Inorganic Chemistry

pubs.acs.org/IC

High-Valent Chromium—Oxo Complex Acting as an Efficient Catalyst
Precursor for Selective Two-Electron Reduction of Dioxygen by a

Ferrocene Derivative

Shuo Liu,Jr’II Kentaro Mase,i’|| Curt Bougher,Jr Scott D. Hicks,” Mahdi M. Abu-Omar,*"

and Shunichi Fukuzumi**

-‘-Department of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, Indiana 47907, United States
*Department of Material and Life Science, Graduate School of Engineering, Osaka University, ALCA, Japan Science and Technology

(JST), Suita, Osaka 565-0871, Japan

© Supporting Information

ABSTRACT: Efficient catalytic two-electron reduction of
dioxygen (O,) by octamethylferrocene (MegFc) produced
hydrogen peroxide (H,0,) using a high-valent chromium(V)—
oxo corrole complex, [(tpfc)Cr¥(0)] (tpfc = tris-
(pentafluorophenyl)corrole) as a catalyst precursor in the
presence of trifluoroacetic acid (TFA) in acetonitrile (MeCN).
The facile two-electron reduction of [(tpfc)Cr'(0O)] by 2
equiv of MegFc in the presence of excess TFA produced the
corresponding chromium(III) corrole [(tpfc)Cr'(OH,)] via
fast electron transfer from MegFc to [(tpfc)Cr¥(0O)] followed
by double protonation of [(tpfc)Cr'(0)]™ and facile second-

electron transfer from MegFc. The rate-determining step in the
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catalytic two-electron reduction of O, by MegFc in the presence of excess TFA is inner-sphere electron transfer from
[(tpfc)Cr™(OH,)] to O, to produce the chromium(IV) superoxo species [(tpfc)Cr™(0,°7)], followed by fast proton-coupled
electron transfer reduction of [(tpfc)Cr'V(0,*)] by MegFc to yield H,O,, accompanied by regeneration of [(tpfc)Cr''(OH,)].
Thus, although the catalytic two-electron reduction of O, by MegFc was started by [(tpfc)Cr'(O)], no regeneration of
[(tpfc)Cr/(0)] was observed in the presence of excess TFA, regardless of the tetragonal chromium complex being to the left of
the oxo wall. In the presence of a stoichiometric amount of TFA, however, disproportionation of [(tfpc)Cr'V(0)]™ occurred via

the protonated species [(tpfc)Cr"V(OH)] to produce [(tpfc)Cr™(OH,)] and [(tpfc)CrV(0)].

B INTRODUCTION

Extensive efforts have been devoted to developing catalysts for
four-electron reduction of dioxygen (O,), because it is of not
only great biological interest, such as cytochrome ¢ oxidases' ~
and lacasse,* " but also technological significance such as use in
fuel cells.”® Two-electron reduction of O, to produce hydrogen
peroxide has also merited increasing attention, because
hydrogen peroxide is a versatile and environmentally benign
oxidizing reagent produced on a large industrial scale. It is also
a promising candidate as a sustainable energy carrier with a high
energy density that can be used in hydrogen peroxide fuel
cells.”"" However, the anthraquinone process, currently used
to produce hydrogen peroxide industrially, requires potentially
explosive hydrogen and a noble metal catalyst. Alternatively,
electrocatalysis of metal complexes of iron, cobalt, and copper
has been extensively investigated in heterogeneous sys-
tems.”®'>'® In contrast to investigations of heterogeneous
systems, investigations of the catalytic reduction of O, by metal
complexes in homogeneous systems have provided valuable
mechanistic insight into the role of reaction intermediates in
the catalytic cycle."*>"
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Whereas various metal complexes catalyze the catalytic four-
electron reduction of O,, only late transition-metal complexes
have been reported to act as catalysts for selective two-electron
reduction of 0, 7! This can be explained by the “oxo wall”
theory established by Gray and Winkler in which mononuclear
complexes composed of transition metals to the right of the
Fe—Ru—Os group in the periodic table with tetragonal
geometry will not form a terminal oxo complex due to
electrostatic repulsion of electrons between the d orbitals of
these metals and the oxo ligand, where electrons in the d
orbitals of these metals begin to occupy antibonding orbitals of
the M=O unit.**** Thus, metal complexes composed of
metals to the right of the Fe—Ru—Os group catalyze selective
two-electron reduction of O, to produce H,0O, via M—O bond
cleavage of hydroperoxo intermediate, as shown in Scheme
1229731

In contrast, even mononuclear complexes composed of
metals to the right of the Fe—Ru—Os group can catalyze the
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four-electron reduction of O, via the formation of dinuclear
peroxo complexes, which act as key intermediates followed by
homolytic O—O bond cleavage to produce H,0O (Scheme
1c).>*?® Except for the dinuclear copper complex reported by
Karlin and co-workers,>" it is well-known that Cu' reacts with
0, to afford the superoxo species, which reacts rapidly with a
second equivalent of Cu' to form dinuclear peroxo species,
followed by further reduction in the presence of acid to
facilitate the four-electron reduction of O, to produce H,0.**

Consequently, metal complexes composed of early transition
metals to the left of Fe—Ru—Os group are thought to catalyze
selective four-electron reduction of O, via the formation of
stable metal oxo complexes, as shown in Scheme 1b. However,
there has been no report on the catalytic reduction of O, and
its selectivity using chromium complexes.

