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ABSTRACT: Electron transfer from octamethylferrocene
(Me8Fc) to the manganese(V) imidocorrole complex (tpfc)-
MnV(NAr) [tpfc = 5,10,15-tris(pentafluorophenyl)corrole; Ar
= 2,6-Cl2C6H3] proceeds efficiently to give an octamethylfer-
rocenium ion (Me8Fc

+) and [(tpfc)MnIV(NAr)]− in acetoni-
trile (MeCN) at 298 K. Upon the addition of trifluoroacetic
acid (TFA), further reduction of [(tpfc)MnIV(NAr)]− by
Me8Fc gives (tpfc)MnIII and ArNH2 in deaerated MeCN. TFA
also results in hydrolysis of (tpfc)MnV(NAr) with residual
water to produce a protonated manganese(V) oxocorrole complex ([(tpfc)MnV(OH)]+) in deaerated MeCN. [(tpfc)-
MnV(OH)]+ is rapidly reduced by 2 equiv of Me8Fc in the presence of TFA to give (tpfc)MnIII in deaerated MeCN. In the
presence of dioxygen (O2), (tpfc)MnIII catalyzes the two-electron reduction of O2 by Me8Fc with TFA in MeCN to produce
H2O2 and Me8Fc

+. The rate of formation of Me8Fc
+ in the catalytic reduction of O2 follows zeroth-order kinetics with respect to

the concentrations of Me8Fc and TFA, whereas the rate increases linearly with increasing concentrations of (tpfc)MnV(NAr) and
O2. These kinetic dependencies are consistent with the rate-determining step being electron transfer from (tpfc)MnIII to O2,
followed by further proton-coupled electron transfer from Me8Fc to produce H2O2 and [(tpfc)MnIV]+. Rapid electron transfer
from Me8Fc to [(tpfc)MnIV]+ regenerates (tpfc)MnIII, completing the catalytic cycle. Thus, catalytic two-electron reduction of O2
by Me8Fc with (tpfc)MnV(NAr) as a catalyst precursor proceeds via a MnIII/MnIV redox cycle.

1. INTRODUCTION

High-valent metal−oxo complexes play an important role in
metal-catalyzed oxidation reactions and biological transforma-
tions.1−11 In particular, manganese(V)−oxo [MnV(O)] is
implicated in the four-electron oxidation of water (H2O) in
the oxygen-evolving complex (OEC) of photosystem II. The
reactivity of [MnV(O)] complexes has been extensively studied
in the context of the four-electron oxidation of H2O in the
OEC of photosystem II.12−15 The MnV(O) oxidation state has
been stabilized by using trianionic ligands such as corroles,
which lack one meso-carbon atom in comparison to
porphyrins.16−20

The reverse reaction of H2O oxidation, i.e., the catalytic
reduction of dioxygen (O2) has been studied extensively in
relation to the enzymatic function of cytochrome c oxidase21−23

and also because of its technological significance in fuel
cells.24,25 The two-electron reduction of O2 to hydrogen
peroxide (H2O2) has also attracted increasing interest because
H2O2 is a versatile and environmentally benign oxidizing
reagent produced on a large industrial scale and also because of
its potential as a sustainable energy carrier that can be used in

H2O2 fuel cells.
26−29 In comparison to the extensive studies on

high-valent manganese(V) complexes in relation to catalytic
H2O oxidation, there has been no report on the role of
manganese(V) complexes in O2 reduction.
We report herein on manganese(V) corrole complexes in the

catalytic reduction of O2 with a one-electron reductant in the
presence of acid. We employed the manganese(V) imidocor-
role complex [(tpfc)MnV(NAr) (1), where tpfc = tris-
(pentafluorophenyl)corrole and Ar = 2,4,6-Cl3C6H2] in
Scheme 1 as a catalyst precursor for the catalytic reduction of
O2 in the presence of trifluoroacetic acid (TFA) in acetonitrile
(MeCN). 1 is known to hydrolyze to produce a manganese(V)
oxocorrole complex [(tpfc)MnV(O)].16 Octamethylferrocene
(Me8Fc) was used as a one-electron chemical reductant for O2

