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Two-electron reduction of dioxygen with an NADH model compound, IO-methylacridan (AcrH,), occurs efficiently in the presence 
of metalloporphyrins and perchloric acid in acetonitrile at 298 K. Overall four-electron reduction of dioxygen by AcrH, has also 
been made possible by adding iodide ion to the metalloporphyrin-catalyzed system. The catalytic mechanisms are discussed on 
the basis of detailed kinetics and the kinetic isotope effects for the overall CoTPP"-catalyzed reduction of dioxygen by AcrH, 
as well as for each half catalytic cycle, the oxidation of AcrH, by CoTPP" and the reduction of dioxygen by CoTPP in the presence 
of HC104. 

Reduced nicotinamide adenine dinucleotide ( N A D H )  plays a 
vital role as t h e  electron source in t h e  respiratory chain, where 
the four-electron reduction of dioxygen by NADH is accompanied 
by a large free energy change t h a t  is coupled to the generation 
of the H+ electrochemical gradient (ApH+).* This protonic energy 
is utilized for A T P  synthesis, ion translocation, and protein im- 
portation to  satisfy t h e  energy requirement  of t h e  ceL3 T h e  
NADH plays ano the r  vital role as t h e  electron source in t h e  
respiratory burst  in polymorphonuclear neutrophils ( P M N ) ,  in 
which a number of membrane stimulants enhance the two-electron 
(or one-electron) reduction of dioxygen to  produce H202 (or 0,) 
in order t o  comba t   infection^.^ In  the two-electron and  four- 
electron reduction to  dioxygen by NADH in t h e  mitochondria 
and t h e  PMN plasma membrane, respectively, iron porphyrins 
are known to  be important  components of the electron transport  

of NADH has been studied e x t e n ~ i v e l y . ~  
We report  herein efficient electron-transfer systems for both 

the  two-electron and overall four-electron reduction of dioxygen 
by an NADH model compound using metalloporphyrins as cat- 
alysts in t h e  presence of perchloric acid (HC104) in acetonitri le 
(MeCN).I0 10-Methylacridan (AcrH,) was used as an acid-stable 
NADH model compound," since common NADH model com- 
pounds such as 1 -benzyl- 1,4-dihydronicotinamide are known t o  
decompose in t h e  presence of an acid.I2 Mechanisms of t h e  
metalloporphyrin-catalyzed reduction of dioxygen by AcrH, are 
discussed on the basis of detailed kinetic studies on the overall 
catalyt ic  reactions as well as on each half catalyt ic  cycle, t h e  
reduction of a metalloporphyrins by AcrH, and t h e  oxidation of 
the  reduced metalloporphyrin by dioxygen in t h e  presence of 
HC104. 
Experimental Section 

IO-Methylacridan (AcrH,) was prepared from 10- On t h e  other  hand, metalloporphyrin-catalyzed reduction of 
dioxygen has been extensively studied in the electrochemical system methylacridinium iodide (AcrHtI-) by the reduction with NaBH4 in 
in conjunction with the  search for an inexpensive cathode material  and purified by recrysta~~izat ion from ethanol.~3 The di- 
for dioxYgen fuel ceh5 and four-electron  ducti ion of dioxYgen deuterated analogue, [9,9'-2H2]-10-methylacridan (AcrD,), was prepared 
to wa te r  has been achieved by using various dimeric metallo- from 10-methylacridone by the reduction with LiAID4,I4 which was 
porphyrins6 as well as monomeric indium porphyrins7 However, purchased from Aldrich. (Tetraphenylporphinato)iron(III) chloride 
no efficient catalyt ic  electron-transfer system has so f a r  been (FTPPCI) was synthesized and purified according to the 1 i t e r a t~ re . l~  
reported for two-electron or four-electron reduction of dioxygen CobaIt(I1) tetraphenylporphyrin (CoTPP) was prepared as given in the 
by NADH model compounds,8 although electrochemical oxidation Iiterature.l6 The CoTPP was oxidized by dioxygen in the presence of 

Materials. 
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HCI in methanol to obtain (tetraphenylporphinato)cobalt(III) chloride 
(CoTPPCI)," which was purified by recrystallization from methanol. 
The perchlorate salts of FeTPP+ and CoTPP' were obtained by the 
metathesis of the corresponding chloride salts with AgClO, and recrys- 
tallized from toluene.'* Perchloric acid (70%) was obtained from Wako 
Pure Chemicals. Reagent grade acetonitrile was purified by the suc- 
cessive distillation (four times) over P20s before use. 

Spectral Measurements. Electronic absorption spectra were recorded 
with a Union SM-401 spectrophotometer with a quartz cell (I-mm or 
I-cm i.d.), which was placed in a thermostated compartment at 298 K. 
The stoichiometry of the catalytic reduction of dioxygen by AcrH, in the 
presence of CoTPP' and HC10, in MeCN was determined by measuring 
the absorbances due to AcrH' with various initial concentrations of 
AcrH, and a fixed concentration of dioxygen. The amount of I2 formed 
in the catalytic oxidation of 1- by dioxygen in the presence of CoTPP' 
and HCIO, was determined by measuring the visible spectrum of 1; (A- 
= 361 nm, c = 2.50 X IO" M-' cm-'), which was converted quantitatively 
from l 2  by treating the diluted MeCN solution (XIOO) of the product I2 
with a large excess amount of NaI.l9 The amount of H 2 0 2  formed in 
the catalytic two-electron reduction of dioxygen by AcrH, in the presence 
of CoTPP' and HClO, was determined by the standard method (titration 
by iodide ion) according to the procedure described e l~ewhere . '~  