Contrary to what we expected from the reaction shown in
Scheme 1b, we have found that selective two-electron reduction
of O, by ferrocene derivatives as a one-electron reductant is
catalyzed by chromium(V)—oxo tris(pentafluorophenyl)corrole
([(tpfc)Cr¥(0)]) in the presence of trifluoroacetic acid (TFA)
in acetonitrile (MeCN) at 298 K under homogeneous
conditions. We report herein the mechanism of the catalytic
O, reduction and its selectivity by octamethylferrocene
(MegFc) with [(tpfc)Cr¥(0)] in the presence of TFA, on the
basis of detailed kinetic studies of each step in the catalytic
cycle and the overall catalytic reaction and detection of reactive
intermediates.

B EXPERIMENTAL SECTION

General Procedure. Chemicals were purchased from commercial
sources and used without further purification, unless otherwise noted.
Acetonitrile (MeCN) used for spectroscopic and electrochemical
measurements was dried with calcium hydride and distilled under
nitrogen (N,) prior to use.’* Chromium(V)—oxo tris-
(pentafluorophenyl)corrole [(tpfc)Cr¥(O)] has been synthesized
and characterized as reported previously.’**® Octamethylferrocene
(MegFc) was purchased commercially and purified by sublimation.
Tetra-n-butylammonium hexafluorophosphate (TBAPF,) was twice
recrystallized from ethanol and dried in vacuo prior to use. MALDI—
TOF MS measurements were performed on a Kratos Compact
MALDI 1 mass spectrometer (Shimadzu) for the detection of
[(tpfc)Cr™]*, using dithranol as a matrix in the reflectron-positive
mode.

Spectroscopic and Kinetic Measurements. UV—vis spectros-
copy was carried out on a Hewlett-Packard 8453 diode array
spectrophotometer at room temperature using 1.00 cm cells. Rate
constants of oxidation of MegFc by O, in the presence of a catalytic
amount of [(tpfc)Cr¥(0)] and an excess amount of TFA in MeCN at
298 K were determined by monitoring the appearance of absorption
bands due to the corresponding ferrocenium ions (Fc*, 4, = 620 nm,
£ = 330 M~! em™}; MegFc, A, = 750 nm, £, = 410 M~! em™1).%°
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At the monitored wavelengths, spectral overlap was observed with
[(tpfc)Cr¥(0)]™ (A = 620 nm (e = 5.4 X 10* M em™), A = 750 nm
(e = 3.6 X 10> M™' cm™)). Typically, the concentration of MegFc
employed for the catalytic reduction of O, was much larger than that
of O,, when O, is the reaction-limiting reagent in the reaction solution.
In contrast, the small amount of MegFc used for the reduction of O,
was employed in an O,-saturated MeCN solution, when MegFc is the
reaction-limiting reagent. The limiting concentration of O, in a MeCN
solution was prepared by a mixed gas flow of O, and N,. The mixed
gas was controlled by using a gas mixer (Kofloc GB-3C, KOJIMA
Instruments, Inc.) that can mix two or more gases at a certain pressure
and flow rate. The concentration of O, in an air-saturated MeCN
solution (2.6 X 107> M) was determined as reported previously.>’

The amount of hydrogen peroxide (H,0,) formed was determined
by titration with iodide ion: A diluted CH;CN solution (2.0 mL) of
the product mixture (250 uL) was treated with an excess amount of
Nal, and the amount of I;~ formed was determined by the absorption
spectrum (A, = 361 nm, £ = 2.8 X 10* M~ cm™).*®

Kinetic measurements for fast reactions with short halflifetimes
(within 10 s) were performed on a UNISOKU RSP-601 stopped-flow
spectrophotometer with an MOS-type high selective photodiode array
at 298 K using a Unisoku thermostated cell holder. Rates of electron
transfer from MegFc to [(tpfc)Cr'V(0O)]™ were monitored by the decay
of absorption bands due to [(tpfc)Cr™V(0)]".

Electrochemical Measurements. Cyclic voltammetry (CV)
measurements were performed on an ALS 630B electrochemical
analyzer, and voltammograms were measured in deaerated MeCN
containing 0.10 M TBAPF4 as a supporting electrolyte at room
temperature. A conventional three-electrode cell was used with a glassy
carbon working electrode (surface area of 2.8 X 10 mm®) or a
platinum working electrode (surface area of 8.0 mm?) and a platinum
wire as the counter electrode. The glassy carbon working electrode
(BAS) and the platinum working electrode (BAS) were routinely
polished with BAS polishing alumina suspension and rinsed with
acetone before use. The potentials were measured with respect to the
Ag/AgNO; (1.0 X 1072 M) reference electrode. All potentials (vs Ag/
AgNO;) were converted to values vs SCE by adding 0.29 V.** Redox
potentials were determined using the relation E, /, = (EPa + EPC) /2.

