).

Iyte after the measurements in argon atmosphere had
been completed. The potentials of the cathodic (E,,)
and anodic (E,,) maxima for the electrode process
involving the compounds under study were detected
with an accuracy of £0.005 V using computer data
processing.

RESULTS AND DISCUSSION

Complexes I and II were prepared by complexation
between the corresponding ligand and a tenfold molar
excess of metal acetate in DMF medium followed by
extraction of the product with chloroform. The reac-
tion of formation of iron complexes requires boiling
the reaction mixture under reflux for 15 min, while
such complex as CuCor is formed instantaneously
after the solutions of the ligand and salt are mixed [1].

Iron corrole complexes exhibit non-innocent
properties due to the intramolecular metal—ligand
electron transitions, with the formal oxidation of
metal being changed [10]. These changes in oxidative
state of the central atom are observed already in the
solution the solvent is changed. For example, the
complex species with the metal in +3 oxidation state
(3) is stabilized in electron-donating media (B =
DMEF, DMSO, Py). Dissolution of the complex in
weakly polar solvents with low coordinating ability,
especially in the presence of anions (Cl~, OAc™), sta-
bilizes the metal in its +4 oxidation state. Hence, addi-
tional coordination of either neutral ligands or anionic
species to the metal atom shifts the intramolecular
redox equilibrium (3). Unlike manganese—corrole
complexes [1], the transition is quick in the case of
iron complexes. A certain redox species is detected by
spectroscopy, for example, according to the typical
electronic absorption spectrum (UV-vis, Fig. 1) [1].
In particular, UV-vis spectra of corrole complexes in
their lowest oxidation state are characterized by the
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Fig. 2. Voltammogram for the electrode modified with
Fe(ms-4-MeOPh);Cor (I). Argon (solid curve), saturauon
with O, (dashed curve). 0.1 M KOH; v =0.02 Vs~

absence of pronounced bands at 500—700 nm, while
the spectra of iron complexes in the oxidation state 4+
contain bands at 520—580 nm [1] (Fig. 1).

(X)M"**Cor™ + Solv 2 (Solv)M"*Cor + X,
M = Mn, Fe. Q)

An electrochemically induced shift in the equilib-
rium under study can be observed in cyclic voltam-
mographic curves of iron corroles. Two processes of
metal electroreduction (Fe*' < Fe?' and Fe’t <
Fe?*, Table 1, Figs. 2 and 3) and the third process
related to insertion of an electron into the m-electron
system of the macrocycle (L < L~!) are observed for
the electrodes containing Fe(ms-4-MeOPh);Cor (I)
and Fe(ms-4-NO,Ph);Cor (II) under argon atmo-
sphere. Furthermore, an additional redox equilibrium at
—0.640 V related to reduction of the nitro group was also
detected for compound II [18]. A comparative analysis of
the effect of functional groups within iron complexes for
compounds I-IV demonstrated that the observed metal-
localized redox transitions for metal corroles belong to
the potential regions E.4/,, = —0.005...—0.190 V and
—0.790...—0.870 V, where the stages of electroreduc-
tion Fe*" < Fe’" and transformation Fe** ¢ Fe?",
respectively, take place (Table 1).

According to the potentials, iron exists in the com-
plexes in the +4 oxidation state under the conditions
under study at the first stage of reduction with respect
to metal atom, except for the Fe(B-Br)s(ms-Ph);Cor
(IV) complex whose redox potential is near-zero.
Insertion of electron-donating methoxy groups into
the para-positions of phenyl rings of Fe(ms-Ph);Cor
(III) increases the potential of the process Fe** <
Fe3* by 73 mV, while the electron-drawing meso-nitro-
phenyl and B-octabromosubstituted compounds (II
and IV) reduce it by 53 and 112 mV, respectively.
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Table 1. Potentials (V, vs Ag/AgCl) of redox transformations for the electrodes modified with iron corroles (v =0.02 Vs~

Process | Process I1 Process I11
Compound Fe*' > Fe3t Fe’' < Fe?t Lol
_Ecat _Ean _Ered/ox _Ecat _Ean _Ered/ox _Ecat _Ean _Ered/ox
H;(ms-Ph);Cor [14] — — — — — — 1.088 0.606 0.847
Fe(ms-Ph);Cor [1] 0.160 0.075 0.117 0.875 0.785 0.830 1.057 0.605 0.831
Fe(B-Br)g(ms-Ph);Cor [1] 0.008 —0.003 0.005 0.842 0.743 0.793 1.029 0.610 0.820
H,(ms-4-MeOPh);Cor [15] — — — — — — 1.107 — —
Fe(ms-4-MeOPh);Cor 0.240 0.130 0.190 0.930 0.810 0.870 1.050 0.650 0.850
1.250 — —
H,(ms-4-NO,Ph);Cor [15] — — — — — — 0.655* | 0.555* | 0.605*
1.127 — —
Fe(ms-4-NO,Ph);Cor 0.113 —0.015 0.064 0.920 0.820 0.870 0.690* |  0.590* 0.640%*
1.050 0.650 0.850

* The electrode process related to the redox properties of the nitro group.

