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Abstract: Two meso-dichlorophenyl substituted metallocorroles were synthesized and characterized as to their elec-

trochemical and spectroelectrochemical properties in dichloromethane, benzonitrile, and pyridine containing 0.1 M

tetra-n -butylammonium perchlorate (TBAP) as supporting electrolyte. The examined compounds are represented as

(Cl2Ph)3CorFe
IVCl and (Cl2Ph)3CorMn IVCl where (Cl2Ph)3Cor is the trianion of 5,10,15-tri(2,4-dichlorophenyl)cor-

role. Each metallocorrole was examined as to its catalytic activity for the electoreduction of dioxygen when coated on an

edge-plane pyrolytic graphite electrode in 1.0 M HClO4 . Cyclic voltammetry combined with linear sweep voltammetry at

a rotating disk electrode (RDE) and a rotating ring disk electrode (RRDE) was utilized to evaluate the catalytic activity

for the electroreduction of O2 . The main O2 reduction product is hydrogen peroxide under the given experimental

conditions.
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1. Introduction

Corroles and metallocorroles have attracted a great deal of interest1−9 in part because of their potential ap-

plications as catalysts for a variety of reactions.9−27 Our own research interests have long been focused on

the synthesis and characterization of metallocorroles with an emphasis on cobalt,16−19,28−33 iron,34−36 and

manganese derivatives.37,38 In the present work, the synthesis, electrochemistry, and spectroelectrochemistry

of iron(IV) and manganese(IV) meso-dichlorophenyl substituted metallocorroles are described. The examined

compounds are represented as (Cl2Ph)3CorFeCl and (Cl2Ph)3CorMnCl, where (Cl2Ph)3Cor is the trianion of

the 5,10,15-tri(2,4-dichlorophenyl)corrole. The structures of these compounds are shown in the Chart. Electro-

chemical and spectroelectrochemical properties of each corrole were examined in dichloromethane, benzonitrile,

and pyridine containing 0.1 M TBAP as supporting electrolyte.

Metallocorroles with cobalt,16,17,19−21,24,25,39 iron,20,26 and manganese20 central metal ions are able to

catalyze the electroreduction of oxygen via a 2e transfer process to produce H2O2 or a 4e transfer process

to generate H2O. We have earlier examined numerous cobalt triarylcorroles16,17,19,24,25 as to their catalytic

properties for the reduction of O2 and demonstrated that the type and position of substituents on the 3
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Chart. Structures of examined metallocorroles.

phenyl rings of a triarylcorrole will significantly affect the catalytic activity of these compounds towards the

reduction of O2 .
24,25 We have also shown that a 2e reduction of O2 exclusively occurs when using cobalt

corrole catalysts with substituents on the ortho-positions of the phenyl rings; this is due to steric hindrance of

the substituents, which can block dimerization of the corroles on the electrode surface.24,25 However, it was not

known if triarylcorroles containing manganese and iron central metal ions would be affected by steric hindrance

of the phenyl ring substituents. This is addressed in the present work where 2 newly synthesized Mn(IV) and

Fe(IV) corroles having bulky Cl substituents on the ortho-position of the phenyl rings are examined as to their

catalytic activity for the electoreduction of O2 at an edge-plane pyrolytic graphite electrode in 1.0 M HClO4 .

2. Results and discussion

2.1. UV-visible spectra

UV-visible spectra of (Cl2Ph)3CorFeCl 1 and (Cl2Ph)3CorMnCl 2 in CH2Cl2 , PhCN, and pyridine are

illustrated in Figure 1, while the absorption maxima and molar absorptivities of the compounds are summarized

in Table 1. (Cl2Ph)3CorFeCl 1 has a split Soret band at 368 and 392 nm and 2 Q bands at 516 and 623 nm

in CH2Cl2 . Identical Soret and Q band absorption maxima are seen in PhCN for the same compound (Figure

1a; Table 1). These spectral features are similar to those for previously examined Fe(IV) triaryl-substituted

corroles in CH2Cl2 .
40 In contrast, only a single strong Soret band is observed for the related Fe(IV) corrole in

pyridine. This band is located at 415 nm and is red-shifted by ∼20 nm in pyridine upon changing the solvent

from CH2Cl2 or PhCN. This shift in λmax is consistent with a coordination of pyridine at the central metal

ion.