Electron Paramagnetic Resonance (EPR) Measurements. The
EPR spectra were performed on a JEOL X-band EPR spectrometer
(JES-ME-LX) using a quartz EPR tube containing a deaerated sample
frozen solution at 80 K. The internal diameter of the EPR tube is 4.0
mm, which is small enough to fill the EPR cavity but large enough to
obtain good signal-to-noise ratios during the EPR measurements at
low temperatures (80 K). The EPR spectra were measured under
nonsaturating microwave power conditions. The amplitude of
modulation was chosen to optimize the resolution and the signal-to-
noise (S/N) ratio of the observed spectra. The g values were calibrated
with a Mn*" marker.

B RESULTS AND DISCUSSION
Electron Transfer from MegFc to [(tpfc)CrV(O)]. When

octamethylferrocene (MegFc) was employed as a one-electron
reductant, electron transfer from MegFc to [(tpfc)Cr'(O)]
occurred rapidly, generating octamethylferrocenium ion
(MegFc*) and [(tpfc)CrV(0)]7, as given by eq 1.

MegFc + [(tpfc)CrV(0)] = MegFct + [(tpfe)Cr'¥(0)]™
(1)

The absorption bands at 400 (analogue to the Soret band in
porphyrins) and 556 nm (analogue to the Q-band in
porphyrins) associated with [(tpfc)Cr'(0)] decreased
smoothly, accompanied by an increase in the absorption
bands at 430 and 577 nm with clean isosbestic points (Figure
la). The latter bands are assigned to [(tpfc)Cr'V(O)]", as
reported previously.>>*® The stoichiometry of the electron-
transfer reaction (eq 1) was confirmed by the spectral titration
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Figure 1. (a) Absorption spectral changes of [(tpfc)Cr'(0)] (1.0 X
1075 M) upon the addition of MegFc in air-saturated MeCN at 298 K.
(b) Absorbance changes at 400 (closed circle) and 430 nm (open
circle) upon the addition of MegFc.

at 400 and 430 nm, and no further reduction of [(tpfc)-
Cr"(0)]™ occurred, as shown in Figure 1b.

Reduction of [(tpfc)Cr'V(O)]~ by MegFc. In the presence
of a stoichiometric amount of TFA (proton source), further
spectral changes occurred to produce 0.5 equiv of [(tpfc)-
CrY(0)] and [(tpfc)Cr™(OH,)], where the absorption bands
at 400 and 648 nm appeared due to [(tpfc)Cr'(O)] and
[(tpfc)Cr'(OH,)]*>%, respectively, accompanied by a de-
crease in the absorption bands at 430 and 577 nm due to
[(tpfc)CrV(0)]~, as shown in Figure 2. The decay rate of
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Figure 2. Absorption spectral changes of [(tpfc)Cr™(0)]™ (1.0 X
105 M) upon the addition of TFA (1.0 X 10~ M) in deaerated
MeCN at 298 K. (b) Time profile of the absorbance at 430 nm upon
the addition of TFA. Inset shows second-order plot.

[(tpfc)Cr'V(O)]™ obeys second-order kinetics, as shown in a
linear second-order plot (inset of Figure 2b). Such second-
order kinetics, together with the appearances of [ (tpfc)Cr'(O)]
and [(tpfc)Cr™(OH,)] associated with the decay of [(tpfc)-
CrV(0)]7, can be well explained by the disproportionation of
[(tpfc)Cr'V(0)]~, which is protonated in the presence of TEA
(ie., [(tpfc)Cr'V(OH)]) to afford 0.5 equiv of [(tpfc)Cr¥(0)]
and [(tpfc)Cr'™(OH,)], as given by eq 2. The kinetic equation
is given by eq 3. The rate constant of the disproportionation of
[(tfpc)Cr'¥(0)7] (kdispm) was determined to be 3.1 X 10° M
s~ on the basis of the second-order plot (inset of Figure 2b).

2[(tpfc)Cr'V(0)] + 2H*

— [(tpfc)Cr¥(0)] + [(tpfc)Cr™(OH,)] (2)

©)

Upon the addition of an excess amount of TFA to the
solution of [(tpfc)Cr'V(O)]~ containing MegFc in deaerated
MeCN at 298 K, the rise of the absorption band at 648 nm due
to [(tpfc)Cr™(OH,)] accompanied by the decay of the

—d[(tpfe)Cr™V(0) ] /dt = kdispm[(tpfc)CrIV(O)_]2
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absorption bands at 430 and 577 nm due to [(tpfc)CrV(0)]~
was observed using stopped-flow technique (Figure 3). In the
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Figure 3. Absorption spectral changes of [(tpfc)Cr™¥(0)]™ (5.5 x
107 M) upon the addition of TFA (7.5 X 10> M) in the presence of
MegFc (1.0 X 107* M) in deaerated MeCN at 298 K. The black and
red lines show the spectra before and after the addition of TFA,
respectively.

presence of excess TFA and MegFc, the decay of [(tpfc)-
Cr(0)]™ obeyed first-order kinetics, as shown in Figure 4a.

