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ABSTRACT: A ubiquinone coenzyme analogue (Qu: 2,3-
dimethoxy-S-methyl-1,4-benzoquinone) was reduced by coen-
zyme NADH to yield the corresponding reduced form of Q,
(QyH,) in the presence of a catalytic amount of a [C)N]
cyclometalated organoiridium complex (1: [Ir'™(Cp*)(4-(1H-
pyrazol-1-yl-kN? )benzoic acid-kC*)(H,0)],S0,) in water at
ambient temperature as observed in the respiratory chain
complex I (Complex I). In the catalytic cycle, the reduction of
1 by NADH produces the corresponding iridium hydride
complex that in turn reduces Q, to produce QyH,. QyH,

reduced dioxygen to yield hydrogen peroxide (H,0,) under slightly basic conditions. Catalytic generation of H,O, was made
possible in the reaction of O, with NADH as the functional expression of NADH oxidase in white blood cells utilizing the redox
cycle of Qg as well as 1 for the first time in a nonenzymatic homogeneous reaction system.

B INTRODUCTION

NADH-coenzyme Q oxidoreductase so-called respiratory chain
“Complex I” at inner mitochondria membrane of eukaryotes as
well as cell membrane of bacteria (prokaryotes) accepts
electrons from 1,4-dihydronicotinamide adenine dinucleotide
(NADH) and passes electrons to ubiquinone coenzyme Q
(UQ) to generate ubiquinol (UQH,)."* UQH, is known to
carry the electrons to the next complex (Complex IIJ,
cytochrome be; complex) through the supercomplex formation
between Complex I and Complex IIL° UQH, is also
transported from Complex II (succinate-coenzyme Q reduc-
tase) that catalyzes the oxidation of succinate to fumarate with
the reduction of UQ to UQH,.*® Inside the mitochondria
membrane, UQH, exists together with UQ in so-called
ubiquinone pool (Q-pool) being relatively mobile.’ UQ is
also synthesized in the endoplasmic reticulum and Golgi
membrane system. In these nonmitochondrial membranes,
UQH, functions as an antioxidant, which is essential for the
defensive system against oxidative stress in tissues.” Actually,
UQ_was found to be an effective antioxidant for the medical
treatment of neurodegenerative diseases.” In this context,
mechanistic insight into oxidation of UQH, and its analogues
with molecular oxygen has been studied with respect to
autoxidation.” However, the antioxidant effect of UQ on
autoxidation of UQH, has yet to be revealed in a homogeneous
reaction system, where reaction kinetics can be analyzed with
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use of various spectroscopic methods in solution to provide
valuable mechanistic insight.

Complex I is responsible for the catalytic reaction expressed
by eq 1, where NADH is oxidized with ubiquinone (UQ) to

NADH + H' + UQ + 4H",
— NAD' + UQH, + 4H", (1)

produce the corresponding oxidized form of NADH, that is,
NAD* and the reduced form of UQ, that is, UQH,
(ubiquinol).'”"" The transportation of two electrons from
NADH to UQ is known to proceed via intervening Fe—S
clusters and cytochromes with being associated with trans-
portation of four protons from inside (H*,,) to outside (H*,,)
across the membrane.'”"* Besides four protons transported
through membrane, another one proton (H') would be
consumed to form UQH, in the overall stoichiometric reaction
in eq 1, indicating that the reaction represented by eq 1 might
be acid-promoted as suggested by the electrochemical studies
on the proton-coupled electron-transfer reduction of a
ubiquinone coenzyme analogue.'* In this context, Complex I-
dependent reduction of UQ_has so far been examined in terms
of the effect of the surrounding amino acid residues on the
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redox cofactors in various enzymatic aqueous reaction
systems.15

However, in nonenzymatic reaction systems mimicking the
function of Complex I, reduction of various substituted 1,4-
benzoquinones as a model of UQ with NADH analogues has so
far been investigated with regard to the proton-coupled
electron transfer in both aqueous and organic solvents.*”"*
However, there has so far been no report on the reaction
between an NADH analogue and a UQ analogue bearing both
dimethoxy and methyl substituents, since the strong electron-
donating effect of these substituents has prohibited the
reduction of UQ with NADH even under the acidic conditions.
Furthermore, NADH is known to be unstable in an acidic
medium at room temperature. Thus, the appropriate range of
pH for the use of NADH is limited at pH > 7."” The extremely
low aqueous solubility of UQ as well as UQH, has also
precluded further exploration of their redox reactivity in a
homogeneous reaction system irrespective of the number (n =
6—10) of isoprenoid subunits in their side chain (Chart 1).