Table 1. UV-visible spectral data, λmax , nm (ε× 10−4 M−1 cm−1) .

Compound Solvent Soret region Visible region

(Cl2Ph)3CorFeCl 1

CH2Cl2 368 (3.6) 392 (3.7) 516 (0.6) 623 (0.2)
PhCN 369 (3.5) 396 (3.6) 516 (0.6) 623 (0.3)
pyridine 337 (1.7) 415 (4.7) 565 (0.9) 612 (0.8) 715 (0.2)

(Cl2Ph)3CorMnCl 2

CH2Cl2 314 (2.4) 359 (2.9) 416 (4.0) 593 (0.5)
PhCN 316 (2.3) 364 (2.7) 422 (3.9) 593 (0.5)
pyridine 319 (2.4) 405 (2.9) 435 (3.3) 499 (1.7) 549 (0.8) 585 (0.9) 661 (1.1)

Meso-triaryl-substituted Mn(IV) corroles are known to exhibit 3 well-defined Soret bands in CH2Cl2 .
40

Similar spectral features are observed for (Cl2Ph)3CorMn IVCl 2 in PhCN. As seen in Figure 1b and Table 1,

the Soret band absorptions are located at 314, 359, and 416 nm in CH2Cl2 and 316, 364, and 422 nm in PhCN.

There is also a single Q band at 593 nm in both solvents. However, a quite different spectrum is seen in pyridine,
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where 4 Q bands are located at 499, 549, 585, and 661 nm (see Table 1) as compared to a single Q band at 593

nm in the other 2 solvents. The shape of the spectrum for (Cl2Ph)3CorMn IVCl 2 in pyridine was previously

assigned as belonging to a Mn(III) corrole,37 and the data in Figure 1b suggest that (Cl2Ph)3CorMn IVCl 2

has been reduced to its Mn(III) form in the pyridine solvent.

 
 

Figure 1. UV-visible spectra of the neutral compounds (a) (Cl2Ph)3CorFeCl 1 and (b) (Cl2Ph)3CorMnCl 2 in

CH2Cl2 (—), PhCN (− − −), and pyridine ( · · · ) containing 0.1 M TBAP.

2.2. Electrochemistry of (Cl2Ph)3CorFeIVCl 1

Electrochemistry of the Fe(IV) corrole was carried out in CH2Cl2 , PhCN, and pyridine containing 0.1 M TBAP

and the resulting cyclic voltammograms are illustrated in Figure 2.
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Figure 2. Cyclic voltammograms of (Cl2Ph)3CorFeCl 1 in (a) CH2Cl2 , (b) PhCN, and (c) pyridine containing 0.1 M

TBAP.

Two reversible to quasi-reversible oxidations are observed at 1.18 and 1.70 V (in CH2Cl2 , Figure 2a)

or 1.20 and 1.68 V (in PhCN, Figure 2b). Similar oxidation behavior has been reported for other triaryl-

996



YE et al./Turk J Chem

substituted iron(IV) corroles, where the first electron abstraction was proposed to occur at the conjugated

corrole macrocycle.40,41 However, thin-layer spectroelectrochemistry of (Cl2Ph)3CorFeCl indicates that the

Soret bands decrease only slightly in intensity after controlled potential oxidation at 1.50 V in PhCN (see

Figure 3a) and this might suggest that the first one-electron abstraction of the Fe(IV) corrole is in part metal-

centered. This is consistent with a proposal by Walker and coworkers who examined (OMC)Fe IVCl (OMC is a

trianion of the β -octamethylcorrole) and described the electronic state of the compound as an intermediate-spin

Fe(III) corrole which was antiferromagnetically coupled to an OMC cation radical.42

 

 

 

 
nd nd
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Figure 3. Thin-layer UV-visible spectral changes of (Cl2Ph)3CorFeCl 1 during controlled potential oxidations (a) and

reductions (b) in PhCN containing 0.1 M TBAP.