reduction. Homogeneous systems for O2 reduction have
provided valuable mechanistic insight into the role of reaction
intermediates in the catalytic cycle.30−36 First, we examined the
electron-transfer (ET) reduction of 1 and (tpfc)MnV(O) by
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Me8Fc in the absence and presence of TFA. In many studies, if
the reduced manganese(III) species is oxidized by O2 to
regenerate the MnV(O) species, catalytic four-electron
reduction of O2 by 4 equiv of Me8Fc would occur. However,
we have found that selective two-electron reduction of O2 by
Me8Fc occurs when 1 is used as a catalyst precursor in the
presence of TFA in MeCN. The mechanism of this catalytic
two-electron reduction of O2 is clarified based on detailed
kinetic studies of each step in the catalytic cycle as well as the
overall catalytic reaction and detection of reactive intermedi-
ates.

2. EXPERIMENTAL SECTION
Materials. A manganese(V) imidocorrole complex [(tpfc)-

MnV(NAr) (1), where tpfc = 5,10,15-tris(pentafluorophenyl)corrole
and Ar = 2,6-Cl2C6H3] has been synthesized and characterized as
reported previously.16 Octamethylferrocene (Me8Fc) was obtained
commercially and purified by sublimation. Recrystallization of tetra-n-
butylammonium hexafluorophosphate was performed twice using
ethanol and dried in vacuo prior to use. Acetonitrile (MeCN) used for
spectroscopic and electrochemical measurements was dried with
calcium hydride and distilled under dinitrogen (N2) prior to use.37 All
other chemicals were purchased with the best available purity and used
without further purification.
Spectroscopic and Kinetic Measurements. Catalytic oxidation

of Me8Fc by O2 with 1 and TFA in MeCN at 298 K was examined
using a Hewlett-Packard 8453 diode-array spectrophotometer. The
oxidation rate constants of Me8Fc to form the corresponding
ferrocenium ion (Me8Fc

+; λmax = 750 nm and εmax = 410 M−1

cm−1)36 by O2 were determined from UV−vis spectral changes in
the presence of 1 and an excess amount of TFA. The concentration of
O2 in a MeCN solution was controlled by a mixed-gas flow of O2 and
N2. The mixed gas was controlled by using a gas mixer (Kofloc GB-3C,
Kojima Instrument Inc.), which can mix gases at a certain pressure and
flow rate. The concentration of O2 in an O2-saturated MeCN solution
(1.3 × 10−2 M) was determined as previously reported.38

After catalytic reduction of O2 by Me8Fc with 1 and TFA, the
amount of hydrogen peroxide (H2O2) formed was determined by
adding an excess amount of NaI into the product mixture (20 μL)
solution. The amount of I3

− was determined by the absorption
spectrum (λmax = 361 nm and εmax = 2.8 × 104 M−1 cm−1).39

Kinetic measurements for ET with short half-life times (within 10 s)
from Me8Fc to 1 were performed using a UNISOKU RSP-601
stopped-flow spectrophotometer with an MOS-type high selective
photodiode array at 298 K. The rates of oxidation of Me8Fc to give
[(tpfc)MnIV(NAr)]− (2) in MeCN were monitored by an increase of
the absorption band due to 2 (λmax = 468 nm).
Electron Paramagnetic Resonance (EPR) Measurements. The

sample was prepared by adding Me8Fc (1.0 × 10−3 M) and TFA (2.0
× 10−3 M) into a MeCN solution containing 1 (1.0 × 10−3 M). The
solution was stirred and deaerated under an argon atmosphere. After
30 min, the sample was frozen at 4 K. EPR measurements were

performed on a JEOL X-band EPR spectrometer (JES-ME-LX) with a
JEOL continuous-flow liquid-helium cryostat coupled to a temperature
controller (CT470). The EPR spectra were measured under
nonsaturating microwave power conditions. The amplitude of
modulation was chosen to optimize the resolution and signal-to-
noise (S/N) ratio of the observed spectra. The g values were calibrated
by using a Mn2+ marker.