Chart 1. Ir Aqua Complex 1, the Hydride Complex 2,
NADH, UQ, and 2,3-Dimethoxy-5-methyl-1,4-benzoquinone
(Q)
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Complex I by itself independent of other respiratory chain
complexes is also responsible for the reduction of O, by NADH
to form reactive oxygen species such as superoxide (O,*”) and
hydrogen peroxide (H,0,) as an expression of NADH oxidase
function of white blood cells.”**' However, there has so far
been no report on the reaction of O, with NADH catalyzed by
a ubiquinone coenzyme analogue (UQ) to selectively form
H,0,, although O, was selectively reduced by 1,4-hydro-
quinones via the autocatalytic production of H,O, in
nonenzymatic reaction system.22 H,0, has merited increasing
attention as an attractive clean energy and is expected to be
utilized in H,O, fuel cell >~

We report herein the successful reduction of 2,3-dimethoxy-
S-methyl-1,4-benzoquinone (Q,) as a ubiquinone analogue
with NADH to produce the corresponding ubiquinol (QyH,)
in water by using a water-soluble iridium aqua complex
[I:"™(Cp*)(4-(1H-pyrazol-1-yl-kN*)benzoic acid-xC?)-
(H,0)1,804 [1],-SO,, which can react with NADH to produce
an Ir-hydride complex (2).”” The coenzyme analogue Q, is
soluble up to ~4.0 mM in water at pH 7 in contrast to water-
insoluble ubiquinone coenzyme Q,,.*° Moreover, the catalytic
reduction of dioxygen by NADH was made possible to
selectively generate hydrogen peroxide in the presence of
[1],-SO, and a ubiquinone coenzyme analogue, Q,.

B EXPERIMENTAL SECTION

General Methods. All experiments were performed under an Ar
or N, atmosphere by using standard Schlenk techniques unless

otherwise noted. UV—vis absorption spectra were recorded on a
Hewlett—Packard 8453 diode array spectrophotometer with a quartz
cuvette (light-path length = 1 cm) at 298 K. The mixed gas was
controlled by using a gas mixer (Kofloc GB-3C, KOJIMA Instrument
Inc.), which can mix two or more gases at a defined partial pressure
and mass flow rate. A defined concentration of O, in an aqueous
solution was prepared by a mixed gas flow of O, and N, controlled by
using a gas flow meter (KOJIMA Instrument Inc.) appropriate for each
gas under normal pressure (1.0 X 107" MPa). The '"H NMR spectra
were recorded on JEOL JNM-AL300 spectrometer and Varian UNITY
INOVAG00. The pH values were determined by a pH meter (TOA,
HM-20]) equipped with a pH combination electrode (TOA, GST-
5725C). The pH of the solution was adjusted by using 1.00—10.0 M
NaOH/H,O without buffer unless otherwise noted.

Chemicals. Chemicals were purchased from commercial source
and used without purification, unless otherwise noted. A water-soluble
iridium complex 1 was synthesized and characterized as reported
previously.””" An aqueous solution (50 mL) of [I''(Cp*)(H,0);]-
(SO4) (020 g, 0.423 mmol) and 4-(1H-pyrazol-1-yl)benzoic acid
(0.085 g, 0.454 mmol) was stirred under reflux for 12 h. The reaction
solution was filtered with a membrane filter (Toyo Roshi Kaisha, Ltd.,
H100A025A; pore diameter, 1 ym). The filtrate was evaporated under
reduced pressure to yield a yellow powder of 1 and was dried in vacuo.
2,3-Dimethoxy-S-methyl-1,4-benzoquinone (>97.0%) was purchased
from Wako Chemical, Ltd. 2,3-Dimethoxy-5-methylhydroquinone
(>97.0%) was purchased from Astatech, Inc. f-Nicotinamide adenine
dinucleotide disodium salt hydrate, reduced form, was purchased from
Tokyo Chemical Industry Co., Ltd. Oxo[5,10,15,20-tetra(4-pyridyl)-
porphinato]titanium(IV) ([TiO(tpyp)]) was supplied from Tokyo
Chemical Industry Co., Ltd. (TCI). H, (99.99%; Japan Air Gases Co.)
and O, (99.5%; Sumitomo Seika Chemicals Co., Ltd.) gases were used
without further purification. Purification of water (18.2 MQ cm) was
performed with a Milli-Q system (Millipore; Direct-Q 3 UV).