As a water—alkaline solution is saturated with
molecular oxygen, the current in the potential range of
—0.1to —0.4 Vin the I, F curves increases significantly
due electroreduction of O, on the surface of the elec-
trode modified by catalysts. We used the I,E curves
describing the saturation limit of the electrolyte with
oxygen to analyze the electrocatalytic activity of com-
pounds I-IV in electroreduction of molecular oxygen
(Figs. 2 and 3). The increase in electrocatalytic activity
causes a significant depolarization effect manifesting
itself as a shift in the wave of electroreduction of molec-
ular oxygen E| ,(O,) towards positive values [14].

The correlation between current density of elect-
roreduction of oxygen and the potentials of the elec-
tron containing carbon material and iron corroles

04 02 0-02-04-0.6—-0.8—-1.0—-1.2—-14E,V

Fig. 3. Voltammogram for the electrode modified with
Fe(ms-4-NO,Ph);Cor (II). Argon (solid curve), satura-
tion with O, (dashed curve). 0.1 M KOH; v = 0.02 vs!
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(Fig. 4, curves I—5) demonstrates that the potential
E, , of the process under study for system without cat-
alyst is —0.30 V, being equal to —0.12 to —0.17 V for
iron complexes. The decrease in overvoltage, the shift
in the £, ,(0O,) value, as well as the increased current
density on the electrode in the presence of iron com-
plexes indicates that an electrocatalytic process is tak-
ing place.

The positive effect of the nature of functional substit-
uents on electrocatalytic activity of the complexes under
study increases according to growth of £, ,(O,) as fol-
lows: without catalyst (—0.30 V) < Fe(ms-p-NO,Ph);Cor
(—0.17 V) < Fe(ms-p-CH;0OPh);Cor (—0.14 V) <
Fe(B-Br)g(ms-Ph);Cor (—0.13 V) [1] < Fe(ms-Ph);Cor
(—0.12V) [1].

Jps mA cm™2
—1.0}

—0.8 |

n

0.6 3
—0.4}
02}

0

0 —0.1 —-0.2 —0.3 —04 E,V

Fig. 4. Current density of electroreduction of molecular
oxygen as a function of electrode potentials: (/) without cata-
lyst; (2) Fe(ms-4-NO,Ph);Cor (II), (3) Fe(ms-4-
MeOPh);Cor (I); (4) Fe(B-Br)g(ms-Ph);Cor (IV); and (5)
Fe(ms-Ph);Cor (IIT). Bubbling time, 60 min; v = 0.02 Vs L
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Table 2. Parameters of electroreduction of oxygen

Compound _El/i/( 02), mA_j;;l_z n
Fe(ms-Ph);Cor [1] 0.12 0.52 2.5
Fe(B-Br)g(ms-Ph);Cor [1] 0.13 0.47 2.5
Fe(ms-4-MeOPh);Cor 0.14 0.32 2.5
Fe(ms-4-NO,Ph);Cor 0.17 0.14 2.3
without catalyst 0.30 0.03 2.0

* Current density values are given for the electrode potential —0.15 V
and the scan rate v =0.02 Vs~ .

The findings demonstrate that iron complexes with
corrole macrocycles usually provide a more than two-
fold decrease in the E)/,(0O,) value compared to the
system without a catalyst (—0.30 V). The iron complex
with porphyrin, although characterized by the same
pattern of substitution as that for compound III, has a
potential of only —0.25 V [19].

Hence, the electrocatalytic activity of metal cor-
roles is significantly superior to that of metal porphy-
rins having a similar structure. The electrochemical
behavior and electrocatalytic activity of iron—corrole
complexes substantially depend on ligand nature; the
presence of electron-donating substituents in the
macrocycle usually increases electrocatalytic activity
[1, 14, 15].

An analysis of the data on potentials for electrore-
duction of iron corroles (E..q/0,), Which involves a
metal and oxygen while being catalyzed by the same
metal complex, demonstrates (Tables 1 and 2) that
electroreduction in these complexes occurs easier at
higher potentials of the equilibrium Fe**<> Fe3* or, in
other words, as stability of the lowest oxidation state of
a metal within the metal complex rises.
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