(@) 1.0 () 1.0
[MegFc] =
* 25uM
0.8 0.8 « 50 uM
* 100 uM
£ £ « 150 uM
* 200 uM
506 506 > Bsogm
() ()
< <
o4 S04
(%] 0
Qo Qo
< <
0.2 0.2
0 ‘ . . . 0 . . . .
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Time, s Time, s
Figure 4. Time profiles of absorbance at 430 nm due to the decrease

of [(tpfc)Cr™¥(0)]™ in the reduction of [(tpfc)Cr™¥(0)]™ (5.5 X 107
M) (a) by MegFc (1.0 X 107* M) in the presence of various
concentrations of TFA in deaerated MeCN at 298 K and (b) by
various concentrations of MegFc in the presence of TFA (7.5 X 107
M) in deaerated MeCN at 298 K.

The observed rate constants k, increased with increasing TFA
concentration, exhibiting second-order dependence on [TFA]
at lower concentration of TFA and first-order dependence on
[TFA] at higher concentration of TFA (Figure Sa). Addition-
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Figure 5. (a) Plot of k, vs [TFA] for the reduction of [(tpfc)Cr™(O)
17 (5.5 X 107 M) by MegFc (1.0 X 107* M) in the presence of various
concentrations of TFA in deaerated MeCN at 298 K. (b) Plot of kg,
vs [MegFc] for the reduction of [(tpfc)CrV(0)]™ (5.5 X 107° M) by
various concentrations of MegFc in the presence of TFA (7.5 X 107
M) in deaerated MeCN at 298 K.
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ally, the zero-order dependence of kg, on the concentration of
MegFc (Figure Sb) indicates that the reduction of [(tpfc)-
CrV(0O)]™ occurs via the proton transfer from TFA to
[(tpfc)Cr™¥(0)]™ to form [(tpfc)Cr™V(OH)] as an intermediate
in a pre-equilibrium step, followed by the rate-determining
second protonation of [(tpfc)Cr'V(OH)] to afford [(tpfc)-
CrV(OH,)]*, which is reduced by fast electron transfer from
MegFc to [(tpfc)Cr'V(OH,)]" to produce [(tpfc)Cr™(OH,)],
as shown in Scheme 2.

Scheme 2
K Ky
+H+ + H*
[(tpfc)CrV(0)- === [(tpfc)CrV(OH)] —= [(tpfc)CrV(OHy))*
- RDS
MegFc

MegFc*

[(tpfc)Cr(OHy)]

According to Scheme 2, the decay rate of [(tpfc)Cr'(O)]™ is
given by eq 4,

—d[(tpfe)Cr™(0)7],/dt = k[(tpfc)Cr™(OH)][H*]

(4)
where [(tpfc)Cr'V(O)7], is the total concentration of [(tpfc)-
Cr'V(0)]” and [(tpfc)CrV(OH)]. The concentration of
[(tpfc)Cr™V(OH)] is given by eq S.

[(tpfe)Cr™(OH)] = K[ (tpfe)Cr™(O) L [H']/ (1 + K[H'])
©)
Thus, by combining eqs 4 and 5, we obtain eq 6, which agrees
with the observed dependence of ky,, on [H*].

—d[(tpfe)Cr™V(0) 7], /dt

= k K[(tpfc)Cr™ (O) ), [H'T /(1 + K[H']) 6)

Electrochemical Measurements. Electrochemical meas-
urements of [(tpfc)Cr¥(O)] were performed in deaerated
MeCN containing 0.10 M TBAPF to determine the catalytic
activity of [(tpfc)Cr'(O)] toward the reduction of O,, as
shown in Figure 6. In the absence of TFA, reversible redox
couples of [(tpfc)Cr¥(0)]/[(tpfc)Cr™V(0)]™ and [(tpfc**)-
Cr'(0)]*/ [(tpfc)CrV(O)] were observed at E,, versus SCE
values of 0.13 and 1.14 V, respectively,>>>® as shown in Figure
6a (black). In the presence of TFA, the redox wave for
[(tpfc*)Cr¥(0)]*/[(tpfc)Cr¥(O)] was unchanged at 1.14 V,
whereas the redox potential for [(tpfc)Cr'(0)]/[(tpfc)-
Cr(0)]™ was shifted to a more positive potential (Figure
6a, red). A single irreversible reduction at E,. =0.17 V coupled
with an irreversible oxidation peak at E, = 0.45 V is observed at
a scan rate of 0.1 V s~', where the oxidation peak is assigned to
the oxidation of [(tpfc)Cr'"(OH,)] produced by the
disproportionation of [(tpfc)CrV(OH)] formed in the course
of the reduction of [(tpfc)Cr¥(O)] in the presence of TFA.
The redox wave for [(tpfc)CrV]*/[ (tpfc)Cr™(OH,)] was
confirmed by examining a deaerated MeCN solution of
[(tpfc)Cr™(OH,)] prepared independently by adding 2 equiv
of MegFc (2.0 X 107> M) in the presence of TFA (Figure S3,
Supporting Information). The reversible redox couple for
[(tpfc)Cr™V]*/[(tpfc)Cr™(OH,)] was observed at E,/, = 0.37
V, where the oxidation peak of [(tpfc)Cr"™(OH,)] (Epa =045
V) is virtually the same as that observed in Figure 6a. Thus, the
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Figure 6. Cyclic voltammograms of (a) a N,-saturated MeCN solution
of [(tpfc)CrY(0)] (1.0 X 1073 M) recorded in the presence of 0.10 M
TBAPF, without TFA (black line), with TFA (1.0 X 107> M) (red
line) and a sweep rate of 0.1 V s™%, and (b) [(tpfc)Cr¥(0)] (1.0 x
1073 M) recorded in the presence of 0.10 M TBAPF, with TFA (1.0 X
1072 M) in a Nj-saturated MeCN solution (black line), in an O,-
saturated MeCN solution (red line) and a sweep rate of 0.02 V s™".

electron-transfer reduction of [(tpfc)Cr¥(O)] is followed by
disproportionation of [(tpfc)Cr"V(OH)] in the presence of
TFA.