Detection of Hydrogen Peroxide. The amount of produced
hydrogen peroxide was determined by spectroscopic titration with an
acidic solution of [TiO(tpypH,)]*" complex (Ti-TPyP reagent).>> The
Ti-TPyP reagent was prepared by dissolving 34.03 mg of the
[TiO(tpyp)] complex in 1000 mL of S0 mM hydrochloric acid. A
small portion (100 mL) of the reaction solution was sampled and
diluted with water. To 0.25 mL of the diluted sample, 0.25 mL of 4.8
M perchloric acid and 0.25 mL of the Ti-TPyP reagent were added.
The mixed solution was then allowed to stand for S min at room
temperature. This sample solution was diluted to 2.5 mL with water
and used for the spectroscopic measurement. The absorbance (Ag) at
A = 434 nm was measured by using a Hewlett-Packard 8453 diode
array spectrophotometer. A blank solution was prepared in a similar
manner by adding distilled water instead of the sample solution in the
same volume with its absorbance designated as Ap. The difference in
absorbance was determined as follows: AA ;4 = Az — Ag. On the basis
of AA,;, and the volume of the solution, the amount of hydrogen
peroxide was determined according to the literature.*”

pH Adjustment. The pH values of the solutions were determined
by a pH meter (TOA, HM-20J) equipped with a pH combination
electrode (TOA, GST-5725C). The pH of solution was adjusted by
using 1.00—10.0 M NaOH/H,0O without buffer unless otherwise
noted.

B RESULTS AND DISCUSSION

The synthesis and characterization of 1 were performed
according to the literature and are briefly described in the
Experimental Section.””*" The carboxylic acid group in 1 is
deprotonated to give the carboxylate form 1-H" as shown in eq
2 azt9 1H > 7.0, since pK, of 1 was determined to be 4.0 (eq
2).7

The characteristic absorption band of the UV—vis absorption
spectrum of NADH at 4., = 260 and 340 nm and that of 2,3-
dimethoxy-S-methyl-1,4-benzoquinone (Qy) at A, = 269 nm
gradually decreased, and finally the new absorption band at 4,
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= 260 nm assignable to NAD" appeared in the presence of a
catalytic amount of 1-H* at pH 7.0, as shown in Figure 1.** In
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Figure 1. Changes in the UV—vis absorption spectra observed at t = 0
(black line) and 10 min (red line) in the reaction of Q, (25 uM) with
NADH (25 uM) in the presence of 1 (2.5 yM) in an aqueous
phosphate buffer (2.0 mL, pH 7.0) with stirring under argon at 298 K
after addition of an aliquot of the solution of 1 (50 uL, 0.10 mM)
injected by a syringe to the solution at t = 0.

contrast, there was no change in the UV—vis absorption spectra
in the absence of 1 under otherwise the same experimental
conditions (Figure S1 in Supporting Information). No
formation of semiquinone radical anion (Q,*7) at 4, = 320
and 450 nm was confirmed throughout the reaction.”* These
results indicate that 1-H" catalyzes the reduction of Q, with
NADH to form 2,3-dimethoxy-5S-methylhydroquinone (QyH,)
and NAD" as expressed by eq 3 and Scheme 1.