3. RESULTS AND DISCUSSION
ET from Me8Fc to 1. Me8Fc reduces 1. The one-electron

reduction potential (Ered) of 1 was determined to be 0.43 V vs
SCE [Figure S1 in the Supporting Information (SI)]. Thus,
when Me8Fc (Eox = −0.04 V vs SCE)36a was employed as an
electron donor, ET from Me8Fc to 1 occurred to produce the
corresponding octamethylferrocenium ion (Me8Fc

+) and 2, as
given in eq 1.

+

→ +− +

(tpfc)Mn (NAr) Me Fc

[(tpfc)Mn (NAr)] Me Fc

V
8

IV
8 (1)

The absorption bands at 376 and 535 nm due to 1 decreased
smoothly, accompanied by a rise in the absorption bands at 468
and 622 nm due to 2 (Figure 1a). The stoichiometry of the ET
reaction (eq 1) was confirmed by spectral titration at 376 and
468 nm, and no further reduction of 2 occurred, as shown in
Figure 1b.

The rate of ET from Me8Fc to 1 in deaerated MeCN was
monitored by the appearance of the absorbance peak at 468 nm
due to 2 (Figure 2a), following pseudo-first-order kinetics in
the presence of excess Me8Fc (2.0 × 10−4 M) as compared to 1
(1.1 × 10−5 M). The second-order rate constant (kred) was
determined to be 9.0 × 103 M−1 s−1 from the slope of the linear

Scheme 1. Structure of the Manganese(V) Imidocorrole
Complex

Figure 1. (a) Spectral changes of 1 (1.1 × 10−5 M) upon the addition
of Me8Fc [(0−2.2) × 10−5 M] and (b) absorbance changes at 376 nm
(blue) and 468 nm (red) upon the addition of Me8Fc in deaerated
MeCN at 298 K.

Figure 2. (a) Time profile of the absorption change for the formation
of 2 (λmax = 468 nm) and the best-fit lines to give a pseudo-first-order
rate constant (kobs) in the reduction of 1 (1.1 × 10−5 M) with Me8Fc
(4.0 × 10−5 M) in deaerated MeCN at 298 K. (b) Plots of the
observed pseudo-first-order rate constant (kobs) versus concentrations.
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plot of the pseudo-first-order rate constant (kobs) versus the
concentration of Me8Fc (Figure 2b). When Me8Fc was
replaced by Me2Fc (Eox = 0.26 V vs SCE),39 the rate of ET
from Me2Fc to 1 became significantly slower (Figure S2 in the
SI).
Reduction of 2 by Me8Fc in the Presence of TFA. The

addition of TFA to the deaerated MeCN solution of 2 and an
excess amount of Me8Fc leads to the conversion of 2 to
(tpfc)MnIII (3),16 where the absorption bands at 400 and 420
nm due to 3 appeared, accompanied by a decay in the
absorption band at 468 nm due to 2, as shown in Figure 3. The

thermodynamics of the hydrogen-atom-transfer process can be
analyzed in terms of ET and proton transfer (PT). It was
suggested that the proton affinity of 2 allows the manganese-
(IV) to be reduced to 3. It has been reported that dissociation
of aniline16d,e from high-valent manganese imidocorrole
concurrent with the formation of 3 occurred via hydrogen
abstraction. Titration of TFA together with 2 can explain the
stoichiometry of the PT reaction (eq 2) due to the appearance
of 3 at 420 nm and the decay of 2 at 468 nm with 2 equiv of
TFA.