The catalytic current was observed in the presence of
[(tpfc)Cr'(0)], as shown in Figure 6b, where the catalytic
current at —0.25 V is much larger than the current without
[(tpfc)CrV(0)], as shown in Figure S4 (Supporting Informa-
tion). Hydrogen production processes have been observed with
onset potential of around —0.5 V (vs SCE) in a N,-saturated
MeCN solution, as shown in Figure SS (Supporting
Information), which is significantly more negative that the
onset potential for the catalytic O, reduction in Figure 6b.

Catalytic Two-Electron Reduction of O, by MegFc with
[(tpfc)Cr¥(0)] in the Presence of TFA. The addition of TFA
to a MeCN solution containing a catalytic amount of
[(tpfc)Cr¥(0)], excess MegFc, and O, at 298 K results in the
efficient oxidation of MegFc by O, to afford MegFc* (Figure 7).
It should be noted that the oxidation of MegFc by O, hardly
occurred in the absence of [(tpfc)Cr'(0O)] under the present
experimental conditions (Figure S6, Supporting Information).
The stoichiometry of the catalytic oxygen reduction was
confirmed under the employed reaction conditions with limited
concentration of O, relative to the concentration of MegFc and
TFA (e, [0,] < [MegFc], [TFA]). The formation of MegFc*
was monitored by a rise in absorbance at 750 nm, as shown in
Figure 7a. Figure 7b shows the time course of formation of
MegFc" in the reduction of limited concentration of O, (3.3 X
10~* M). At the end of the catalytic reaction, the concentration
of MegFc* (6.6 X 107 M) formed in the catalytic reduction of
0, by MegFc is twice of the concentration of O, (3.3 X 107*
M) in MeCN. This result clearly indicates that the two-electron
reduction of O, occurs to produce 2 equiv of MegFc", and there
is no further reduction to produce more than 2 equiv of
MegFc', as given by eq 7.
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Figure 7. (a) Absorption spectral changes in the two-electron
reduction of O, (3.3 X 107* M) by MegFc (8.0 X 107> M) with
[(tpfc)CrV(0)] (5.0 X 107° M) in the presence of TFA (2.5 X 107>
M) in MeCN at 298 K. The black and red lines show the spectra
before and after injection of O,, respectively. The dotted line is the
absorbance at 750 nm due to 6.6 X 107* M of MegFc". (b) Time
profile of absorbance at 750 nm due to the formation of MegFc".

0, + 2H" + 2MegFc — H,0, + 2MegFc*
Cat (7)

The stoichiometry of the catalytic reduction of O, by MegFc
with [(tpfc)Cr/(O)] was further confirmed by changing O,
concentration (Figure S7, Supporting Information). In each
concentration of O,, the concentration of MegFc" formed in
the catalytic reduction of O, by MegFc is twice the
concentration of O,.

In addition, the formation of the stoichiometric amount of
H,0, was confirmed by the iodometric titration experiments
(Figure S8, Supporting Information).>® This means that the
chromium corrole complex is quite stable, even in the presence
of acidic solution by the strong electrostatic interaction
between the multiply charged chromium ion and the corrole
ligand. The time profile of the formation of MegFc* obeyed
first-order kinetics under the conditions of [0,] < [MegFc]
(Figure 7b). This suggests that the catalytic rate is first order
with respect to O, concentration. During the catalytic reaction,
[(tpfc)Cr¥(0)] is converted to [(tpfc)Cr™(OH,)], as shown
by the gray line spectrum with A, = 648 nm in Figure 7a,
which agrees with the absorption spectrum of [(tpfc)-
Cr'(OH,)] produced by the reduction of [(tpfc)Cr¥(O)] in
the presence of TFA in deaerated MeCN in Figure 3. These
results suggest that the oxidation of [(tpfc)Cr"'(OH,)] by O, is
the rate-determining step in the catalytic reaction. The turnover
number was determined to be more than 480, as shown in
Figure S9 (Supporting Information).