[o] OH
MeO. MeO.
+ NADH + H¥ — 3 + NAD* 3)
MeO 1 MeO
o] OH

The progress of the reaction was also monitored by 'H NMR
as shown in Figure 2. The disappearance of the peak at 6 = 6.91
ppm was due to the consumption of NADH, and the new peak
appeared at 6 = 2.08 ppm that corresponds to a methyl group
(—CH;) of QyH, at S position indicating the stoichiometric

Scheme 1. Catalytic Cycle for the Reduction of Q, by NADH
with 1

<%

HZO\Ir OH

|
e
/N\ o MeO.
NADH [/N
= o- MeO
1-H* OH
(o}
H —
Ir, MeO.
NAD* -
/N\ (o} + H*
~ N o MeO
(o]

(a)w\\/u\»ﬁ/\\w ’

| | | | | L ] |
7.5 7.3 71 6.9 6.7 2.5 2.0 1.5

6, ppm 6, ppm
(c) bl OV e
| | |
9.5 8.5 8.0
6, ppm

Figure 2. '"H NMR spectra in the reaction of Q, (11.8 mM) with
NADH (12.3 mM) catalyzed by 1 (0.10 mM) for 10 min in a
deaerated aqueous phosphate buffer solution (pH 8.0) at 298 K. (a)
"H NMR spectral of the authentic sample of NADH (12.3 mM) and
reaction solution after 10 min; consumption of NADH. (b) The
conversion from Qq (6 = 2.01 ppm) to Q,H, (& = 2.08 ppm). (c) The
formation of NAD* (§ ~ 8.0—9.5 ppm).

conversion from Q, to QyH, (Figure 2a,b).>*¢ The
simultaneous formation of NAD™ clearly yields the character-
istic peaks at 6 =~ 8.0—9.5 ppm in Figure 20277

1-H* was converted to the iridium (IIT) hydride complex 2 by
the reduction with NADH in water at pH 8.8 as reported
previously (eq 4).”” The pK, value of the protonated 2 may be

0 _@_

| H
H,0— -
i +NADH — | /" o | *NAD* (4
N 0 =N
O O
~ o o
1-H 2

similar to that of 1 (4.0) because the pK, value is similar to that
of benzoic acid (4.19).** The formation of 2 was detected by
"H NMR and electrospray ionization mass spectrometry.”” The
hydride complex 2 was also produced in the reaction of 1-H*
with hydrogen (H,) as reported previously (eq 5).””"'
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The resulting 2 reduced Qp (Anex = 269 and 412 nm) to
produce 2,3-dimethoxy-S-methylhydroquinone (QuH,: Apay =
285 nm) in water (pH 7.0) at room temperature as expressed
by eq 6 that was confirmed by UV—vis and "H NMR. Thus, Q,

o] OH

MeO. MeO.
+2 4 HO* — 3 1-H* + (6)
MeO MeO
(o]
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was catalytically reduced with H, to yield QyH, in the presence
of 1-H" as shown by Figure 3. The characteristic absorption
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Figure 3. Changes in the UV—vis absorption spectrum during the
reduction of Q, (50 M) with H, (bubbling for S min) by using 1 (25
uM) in water (pH 7.0) at 298 K. An argon-saturated reaction solution
of 1 and Q, (black line) was bubbled with H, (1.0 X 10~ MPa) for 5
min thus resulting in the formation of QyH, (red line).

band due to Qy at A, = 269 nm gradually disappears, and the
new absorption bands appear at 4, = 285 and 254 nm
assignable to QH, and 2, respectively. The stoichiometry of the
reaction is determined as given by eq 7 based on the extinction
coefficients of Q at A, = 269 nm (& = 1.5 X 10* M~ cm™)
and QH, at A, = 285 nm (¢ = 4.1 X 10° M~! cm™).%’

o] OH
MeO. MeO.
tH > ©)
MeO' 1 MeO
(o] OH

When the pH of a QyH, solution was increased from pH 7.0
to 10.8 by adding an aliquot of 0.1-5.0 M NaOH solution
several times, a new absorption band at 4,,,,, = 307 nm appeared
with an isosbestic point at 4 = 289 nm as shown in Figure 4a,
indicating the formation of deprotonated anion (QyH") in eq
8. Further addition of NaOH to the solution resulted in the rise