+ +

→ + +

− +

+

[(tpfc)Mn (NAr)] Me Fc 2H

(tpfc)Mn Me Fc ArNH

IV
8

III
8 2 (2)

Reaction of 1 with TFA. The formation of protonated
MnV(O), [(tpfc)MnV(OH)]+ (4; λmax = 420 nm), was
examined by the addition of a strong acid to a MeCN solution
of 1 and monitored by UV−vis absorption spectroscopy, as
shown in Figure 4a. Upon the addition of TFA to a solution of
1, spectral changes consistent with 1 transformation to 4 were
observed, where 1 equiv of TFA was added to 1 in the presence
of residual H2O in MeCN. The new spectrum assigned to 4

agrees well with the spectrum obtained from (tpfc)MnV(O)
with TFA (Figure S3 in the SI). The equilibrium constant (K1)
for 4 was determined to be 1.0 × 107 M−1 according to the
protonation equilibrium (eq 3) in Figure 4b, indicating strong
association of H+ to 1.

+ +

⇄ +

+

+

(tpfc)Mn (NAr) H H O

[(tpfc)Mn (OH)] ArNH

V
2

V
2 (3)

No further protonation of 4 was observed in the presence of a
large excess TFA (Figure S4 in the SI).
The formation of 4 obeyed pseudo-first-order kinetics over a

wide range of TFA concentrations [(1.0−4.0) × 10−4 M] in a
deaerated MeCN solution of 1 (1.1 × 10−5 M). Absorbance
changes due to 1 at 535 nm upon the addition of TFA versus
time were used to obtain a second-order rate constant (kH) of
1.7 × 102 M−1 s−1 from the slope of the linear plot of the
pseudo-first-order rate constant (Figure 5b). When the

concentration of H2O was increased from 1.0 × 10−2 to 2.0
× 10−2 M, the rate of formation of 4 remained constant,
indicating that a small amount of H2O afforded the formation
of 4 with TFA.
On the basis of the kinetic study of the reaction of 1 with

Me8Fc and TFA, the mechanisms of PT and ET to 1 are
proposed, as shown in Scheme 2. In the presence of Me8Fc, the
conversion from 1 to 2 by ET occurs under pseudo-first-order
rate conditions. The addition of TFA to a solution of 2 leads to
dissociation of the NAr ligand and rapid conversion to 3. The
reaction of 1 with TFA produces the protonated oxo species 4,
accompanied by dissociation of the imido NAr ligand as ArNH2

Figure 3. (a) Spectral changes and (b) absorbance changes at 420 and
468 nm starting from 2 produced by the addition of Me8Fc (1.0 ×
10−3 M) to 1 (1.1 × 10−5 M) to generate 3 upon the addition of TFA
[(0−4.4) × 10−5 M] in deaerated MeCN at 298 K.

Figure 4. (a) Spectral changes and (b) absorbance changes at 420 and
535 nm starting from 1 (1.1 × 10−5 M) to form 4 upon the addition of
TFA [(0−3.3) × 10−5 M] in deaerated MeCN at 298 K.

Figure 5. (a) Plots of decay of 1 (λmax = 535 nm) versus time and best-
fit lines to give the pseudo-first-order rate constant (kobs) of
protonation of 1 (1.1 × 10−5 M) with TFA (1.0 × 10−4 M) in
deaerated MeCN. (b) Plots of the observed pseudo-first-order rate
constant (kobs) versus concentrations of TFA for protonation of 1 (1.1
× 10−5 M) with TFA (1.0−4.0 × 10−4 M) in deaerated MeCN at 298
K.

Scheme 2
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with residual H2O in MeCN. 4 generates 3 in the presence of
Me8Fc to form Me8Fc

+ and H2O (Figure S5 in the SI).
Catalytic Two-Electron Reduction of O2 by Me8Fc with

1 in the Presence of TFA. The addition of excess Me8Fc to
an O2-saturated MeCN solution containing a catalytic amount
of 1 and TFA resulted in the efficient oxidation of Me8Fc by O2
to afford Me8Fc

+ (Figure 6). The formation of Me8Fc
+ was

monitored by the absorption change at 750 nm, as shown in
Figure 6a. Upon the addition of Me8Fc, 4 (blue line in Figure
6a) produced from 1 in the presence of TFA was converted to