Significant spectral changes occurred during the second controlled potential oxidation of (Cl2Ph)3CorFeCl

when the potential was held at 1.90 V in PhCN (Figure 3a). The oxidation product exhibits a decreased in-

tensity Soret band (at 369 nm) that indicates a macrocycle-centered electron transfer process under the given

solution conditions.

(Cl2Ph)3CorFe
IVCl also exhibits 2 reductions at 0.19 and –1.14 V in CH2Cl2 , while 3 reductions

are seen for the same compound at E1/2 = 0.21, Epc = –1.22, and E1/2 = –1.78 V in PhCN (Figure 2).

The second reduction at Epc = –1.22 V is coupled to a reoxidation peak at Epa = –0.45 V. Based on the

spectroelectrochemical data in Figure 3b, the first 2 reductions of (Cl2Ph)3CorFe
IVCl are assigned as metal-

centered to stepwise give the Fe(III) and Fe(II) forms of the corrole.

(Cl2Ph)3CorFe
IVCl undergoes 3 reductions in pyridine, which are located at Epc = –0.48, E1/2 = −0.75,

and E1/2 = –1.71 V. The first reduction is irreversible and has a relatively small peak current as compared to

the second and third reductions (see Figure 2c). All 3 reductions of (Cl2Ph)3CorFe
IVCl are proposed to occur

at the metal center as described in the Scheme, where the initial Fe(IV) corrole in pyridine is proposed to exist

in an equilibrium between (Cl2Ph)3CorFe
IV(py)Cl and [(Cl2Ph)3CorFe

IV(py)]+ . The lower peak current for

the first reduction of [(Cl2Ph)3CorFe
IV(py)]+ at –0.48 V would indicate that only a small amount of this
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species exists in solution. The same Fe(III) corrole is formed after reduction at –0.48 or –0.75 V and this species

is then reversibly reduced at a more negative potential of –1.71 V to give the Fe(II) corrole in pyridine.

Scheme. Proposed reduction mechanism of cpd 1 in pyridine.

3. Electrochemistry of (Cl2Ph)3CorMnIVCl 2

Cyclic voltammograms of Mn(IV) corrole in CH2Cl2 and PhCN containing 0.1 M TBAP are shown in Figure

4. The first reversible one-electron reduction is located at E1/2 = 0.24 V in CH2Cl2 and 0.25 V in PhCN.

The second reduction is also reversible and located at E1/2 = –1.40 V in PhCN. However, this process is not

reversible in CH2Cl2 , where a chemical reaction is coupled with the electron transfer process. The UV-visible

spectral changes obtained during the 2 reductions of (Cl2Ph)3CorMn IVCl are given in Figure 5a and indicate

that Mn(III) and Mn(II) corroles are generated upon the 2 stepwise electroreductions of 2 in PhCN containing

0.1 M TBAP.

Figure 4. Cyclic voltammograms of (Cl2Ph)3CorMnCl 2 in (a) CH2Cl2 and (b) PhCN containing 0.1 M TBAP.

(Cl2Ph)3CorMnCl 2 undergoes 2 reversible 1-electron oxidations in CH2Cl2 and PhCN. The first is

located at E1/2 = ∼1.19 V and the second at E1/2 = 1.61 to 1.65 V (see Figure 4). The UV-visible spectral

changes during these 2 oxidations are shown in Figure 5b and are consistent with formation of a Mn(IV) π -

cation radical and Mn(IV) dication rather than with formation of a Mn(V) corrole after the 2 stepwise 1-electron

abstractions.

A summary of potentials for reduction and oxidation of (Cl2Ph)3CorFeCl 1 and (Cl2Ph)3CorMnCl 2

is given in Table 2, which also includes data on related Fe(IV) and Mn(IV) corroles.
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Figure 5. Thin-layer UV-visible spectral changes of (Cl2Ph)3CorMnCl 2 during controlled potential reduction and

oxidation in PhCN containing 0.1 M TBAP.

Table 2. Half-wave potentials (V vs. SCE) of cpds 1 and 2 in different solvents containing 0.1 M TBAP.