OH O~ o-
MeO —H* MeO _H* MeO
e — — (8)
Meoji)/ +H* Me0:©/ +H* Me02©/
OH OH o-
of new absorption bands due to the corresponding dianion
(Qy*7; eq 8), that is, doubly deprotonated Q,H,, with the shift
of the absorption maxima from 4, = 307 to 311 nm. From the
UV-—vis absorption spectral titration in Figure 4b, the pK,
values of QyH, were determined to be pK,; = 9.90 and pK,, =
11.4, respectively. These pK, values are similar to those of
hydroquinone.4
Although QuH, is stable in neutral water under air for a few
minutes, QyH, is gradually oxidized by O, (eq 9) in water at

OH o
MeO. MeO.
+ 0, —> + Hy0, )
MeO MeO’
OH o

various pH as observed by UV—vis absorption spectral change
in Figure S. The rate of the reaction to generate Q, and H,0,
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Figure 4. (a) UV—vis spectral changes of Q)H, by the addition of
NaOH in deaerated H,O at pH 7.0 (black line), pH 10.8 (blue line),
and pH 12.4 (red line) at 298 K. (b) Change in absorbance at A = 311
nm by the addition of 0.10—5.0 M NaOH in deaerated H,O at 298 K.

0.5

o
N
T

©
w
T

Absorbance
o
o
T

Wavelength, nm

Figure 5. Changes in the UV—vis absorption spectra during the
oxidation of QyH, (30 uM) by O, in an O,-saturated aqueous borate
buffer solution (pH 8.0) at 298 K at ¢ = 0—10 min detected every 50 s.
A 25 pL aliquot of a solution of QyH, (2.0 mM) was injected into 2.0
mL of an O,-saturated aqueous borate buffer solution (pH 8.0) at 298
K

became much faster with increasing pH as observed in Figure 6
and Figure S2 in Supporting Information. With the progress of
the reaction, the characteristic UV—vis absorption band of
QgH, at A, = 285 nm changes gradually to that of Qg at A, =
269 nm, exhibiting the isosbestic points at 4 = 232 and 289 nm
(Figure S). The amount of H,0, produced in this reaction
determined by the spectral titration with use of the oxo-
[5,10,15,20-tetra(4-pyridyl)porphyrinatoJtitanium(IV) com-
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Figure 6. Time course of formation of Qg in the reaction of QyH,
(100 uM) with O, (1.4 mM) in aqueous phosphate buffer at 298 K at
various pH values (pH 6.0, 7.0, and 8.0; black @, blue A, and red M,
respectively).

plex in water (see Experimental Section)’” agrees well with that
of QyH, consumed according to eq 9 based on the extinction
coefficients for QH, (¢ = 1.9 X 10° M  em™) and Q, (¢ = 1.5
x 10* M™' ecm™'). A linear relationship between the
concentrations of initial QyH, and resulting H,0, was obtained
with a slope of 1.0 as shown in Figure 7. This indicates the
validity of the stoichiometry of the reaction in eq 9.
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Figure 7. Plot of the concentration of H,0, produced by the catalytic
reduction of O, (1.0 X 10™* MPa) with QH, (50 uM—0.50 mM) at
298 K in an aqueous phosphate buffer solution (pH 8.0).

By combining eqs 4, 6, and 9, the overall catalytic cycle for
the selective H,O, generation in the reaction of NADH with O,
by using 1 and Q as cocatalysts is shown in Scheme 2, where
1-H" reacts with NADH to produce the hydride 2, which
reduces Q, to QyH, followed by reduction of O, with Q,H, to
produce H,0,, accompanied by regeneration of 1-H" and Q,.

The generation of H,O, in the reaction of NADH (0.20
mM) with O, (1.4 mM) in the presence of catalytic amount of
1 (5.0 uM) and Q, (SO M) in an aqueous borate buffer

Scheme 2. Overall Catalytic Cycle for the Selective H,0,
Generation from NADH and O, with 1 and Q,

NADH 1-H+ QH» 0,

NAD* 2 Qo H,0,
H,0*

solution at various pH (8.0, 9.0, and 10.4) is shown in Figure 8.
At pH 8.0, H,0, was generated efficiently. When 1 (1.0 uM),
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Figure 8. Time course of H,O, production by the reaction of NADH
(0.20 mM) with O, (1.4 mM) catalyzed by 1 (5.0 uM) and Q, (50
uM) in aqueous borate buffer at 298 K at various pH values (pH 8.0,
9.0, and 10.4; red @, green A, and blue M, respectively).