3, as shown by the green-line spectrum, which agrees with the
absorption spectrum of 3 (Figure 3a). The catalytic two-
electron reduction of O2 by Me8Fc was also confirmed to take
place with 3 instead of 1 (Figure S6 in the SI). These results
suggest that the oxidation of 3 by O2 is the rate-determining
step in the catalytic reaction. Figure 6b shows the time profile
for the formation of Me8Fc

+ in the reduction of O2 (1.3 × 10−2

M) catalyzed by 1. After the catalytic reaction, the formed
Me8Fc

+ (3.9 × 10−4 M) as the product in the catalytic
reduction of O2 by Me8Fc is twice the produced amount of
H2O2 (1.9 × 10−4 M). The formation of a stoichiometric
amount of H2O2 was confirmed by iodometric titration
experiments (Figure S7 in the SI).40 Me8Fc

+ is quite stable in
the presence of TFA in O2-saturated MeCN, although Me8Fc

+

is unstable under basic conditions. The turnover number was
determined to be 147. The formation of Me8Fc

+ and H2O2 did
not occur in the absence of O2 or 1, indicating that both O2 and
1 are required to generate H2O2 (Figure S8 in the SI). The
overall stoichiometry is given by eq 4.

+ + ⎯ →⎯⎯⎯⎯⎯ ++ +O 2H 2Me Fc H O 2Me Fc2 8 catalyst 2 2 8 (4)

Kinetics and Mechanism of Catalytic Two-Electron
Reduction of O2 by Me8Fc with 1. The kinetics of catalytic
two-electron reduction of O2 by Me8Fc with 1 was investigated
by following the increase in absorbance at 750 nm due to
Me8Fc

+ at different concentrations of 1, Me8Fc, TFA, and O2

Figure 6. (a) Spectral changes in the two-electron reduction of O2 (1.3
× 10−2 M) by Me8Fc (4.0 × 10−4 M) with 1 (1.0 × 10−5 M) in the
presence of TFA (1.0 × 10−2 M) in O2-saturated MeCN at 298 K. The
blue and green lines show the spectra before and right after addition of
Me8Fc to a O2-saturated MeCN of 1 and TFA. (b) Time profile of
absorbance at 750 nm due to the formation of Me8Fc

+.

Figure 7. Plot of (a) kobs versus 1 for the two-electron reduction of O2 (1.3 × 10−2 M) by Me8Fc (1.0 × 10−3 M) in the presence of TFA (1.0 × 10−2

M) in O2-saturated MeCN. (b) Plot of kobs versus [Me8Fc] for the two-electron reduction of O2 (1.3 × 10−2 M) by various concentrations of Me8Fc
with 1 (1.0 × 10−5 M) in the presence of TFA (1.0 × 10−2 M) in MeCN at 298 K. (c) Plot of kobs versus [TFA] for the two-electron reduction of O2
(1.3 × 10−2 M) by Me8Fc (1.0 × 10−3 M) with 1 (1.0 × 10−5 M) in the presence of various concentrations of TFA in MeCN at 298 K. (d) Plot of
kobs versus [O2] for the two-electron reduction of various concentrations of O2 by Me8Fc (1.0 × 10−3 M) with 1 (1.0 × 10−5 M) in the presence of
TFA (1.0 × 10−2 M) in MeCN at 298 K.
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(Figures S9−S12 in the SI). The pseudo-zero-order rate
constant (kobs) is proportional to the concentrations of 1
(Figure 7a) and O2 (Figure 7d), whereas the kobs values
remained constant irrespective of the concentrations of Me8Fc
(Figure 7b) and TFA (Figure 7c). The first-order dependence
of the rate on the concentrations of 1 and O2 indicates that
inner-sphere ET from 3 to O2 to give (tpfc)MnIV(O2

•−) is the
rate-determining step in the catalytic cycle, as shown in Scheme
3. The produced (tpfc)MnIV(O2

•−) intermediate is reduced

rapidly by Me8Fc with H+ to give (tpfc)MnIV(OOH), which is
protonated to release H2O2 as a product and [(tpfc)MnIV]+.
The latter is reduced rapidly via ET by Me8Fc, completing the
catalytic cycle.
According to Scheme 3, the kinetic equation for the catalytic

two-electron reduction of O2 by Me8Fc with 1 is given by eq 5,
where the kcat value is 2.7 ± 0.1 M−1 s−1, calculated from the
slopes of the linear plots of kobs versus 1 and [O2] in Figure 7.