Solvent Compound
Oxidation Reduction

Ref
2nd 1st 1st 2nd 3rd

CH2Cl2

(Cl2Ph)3CorFe
IVCl 1 1.70 1.18 0.19 –1.14a tw

(p-CF3Ph)3CorFe
IVCl 1.18 0.19 –1.20a 39

(Ph)3CorFe
IVCl 1.07 0.05 –1.25a 39

(p-CH3Ph)3CorFe
IVCl 1.02 0.03 –1.26a 39

PhCN (Cl2Ph)3CorFe
IVCl 1 1.68 1.20 0.21 –1.22a –1.78 tw

py (Cl2Ph)3CorFe
IVCl 1 0.89b 0.52a –0.48a –0.75 –1.71 tw

CH2Cl2

(Cl2Ph)3CorMnIVCl 2 1.61 1.19 0.24 –1.53 tw

(p-CF3Ph)3CorMnIVCl 1.15 0.23 39

(Ph)3CorMnIVCl 1.03 0.09 39

(p-CH3Ph)3CorMnIVCl 0.97 0.07 39

PhCN (Cl2Ph)3CorMnIVCl 2 1.65 1.20 0.25 –1.40 tw

a Irreversible peak potential at a scan rate of 0.10 V/s. bAn irreversible peak can also be seen at Epa = 0.67 V.

3.1. Electrocatalytic reduction of O2

Figure 6 illustrates the cyclic voltammograms of the (Cl2Ph)3CorFeCl 1 and (Cl2Ph)3CorMnCl 2 adsorbed on

an EPPG disk electrode in 1.0 M HClO4 under N2 (dashed line) and under air (solid line). A surface reaction

indicated by an asterisk is seen at about 0.4 V. No other peak is seen for cpd 1 under N2 but a broad peak at

0.10 V with a low current is exhibited by cpd 2 under the same experimental conditions. The current–voltage

curve in 1.0 M HClO4 under air shows a large cathodic reduction peak for both compounds, at Epc = 0.10 V

for cpd 1 and 0.13 V for cpd 2 at a scan rate of 50 mV/s. As will be shown, the cathodic (reduction) peaks in

air-saturated HClO4 correspond to the catalytic reduction of dissolved O2 to give almost exclusively H2O2 .
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The dioxygen in solution is also reduced at a bare EPPG electrode without the corrole but this reduction occurs

at a more negative potential of Epc = –0.13 V for a scan rate of 50 mV/s.25

. .

µµ

Figure 6. Cyclic voltammograms of corroles 1 and 2 absorbed on an EPPG electrode in 1.0 M HClO4 under N2 (−−−)

and under air (—). Scan rate = 50 mV/s.

Peak potentials for the catalytic reduction of dioxygen at the corrole coated electrodes are almost the

same as those for the Fe(IV) and Mn(IV) corroles in acid media under air, which indicates that this reaction is

not strongly influenced by differences in the central metal ion.

The catalytic reduction of O2 was also monitored using a rotating disk electrode (RDE) to calculate the

number of electrons transferred. The RDE response was similar for both corroles in air-saturated 1.0 M HClO4

and is characterized by a half-wave potential located at almost identical potentials of 0.21 for 1 and 0.22 V

for 2, where imax is the limiting current measured at –0.05 V for a rotation rate of 400 rpm and E1/2 is the

potential when i= 0.5imax (Figure 7).

ω
ω

..

10 µA 10 µA

Figure 7. Current–voltage curve for catalytic reduction of O2 in 1.0 M HClO4 saturated with air at a rotating EPPG

disk electrode coated with (a) (Cl2Ph)3CorFeCl 1 and (b) (Cl2Ph)3CorMnCl 2. The electrode rotating rates (ω ) are

indicated on each curve. Potential scan rate = 50 mV/s.

The number of electrons transferred during reduction of dioxygen was calculated from the magnitude

of the steady-state limiting currents, which were taken at a fixed potential of –0.05 V on the plateau of the

catalytic wave in Figure 7. When the amount of O2 reduction at the corrole modified electrode is controlled

by mass transport alone, the relationship between the limiting current and rotation rate can be defined by the

Levich equation.43

Jlev= 0.62nFAD2/3cv−1/6ω1/2, (1)

where n is the number of electrons transferred in the overall electrode reaction, F is the Faraday constant

(96485 C mol−1), A is the electrode area (cm2), D is the dioxygen diffusion coefficient (cm2 s−1), c is the
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bulk concentration of O2 in 1.0 M HClO4 , v is the kinematic viscosity of the solution, and ω is the angular

rotation rate of the electrode (rad s−1).