Under reaction conditions such that [MegFc] <« [O,],
[TFA], the time profiles of the formation of MegFc" obeyed
zero-order kinetics (Figure 8b), because the large excess O,
concentration remains nearly constant when the rate also
remains constant, irrespective of a decrease in the concen-
tration of MegFc. When the catalytic reaction was over, a sharp
spectral change in absorbance at 648 nm due to [(tpfc)-
Cr"'(OH,)] was observed at around 22 s (Figure 8b). This
spectral change at the end of the catalytic reaction is ascribed to
the formation of [(tpfc)Cr'V]*, formed by the oxidation of
[(tpfc)Cr™(OH,)] with O, once all MegFc was consumed. The
formation of [(tpfc)Cr']* observed at the end of the catalytic
reaction was confirmed by comparison with the absorption
spectrum of [(tpfc)Cr™]*, which was produced independently
by the addition of 2 equiv of MegFc (5.0 X 107> M) to an air-
saturated MeCN solution of [(tpfc)CrV(0)] (2.5 X 107> M) in
the presence of a large excess amount of TFA, as shown in
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Figure 8. (a) Absorption spectral changes in the two-electron
reduction of O, (1.3 X 107> M) by MegFc (2.0 X 107> M) with
[(tpfc)CrV(0)] (5.0 X 107° M) in the presence of TFA (2.5 X 107>
M) in O,-saturated MeCN at 298 K. The black and red lines show the
spectra before and after the addition of TFA, respectively. The dotted
line is the absorbance at 750 nm due to 2.0 X 107> M of MegFc". (b)
Time profile of absorbance at 750 nm due to the formation of MegFc
+

Figure 9a. This reaction intermediate is further supported by
the appearance on the MALDI TOF mass spectrum of an ionic
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Figure 9. Absorption spectral changes of [(tpfc)Cr¥(0)] (2.5 x 107°
M) upon the addition of MegFc (5.0 X 107> M) in the presence of
TFA (1.0 X 107> M) in air-saturated MeCN at 298 K. The black line
shows the spectrum before the addition of MegFc. The red line shows
the spectrum just after the addition of MegFc, which represents
[(tpfc)Cr™(OH,)]. The blue line shows the spectrum observed at
around 40 s after the addition of MegFc, which represents a putative
[(tpfc)Cr™]*. (b) Absorbance changes at 648 nm (O) and 720 nm
(@) upon the addition of MegFc.

pattern at 845.58, which is attributed to chromium corrole
species without an oxo ligand (Figure S10, Supporting
Information). The time course is shown in Figure 9b, where
[(tpfc)Cr¥(0)] was rapidly reduced by 2 equiv of MegFc to
produce [(tpfc)Cr™(OH,)] (4 648nnm), which was
subsequently oxidized by O, to produce [(tpfc)CrV]* (4 =
720 nm).

Kinetics and Mechanism of Two-Electron Reduction
of 0, by MegFc with [(tpfc)CrY(0)]. The kinetics of the
catalytic two-electron reduction of O, by MegFc with
[(tpfc)Cr¥(O)] was investigated by following an increase in
absorbance at 750 nm due to MegFc™ under MegFc limiting
conditions (Figure S11, Supporting Information). The pseudo-
zero-order rate constant (k,,,) is proportional to the
concentration of [(tpfc)Cr'(O)] and that of O, (Figure
10a,d), whereas the kg, values remained constant, irrespective
of the change in concentrations of MegFc and that of TFA
(Figure 10b,c). The first-order dependences on the concen-
trations of [(tpfc)Cr'(0)] and O, indicate that inner-sphere
electron transfer from [(tpfc)Cr™(OH,)] to O, to give
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Figure 10. Plot of (a) kg vs [(tpfc)Cr'(0)] for the two-electron
reduction of O, (1.3 X 1072 M) by MegFc (1.5 X 107> M) in the
presence of TFA (1.0 X 107> M) in O,-saturated MeCN. (b) Plot of
kyps vs [MegFc] for the two-electron reduction of O, (1.3 X 107> M)
by various concentrations of MegFc with [(tpfc)Cr¥(0)] (2.5 X 107°
M) in the presence of TFA (1.0 X 107> M) in MeCN at 298 K. (c)
Plot of k,,, vs [MegFc] for the two-electron reduction of O, (1.3 X
1072 M) by MegFc (1.5 x 1073 M) with [(tpfc)Cr¥(0)] (2.5 X 107°
M) in the presence of various concentrations of TFA in MeCN at 298
K. (d) Plot of kg, vs [O,] for the two-electron reduction of various
concentrations of O, by MegFc (1.5 X 107> M) with [(tpfc)Cr'(0)]
(2.5 x 1075 M) in the presence of TFA (1.0 X 107> M) in MeCN at
298 K.

[(tpfc)Cr™V(0,°7)], where the aqua ligand is replaced by O,"",
is the rate-determining step in the catalytic cycle, as shown in
Scheme 3. The produced [(tpfc)Cr'V(0,*7)] is reduced rapidly

Scheme 3
i
= CrV=
2MegFc, 2H*
H,0
MegFc+ 0,
-cr- RDS &7
MegFc ¢ 2Py
o - Crilm  =CrV—
Py / \ o
crv —Cril ? o
- Crl¥e— . —CrlVe T v
P—y =CrVe
H,0, JOH ‘/\ MegFc, H*
Q
H* -CrVa

by MegFc with H* to produce [(tpfc)Cr"V(OOH)], which is
protonated to produce [(tpfc)Cr'V]* and H,0,. The rate-
determining electron transfer from [(tpfc)Cr"™(OH,)] to O, is
also supported by the steady-state appearance of [(tpfc)-
Cr'(OH,)] as the observable intermediate in the catalytic cycle
(vide supra). When pyridine (Py) was employed under same
experimental conditions as in Figure 10, the catalytic O,
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reduction was inhibited due to the coordination of pyridine
to the reaction center of chromium(IIl) species to form a 6-
coordinated state, exhibiting the spectrum of chromium(III)
species (Fi%ure S12, Supporting Information), as reported
previously.*