=+ t kd[Me Fc ]/d [(tpfc)Mn (NAr)][O ]8 cat
V

2 (5)

The mechanism in Scheme 3 is consistent with electrocatalysis
of O2 reduction with metal corroles as previously observed by
rotating ring disk electrode voltammetry.41 Electrocatalysis of
O2 reduction with manganese corrole resulted in two-electron
reduction to produce H2O2, whereas iron corroles undergo a
four-electron pathway.41 The ET reduction of O2 with 3
occurred in the presence of a large excess TFA. When a strong
reductant is applied as the electron source, the ET reduction of
3 resulted in the formation of [(tpfc)MnII]− and [(tpfc)-
MnIII(O2

•−)]− as O2 reduction intermediates, which were
characterized in the electrochemical O2 reduction with 3.
To examine the formation of [(tpfc)MnIV]+ under our

steady-state catalysis conditions, EPR measurements were
performed, as shown in Figure 8. The EPR spectrum of
[(tpfc)MnIV]+ was obtained by the reaction of 3 with 1 equiv of
Me8Fc in the presence of excess amounts of TFA and O2. The

well-resolved spectrum in Figure 8a provides conclusive
evidence for the formation of a high-spin manganese(IV) (d3,
S = 3/2) complex. The prominent axial signals of manganese-
(IV) at g⊥ = 4 and g|| = 2 are apparent, being comparable to
axial spectra reported previously.16d The EPR spectrum
observed under the catalytic conditions with 3 (1.0 × 10−3

M) and an excess of both Me8Fc (8.0 × 10−3 M) and TFA (1.0
× 10−2 M) in O2-saturated MeCN shows a weak signal due to a
trace of [(tpfc)MnIV]+, surmising that the reaction of 3 with O2
is the rate-determining step.

4. CONCLUSIONS
Catalytic two-electron reduction of O2 by Me8Fc has been
demonstrated with a catalytic amount of 1 in the presence of
TFA in MeCN. The rate-determining step in the catalytic cycle
is inner-sphere ET from 3 to O2 to produce a putative
superoxide intermediate, [(tpfc)MnIV(O2

•−)], followed by
proton-coupled ET reduction to yield H2O2 and [(tpfc)MnIV]+;
the latter is rapidly reduced by Me8Fc to regenerate 3. Thus,
catalytic two-electron reduction of O2 proceeds via a MnIII/
MnIV redox couple. This is the first report on a homogeneous
catalytic two-electron reduction of O2 to produce H2O2 using a
manganese complex. This study paves the way to develop
manganese-based catalysts for the selective two-electron
reduction of O2 by modifying the ligands to control the
redox potentials of the MnIII/MnIV couple.
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Scheme 3

Figure 8. (a) EPR spectrum of [(tpfc)MnIV]+ produced from 3 (1.0 ×
10−3 M) in the presence of Me8Fc (1.0 × 10−3 M) and TFA (1.0 ×
10−2 M) in O2-saturated MeCN at 4 K. (b) EPR spectrum generated
under catalytic conditions from 3 (1.0 × 10−3 M) in the absence
(black) and presence (blue) of Me8Fc (8.0 × 10−3 M) and TFA (1.0 ×
10−2 M) in O2-saturated MeCN at 4 K, where a reaction solution was
immediately frozen after mixing. Experimental parameters: microwave
frequency = 9.0 GHz; microwave power = 100 mW; modulation
frequency =1 00 kHz; modulation width = 1.0 mT.
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