Plots of the reciprocal limiting current density vs. the reciprocal of the square root of the rotation rate

(Figure 8) result in a straight line that obeys the Koutecky–Levich equation, where j is the measured limiting

current density (mA cm−2), jlev is the Levich current, and jk is the kinetic current, which can be obtained

experimentally from the intercept of the Koutecky–Levich line in Figure 8.

1/j = 1/jlev + 1/jk (2)

jk = 103knFΓc (3)

The value of k (M−1 s−1) in Eqs. (2) and (3) is the second-order rate constant of the reaction that limits the

plateau current and Γ(mol cm−2) is the surface concentration of the catalyst. The other terms in Eq. (3) have

their usual significance as described previously. The slope of a plot in Figure 8 obtained by linear regression

can then be used to estimate the average number of electrons (n) involved in the catalytic reduction of O2 .
44

This analysis was carried out and the number of electrons transferred per dioxygen molecule (n) during the

catalytic reduction of O2 calculated for cpds 1 and 2.

ω ω

Figure 8. Koutecky–Levich plots for catalyzed reduction of O2 in 1.0 M HClO4 saturated with air at a rotating EPPG

disk electrode coated with (a) (Cl2Ph)3CorFeCl 1 and (b) (Cl2Ph)3CorMnCl 2.

A 2-electron transfer (n= 2) would generate 100% H2O2 , while a 4-electron transfer (n = 4) would give

0% H2O2 and 100% H2O. The Koutecky–Levich plots in Figure 8 show the number of electrons transferred

(n) for compounds 1 and 2 to be 2.1 and 2.2, which corresponds to 95%–90% H2O2 produced. This indicates

that the catalytic electroreduction of O2 by 1 and 2 is a 2e transfer process, giving mainly H2O2 as a product

rather than H2O as a 4e transfer reduction product.

The catalytic reduction of O2 was also examined at an RRDE under the same solution conditions. The

disk potential was scanned from 0.5 to –0.1 V at a rotation speed of 200 rpm while holding the ring potential

constant at 1.0 V. These data are shown in Figure 9, where the disk current begins to increase at about 0.30 V

and a plateau is reached at about 0.10 V. The anodic ring current increases throughout the range of the disk

potentials, where the disk current rises. The percentage of H2O2 is given by Eq. (4), where ID and IR are

the Faradic currents at the disk and ring electrodes, respectively.

%H2O2 = 100(2IR/N)/(ID + IR/N) (4)
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Figure 9. Rotating ring-disk electrode voltammograms of (a) (Cl2Ph)3CorFeCl 1 and (b) (Cl2Ph)3CorMnCl 2 in air

saturated 1.0 M HClO4 with the potential of the ring electrode maintained at 1.0 V. Rotation rate = 200 rpm and scan

rate = 10 mV/s.

The intrinsic value of the collection efficiency (N) in Eq. (4) was determined to be 0.24 using the

[Fe(CN)6 ]
3−/[Fe(CN)6 ]

4− redox couple in 1.0 M KCl. The amount of H2O2 formed upon the reduction

of dioxygen was calculated as 91% for compound 1 and 92% for compound 2 under the given experimental

conditions. These values are similar to those calculated using the Koutecky–Levich plots in Figure 8.

It should be pointed out that an overall 4e transfer process to give H2O as a product was previously

reported in a pH 7 solution using iron tri(pentafluorophenyl)corrole, Fe(tpfc)Cl as the catalyst.19 However, in

the current study, H2O2 is the main product of dioxygen reduction in 1.0 M HClO4 . This is because the bulky

ortho-Cl substituents on the meso-phenyl rings of the corrole can lead to steric hindrance, which can prevent

the π−π interactions between the macrocycles, thus hindering the formation of dimers on the electrode surface

and preventing the occurrence of a 4-electron reduction to give an H2O reduction product and an n value of

4.24,45 A 2-electron transfer process (n= 2) with only an H2O2 reduction product was also recently reported

by using cobalt triphenylcorroles23 or ferrocenyl-substituted cobalt porphyrins as catalysts.46

In conclusion, iron(IV) or Mn(IV) corroles containing a bulky substituent on the meso-position of the

macrocycle can be utilized as a selective electrocatalyst for the 2e reduction of dioxygen to give H2O2 but not

H2O as a product in 1.0 M HClO4 .