On the other hand, [(tpfc)Cr'V]" prepared under single-
turnover conditions (Figure 9) is rapidly reduced by MegFc to
regenerate [(tpfc)Cr'™'], where the reaction was too fast to
determine the rate constant accurately. This is reasonable,
because the one-electron reduction potential of [(tpfc)Cr'v]*
(Ereq vs SCE = 0.37 V in Figure S1, Supporting Information) is
much more positive than the one-electron oxidation potential
of MegFc (E,, = —0.04 V vs SCE),>® when electron transfer
from MegFc to [(tpfc)Cr'V]* is highly exergonic with the
driving force of 0.41 eV. When MegFc was replaced by
ferrocene (Fc: E,, vs SCE = 0.37 V)** as a weaker reductant
than MegFc, the catalytic two-electron reduction of O, by Fc
also occurred as shown in Figure S13, Supporting Information.
However, the rate of formation of Fc* became much slower
than that of MegFc', where the absorption band due to
[(tpfc)Cr'V]" was observed during the catalytic reaction. This
indicates that the rate-determining step is changed from the
oxidation of [(tpfc)Cr™(OH,)] by O, to the reduction of
[(tpfc)Cr™]* by Fc, because the driving force of electron
transfer from Fc to [(tpfc)Cr'V]* becomes much smaller as
compared with that of MegFc.

According to Scheme 3, the kinetic equation for the catalytic
two-electron reduction of O, by MegFc with [(tpfc)CrV(0)] is
given by eq 8, where the k_, value was determined to be (1.4 +
0.1) X 10* M~! 57! from the slopes of the linear plot of k vs
[(tpfc)CrV(0)] and [O,] in Figure 10. The turnover frequency
in O,-saturated MeCN was determined from the k_, value (1.4
+0.1) X 10> M™' s7" and the O, concentration (1.3 X 107> M)
to be 1.8 s™' (eq 8), which is certainly fast enough to observe
the electrocatalytic O, reduction in Figure 6b. The catalytic
cycle with the rate-determining electron transfer form [(tpfc)-
Cr'"(OH,)] to O, in Scheme 3 was further confirmed by
following the time profiles of [(tpfc)Cr'(OH,)] under
stoichiometric conditions. Different amounts of MegFc (2.0 X
107° ~ 1.0 X 107" M) were injected into a solution of
[(tpfc)CrV(0)] (1.0 X 107° M) containing O, (2.6 X 107> M),
and TFA (1.0 X 107> M), [(tpfc)Cr™(OH,)] was produced
rapidly, as shown in Figure 11, where the absorption band at
648 nm due to [(tpfc)Cr"(OH,)] appeared upon injection.
The produced [(tpfc)Cr™(OH,)] persists for a period of time

(@) 12 (b) 0.30

[MegFc] =
— [pfe)CrY(O)] o5l o0
10 — [(pfe)Cr'(OHy)] ‘ T doum
— [(tpfc)CrV]+ 0.20
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g @ 0.15}
< d |Ssl==
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Figure 11. (a) UV-—vis spectral changes in the reaction of
[(tpfc)Cr™(OH,)] (1.0 X 107 M) with O, (2.6 X 107> M), MegFc
(4.0 X 107° M), and TFA (1.0 X 107> M). (b) Changes in absorbance
at 648 nm (Q-band of [(tpfc)Cr™(OH,)]) by the addition of various
amounts of MegFc 2.0 X 107 ~ 1.0 X 10™* M to the solution
generated in (a).
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that is proportional to the amount of MegFc added; that is the
number of turnovers. Every single turnover takes 5.5 s, based
on the average times (tpfc)Cr(OH,) persists in each reaction
in Figure 11, which leads to a second-order rate constant of 1.4
X 10 M~ s7". This value is in excellent agreement with the k.,
value determined from the dependence of ky, on the
concentrations of [(tpfc)Cr'(0)], TFA, MegFc, and O,, as
shown in Figure 10 (vide supra).

d[MegFc*]/dt = k_,[(tpfc)CrY(0)][0,] (8)

In order to validate the formation of [(tpfc)Cr™(OH,)]
under steady-state catalysis, EPR measurements were per-
formed, as shown Figure 12. The EPR spectrum obtained

(a)

2000 3000 4000

Magnetic Field, G

0 1000 5000

(b)

2000 3000 4000

Magnetic Field, G

0 1000 5000

Figure 12. (a) EPR spectrum of [(tpfc)Cr™(OH,)], generated in situ
by mixing [ (tpfc)Cr'(0)] (2.5 X 10~* M) with MegFc (1.0 X 107> M)
in the presence of TFA (1.0 X 107 M) in N, saturated MeCN at 77
K. (b) EPR spectrum generated under catalytic conditions at 77 K,
where a reaction solution was frozen after the addition of
[(tpfc)Cr¥(0)] (2.5 X 107* M) to a solution containing MegFc (5.0
X 1073 M), TFA (1.0 X 107> M) and O, (2.6 X 107> M) in air-
saturated MeCN. Experimental parameters: microwave frequency, 9.0
GHz; microwave power, 1.0 mW; modulation frequency, 100 kHz;
and modulation width, 10 G.