Q, (50 uM), and NADH (0.20 mM) were used, the turnover
number (TON) of H,0, production with respect to 1 reached
54 at 40 min. Under more basic conditions, 1-H* complex
released a proton from the aqua ligand to form the
corresponding hydroxo complex 3, leading to substitution
inertness at the Ir metal center of the iridium complex 1. The
pK, value was determined to be 9.5 (eq 10).”” The reactivity of

P =

] |
HZO\/Ir _H+ HO ~ir
_N ol Ymm | =N 0 (10)
N oy ]
o o

1-H* 3

QuH, for reduction of O, increased with increasing pH (Figure
6), whereas the iridium complex is deactivated by the
deprotonation from the H,O ligand (eq 10). In such a case
pH 8.0 was found to be suitable for the catalytic H,O,
formation from NADH and O, by using 1 and Q.

To determine the rate-determining step in the catalytic cycle,
dependence of r on concentrations of substrates were examined
in the catalytic generation of H,O, from NADH and O, in the
presence of 1 and Q, in an aqueous borate buffer (pH 8.0).
When the concentrations of 1 and NADH were varied, the
rates of H,0, generation (r) were independent of the
concentrations of 1 and NADH as shown in Figures 9 and
10, respectively (the time courses are shown in Figures S3 and
S4 in Supporting Information, respectively). These results
indicate that 1 and NADH are not involved in the rate-
determining step in the catalytic generation of H,O,.

In contrast, when the concentrations of Q, and O, were
varied, the rates of H,0, generation (r) are proportional to
concentrations of Qy and O, as shown in Figures 11 and 12,
respectively (the time courses are shown in Figures SS and S6
in Supporting Information, respectively). Thus, the reaction
rate is expressed by eq 11, where

r = k[Q,][O,] (11)

k is the second-order rate constant. The slope of the linear plot
of r versus the concentration of Q, as shown in Figure 11
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Figure 9. Plot of the initial rate of H,0, production (r) vs
concentration of 1 in the production of H,0, from NADH (1.0
mM) and O, catalyzed by 1 (5.0, 30, and 50 4uM) and Q, (S0 uM) in
an O,-saturated aqueous phosphate buffer (pH 8.0) at 298 K.
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Figure 10. Plot of the initial rate of H,0, production (r) vs
concentration of NADH (0.30, 0.50, 1.00, and 1.66 mM) in the
production of H,0, from NADH and O, catalyzed by 1 (5.0 uM) and
Qp (50 uM) in an O,-saturated aqueous phosphate buffer (pH 8.0) at
298 K.
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Figure 11. Plot of the initial rate of H,0, production (r) vs
concentration of Qp in the production of H,0, from NADH (1.0
mM) and O, catalyzed by 1 (5.0 uM) and Q, (25, 50, and 100 zM) in
an O,-saturated aqueous phosphate buffer (pH 8.0) at 298 K.

corresponds to k[O,] (= k). On the one hand, from k, and
fixed [O,], k was determined to be 0.28 M~! s™'. On the other
hand, the slope of the linear plot of r versus concentration of O,
in Figure 12 corresponds to k[Qp] (= kgpy)-

% 05 1.0 15 2.0

[O2], mM

Figure 12. Plot of the initial rate of H,0, production (r) vs
concentration of O, (0.35, 0.70, 1.0S, and 1.40 mM) in the production
of H,0, from NADH (1.0 mM) and O, catalyzed by 1 (5.0 uM) and
Qp (50 M) in an aqueous phosphate buffer (pH 8.0) at 298 K.

From kg, and fixed [Q,], k was determined to be 0.28 M™
s7!. These two second-order rate constants obtained from
different plots agree well with each other, suggesting that the
rate-determining step in the overall catalytic H,O, production
is the reduction of O, by QyH,. The rate constant of formation
of 2 from 1-H* with NADH was reported to be 44 M~ s™! at
298 K,*° which is much larger than the k value mentioned
above. Thus, the reaction kinetics of oxidation of QyH, by O,
(eq 9) was examined in the absence of NADH (vide infra).