4. Experimental

4.1. Chemicals

Dichloromethane (CH2Cl2), benzonitrile (PhCN), and pyridine (Py) were purchased from Sigma-Aldrich Co.

and used as received for electrochemistry and spectroelectrochemistry experiments. Tetra-n -butylammonium

perchlorate (TBAP) was purchased from Sigma Chemical or Fluka Chemika Co., recrystallized from ethyl

alcohol, and dried under vacuum at 40 ◦C for at least 1 week prior to use.

(Cl2Ph)3CorFeCl 1. The free-base corrole (Cl2Ph)3CorH3
47 (54.9 mg, 0.075 mmol) and FeCl2 · 4H2O

(10 equivalents vs. the free-base corrole) were dissolved in pyridine and the mixture heated to reflux. After 30

min the mixture was diluted by CHCl3 and washed twice with HCl (10%). After the organic phase turned from

green to brown the product was washed with water. The organic layer was collected and evaporated to dryness.

The sample was purified by chromatography on an Al2O3 column with CH2Cl2 as eluent. Yield 23%. UV-vis

(PhCN): λmax, nm, (ε× 10−4 M−1 cm−1) 369 (3.5), 396 (3.6), 516 (0.6), 623 (0.3). MS (MALDI-TOF): m/z

786.365, calcd. for [M-Cl]+ 786.121.
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(Cl2Ph)3CorMnCl 2. The procedure for synthesis of cpd 2 is the same as described above for cpd 1, but

with 10 equivalents of Mn(OAc)2·4H2O utilized. The yield was 41%. UV-vis (PhCN): λmax, nm, (ε× 10−4

M−1 cm−1) 316 (2.2), 364 (2.7), 422 (3.8), 593 (0.5). MS (MALDI-TOF): m/z 785.244, calcd. for [M-Cl]+

785.214.

4.2. Instrumentation

Cyclic voltammetry was carried out at 298 K using an EG&G Princeton Applied Research (PAR) 173 poten-

tiostat/galvanostat or a Chi-730C Electrochemistry Work Station. A 3-electrode system was used for cyclic

voltammetric measurements and rotating disk voltammetry. The working electrode was glassy carbon or

graphite (Model MT134, Pine Instrument Co.) A platinum counter electrode and a homemade saturated

calomel reference electrode (SCE) were also used. The SCE was separated from the bulk of the solution by a

fritted glass bridge of low porosity that contained the solvent/supporting electrolyte mixture.

The RRDE was purchased from Pine Instrument Co. and consisted of a platinum ring and a removable

edge-plane pyrolytic graphite (EPPG) disk (A = 0.196 cm2). A Pine Instrument MSR speed controller was

used for the RDE and RRDE experiments. The Pt ring was first polished with 0.05 micron α -alumina powder

and then rinsed successively with water and acetone before being activated by cycling the potential between

1.20 and –0.20 V in 1.0 M HClO4 until reproducible voltammograms were obtained.48,49

The corrole catalysts were irreversibly adsorbed on the electrode surface by means of a dip-coating

procedure described in the literature.16,45 The freshly polished electrode was dipped in a 1.0 mM catalyst

solution of CH2Cl2 for 5 s, transferred rapidly to pure CH2Cl2 for 1–2 s, and then exposed to air where

the adhering solvent rapidly evaporated, leaving the corrole catalyst adsorbed on the electrode surface. All

experiments were carried out at room temperature.

Thin-layer UV-visible spectroelectrochemical experiments were performed with a home-built thin-layer

cell that has a light transparent platinum net working electrode. Potentials were applied and monitored with an

EG&G PAR Model 173 potentiostat. Time-resolved UV-visible spectra were recorded with a Hewlett-Packard

Model 8453 diode array spectrophotometer. High purity N2 from Trigas was used to deoxygenate the solution

and kept over the solution during each electrochemical and spectroelectrochemical experiment.
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