under steady-state catalysis agrees with that of [(tpfc)-
Cr"'(OH,)] prepared independently, which exhibits a charac-
teristic signal due to [(tpfc)Cr"™(OH,)] (S = 3/2) with a zero-
field splitting, as reported previously.*’

Electron Transfer from [(tpfc)Cr'"(OH,)] to O,. The rate-
determining step in the catalytic cycle in Scheme 3 (ie., the
oxidation of [(tpfc)Cr™(OH,)] by O,) was examined
independently under single-turnover conditions. First, [(tpfc)-
Cr'"'(OH,)] was prepared by adding 2 equiv of MegFc (2.0 X
1075 M) to the solution of [(tpfc)CrV(0)] (1.0 X 107> M) in
the presence of a small or large amount of TFA in deaerated
MeCN. Then, O, was introduced by mixing an O,-saturated
MeCN solution with a deaerated MeCN solution of [(tpfc)-
Cr"'(OH,)] using stopped-flow technique. The addition of O,
to the solution of [(tpfc)Cr'(OH,)] containing a large excess
amount of TFA resulted in the formation of [(tpfc)Cr'V]*, as
shown in Figure 13a. In contrast, the addition of O, to the
solution of [(tpfc)Cr"'(OH,)] containing no acid or a small
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amount of TFA afforded [(tpfc)Cr¥(O)], as shown in Figure
13b.
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Figure 13. Absorption spectral changes in the oxidation of
[(tpfc)Cr™(OH,)] (1.0 X 1075 M) by O, (6.5 X 107 M) in the
presence of (a) TFA (1.0 X 1072 M) in MeCN at 298 K. The black
and red lines show the spectra before and after the addition of O,,
respectively. (b) TFA (5.0 X 107> M) in MeCN at 298 K. The black
and red lines show the spectra before and after the addition of O,,
respectively.

The mechanism of formation for [(tpfc)Cr¥(0)] is proposed
in Scheme 3, where the dinuclear Cr(IV)-y-peroxo species
[(tpfc)Cr'V(0,27)CrV(tpfc)] is produced via the reduction of
[(tpfc)Cr'V(0,*7)] by [(tpfc)Cr™(OH,)] instead of the
reduction of [(tpfc)Cr'V(0,°7)] by MegFc in the presence of
large concentrations of TFA to produce the hydroperoxide
complex [(tpfc)Cr'™V(OOH)] under the catalytic conditions.
[(tpfc)CrV(0,>7)CrV(tpfc)] is consequently converted to
[(tpfc)CrV(0)] via homolytic O—O bond cleavage, as reported
previously.*"

The results obtained in this study have significant
implications from the perspective of thermodynamics in
catalytic O, reduction. The formation of [(tpfc)CrV(0O,)-
Cr"V(tpfc)] leading to the production of H,O is more feasible
in the presence of a small amount of proton source. In contrast,
under catalytic conditions with a large excess of acid, the
formation of the hydroperoxide complex [(tpfc)Cr™(OOH)]
leading to the production of H,0, is more feasible and
kinetically favorable. This is the reason (tpfc)Cr¥(O), which is
a tetragonal complex and left of “oxo wall”, acts as a catalyst
precursor for selective two-electron reduction of O, to produce
H,O, rather than the four-electron reduction of O, to produce
H,O in the presence of an excess amount of proton source.

B CONCLUSION

The efficient catalytic two-electron reduction of O, by MegFc
occurs with a catalytic amount of [(tpfc)Cr¥(O)] in the
presence of excess TFA in MeCN. The rate-determining step in
the catalytic cycle is inner-sphere electron transfer from
[(tpfc)Cr™(OH,)] to O, to produce a putative superoxide
species[ (tpfc)Cr'V(0,°7)]. Protonation of the superoxide
species is followed by rapid electron transfer (ET) from
MegFc to afford the hydroperoxide, which liberates H,O, upon
protonation and produces [ (tpfc)Cr™V]*. [ (tpfc)Cr™V]* is rapidly
reduced back to [(tpfc)Cr™] by electron transfer from MegFc.
Interestingly, in the presence of a small amount of TFA,
[(tpfc)Cr'V(0,°7)] reacts with [(tpfc)Cr''(OH,)] to produce
the p-peroxo complex [(tpfc)Cr"(0,>7)Cr'V(tpfc)], leading to
the production of H,O and [(tpfc)Cr¥(0)]. In contrast, in the
presence of an excess amount of TFA under the catalytic
conditions, fast proton-coupled electron transfer (PCET)
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reduction of [(tpfc)Cr'(0,°7)] by MegFc occurs to produce
the hydroperoxide complex [(tpfc)Cr"V(OOH)], leading to the
production of H,0, and [(tpfc)Cr'v]*. This is the reason two-
electron reduction of O, is preferred over four-electron
reduction of O,, even with a Cr complex, despite Cr being to
the left of the “oxo wall”. This study has paved the way to
develop efficient and selective catalysts composed of more earth
abundant metals for two-electron reduction of O, to H,O,.
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