The spectral change during the oxidation of QH, by O, was
shown in Figure S. The time course of the reaction was
monitored by the increase in absorbance at A = 269 nm due to
Qy as shown in Figure 13, which exhibits a sigmoidal curve with
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Figure 13. Time course of change in absorbance at A = 269 nm for the
formation of Qq in the reduction of O, (1.4 mM) with QoH, (25 uM)
in the absence and presence of a catalytic and stoichiometric amount
of Q, (0, 5.0, 10, and 25 uM; black, green, blue, and red, respectively)
in an aqueous borate buffer solution (pH 8.0) at 298 K. In this figure,
the amount of Q that is added into the solution was withheld.

an induction period. Interestingly, when a catalytic and
stoichiometric amount of the product (Q,) was added to a
reaction solution, the induction period disappeared, and the
rate of formation of Q, was accelerated with increasing
concentration of Q, (Figure 13 and Figure S7 in Supporting
Information). These results indicate that the oxidation of QyH,
by O, proceeds in an autocatalytic fashion. In addition, there
was no difference in the induction period when a stoichiometric
amount of 1-H* was added to this reaction solution (Figure 14
and Figure S8 in Supporting Information), indicating that the
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Figure 14. Time course of change in absorbance at 4 = 269 nm for the
formation of Q, in the reduction of O, (1.4 mM) with QH, (25 uM)
in the absence and presence of a stoichiometric amount of 1-H* (0
and 25 uM; red and green, respectively) in an aqueous borate buffer
solution (pH 8.0) at 298 K.

iridium complex has nothing to do with the oxidation of QyH,
by O,. In addition, the rate of formation of H,O, by the
reduction of O, (1.4 mM) by QH, (25 uM), which is
calculated to be 1.0 X 107 M s™" using the k value (0.28 M™!
s7!), agrees with the initial rate without Q, in Figure 13 (1.2 X
1078 M s™h).

The autocatalytic cycle for the oxidation of QyH, by O, may
proceed as shown in Scheme 3, where QyH® is formed in the

Scheme 3. Autocatalytic Radical Chain Reactions for
Oxidation of Q,H, by O,

1/2Q0 + 1/2Q0H2

'

Qo HO QgH,
HOZ.
H50, + O,

comproportionation reaction of Qy and QyH,. QyH® reacts
with O, to produce HO,® accompanied by regeneration of
Qu.*' HO,® reacts with QuH, to produce H,0,, accompanied
by regeneration of QyH®. Acceleration of the rate with
increasing concentration of the product (Qg) in Figure 13
can be rationalized by the autocatalytic cycle in Scheme 3,
where Q, is involved in the initiation step. The hydrogen
abstraction reaction of HO,® from QyH, may be the rate-
determining step, because the rate of formation of Q, at the
steady state was proportional to [QyH,]*2 (Figure S9 and see
the steady-state kinetic analysis). The overall catalytic O,
reduction by NADH with iridium complex 1-H" and Q, as
catalysts proceeds via rate-determining autocatalytic chain
reaction, where O, is reduced by QyH,. Judging from the
time course of the catalytic reduction of Q) by NADH with 1 in
Figure 1, this is not the rate-determining step as compared with
the catalytic reduction of O, by NADH with 1 and Q.

B CONCLUSION

In conclusion, a water-soluble iridium(IIT) complex 1 catalyzes
the reduction of coenzyme Q, as a ubiquinone analogue by
NADH in water at room temperature via the reduction of 1 by
NADH to produce the hydride complex 2, which reduces Q, to
QH,, acting as a functional mimic of respiratory chain complex
I. O, was reduced by QyH, via an autocatalytic pathway to
generate the stoichiometric amount of H,0,. Thus, the overall
catalytic reduction of dioxygen by NADH proceeds to generate
hydrogen peroxide in the presence of 1 and a ubiquinone
coenzyme analogue, Q,, acting as cocatalysts (Scheme 2).
Because NADH is regenerated by the reduction of NAD" by H,
with 1-H*,”” H,0, can be produced by the reduction of O, by
H, using 1-H" as an inorganic catalyst instead of an industrial
anthranquinone method for the production of H,O, by H,.
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