The concentration of dioxygen in air-saturated MeCN containing the 
same concentration of HC10, as  employed in determining the stoi- 
chiometry of the catalytic reduction of dioxygen was determined as 2.6 
X IO" M from the photooxidation of AcrHl by dioxygen in the presence 
of HCIO, in MeCN as described elsewhere.20+2' The dioxygen concen- 
tration in air-saturated MeCN determined in this manner was in good 
agreement with those in aprotic solvents such as alkanes, acetone, alcohol, 
and carbon tetrachloride.22 

Kinetic Measurements. Acetonitrile solutions containing various 
concentrations of dioxygen were prepared by saturating the MeCN so- 
lution with a stream of mixture gas (dioxygen and nitrogen) of various 
partial pressures of dioxygen. The various partial pressures of dioxygen 
were attained by controlling the flow rates of dioxygen and nitrogen with 
gas regulators. Rates of the oxidation of AcrH, at 298 K were monitored 
by the rise of the absorption band due to AcrH+ (A,,, = 358 nm, c = 
1.8 X I O 4  M-' cm-I) by using the conventional spectrophotometer. Ki- 
netic measurements for the fast reactions with half-lives < I O  s were 
performed by using a Union RA- 103 stopped-flow spectrophotometer. 
The stopped-flow measurements were employed for the oxidation of I- 
by CoTPP+ in MeCN at 298 K under deaerated conditions by monitoring 
the rise and decay of the absorption bands at 412 and 434 nm due to the 
formation of CoTPP and the decay of CoTPP', respectively. All the 
kinetic measurements were carried out under pseudo-first-order condi- 
tions where the concentrations of dioxygen and HCIO, were maintained 
at >IO-fold excess of the concentration of reductant, which is also 
maintained at > IO-fold excess of the catalyst concentration whenever 
possible. Pseudo-first-order rate constnats k(')  were determined by 
least-squares curve lit by use of a Union System 77 microcomputer. The 
pseudo-first-order plots were linear for 3 or more half-lives with the 
correlation coefficient p > 0.999. 

Results 
Two-Electron Reduction of Dioxygen with AcrH2, Catalyzed 

by Metahporphyrirs in the Presence of HCIO,. An NADH model 
compound, IO-methylacridan (AcrH,), is stable toward dioxygen 
in nrieCN at 298 K. In the presence of HC104, however, sluggish 
oxidation of AcrH, by dioxygen proceeds in the dark.23 When 
a catalytic amount of FeTPP+ is added to the MeCN solution 
of AcrHz in the presence of HC104, AcrH2 (A,,, = 285 nm) is 
readily oxidized by dioxygen to yield AcrH+ (A,,, = 358 nm), 
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Figure 1. Oxidation of AcrH, ( 1  .O X 
M), catalyzed by FeTPP+ (1 .O X IO4 M) in the presence of HCIO, (2.0 
X IO-* M) in MeCN. 
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Figure 2. Oxidation of AcrH2 (8.0 X lo4 M) with dioxygen (2.6 X IO-) 
M), catalyzed by CoTPP' (8.0 X M) in the presence of HCIO, (2.0 
X lo-' M) in MeCN. 

as shown in Figure 1. The concentration of FeTPP+ (A, = 399 
nm) decreases gradually with reaction time, accompanied by 
demetalation of FeTPP+ to give H3TPP+ (A,,, = 436 nm). In 
the absence of HC104, no catalytic oxidation of AcrH, by dioxygen 
is observed, but instead FeTPP+ is converted to the p-oxo dimer 
(FeTPP),O, following the reduction of FeTPP+ by A c ~ H ~ . ~ ~  

When FeTPP' is replaced by CoTPP+, AcrH, is also readily 
oxidized by dioxygen catalytically, as shown in Figure 2, where 
the concentration of CoTPP' (Amx = 434 nm) remains constant 
with reaction time. Thus, in the case of CoTPP', no appreciable 
demetalation occurs during the reaction. The same result is 
obtained by using CoTPP instead of CoTPP+ as the starting 
catalyst, since CoTPP is readily converted to CoTPP+. The 
stoichiometry of the oxidation of AcrH2 with dioxygen, catalyzed 
by CoTPP+ or CoTPP in the presence of HC104, is given by eq 
1, which is confirmed by the detection of the equivalent amounts 

A H  

m+02 + H + -  

COTPP' Me Me 

(24) The use of other NADH model compounds, l-(X-benzyl)-1.4-di- 
hydronicotinamide (X-BNAH: X = 4-Me0.4-Me. H, 4-CI, 2,4-c12), 
also results in the formation of (FeTPP),O: Fukuzumi, S.; Kondo, Y.; 
Mochizuki, S.; Tanaka, T. J .  Chem. Soc., Perkin Truns. 1989, 1753. 
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Figure 3. Plots of pseudo-first-order rate constants k(l) vs (a) the 
CoTPP' concentration (0) for the oxidation of AcrH2 (1.0 X lo-' M) 
with dioxygen (2.6 X IO-' M), catalyzed by CoTPP' in the presence of 
HCIO, (2.0 X IO-' M), and (b) the O2 concentration (0)  for the oxi- 
dation of AcrH2 ( 1  .O X IO-' M) with dioxygen, catalyzed by CoTPP' 
(1.0 X IO4 M) in the presence of HCIO, (2.0 X M) in MeCN at 
298 K.  
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Figure 4. Plots of pseudo-first-order rate constants k(') vs the HC10, 
concentration for the oxidation of 2.0 X IO4 M AcrH, (0) and AcrD2 
(A) with dioxygen (2.6 X IO-' M), catalyzed by CoTPP (2.0 X IO4 M) 
in the presence of HC10, in MeCN at 298 K. 

of AcrH' and H 2 0 2  formed in the reaction (see Experimental 
Section). This system is subjected to the detailed kinetic analysis 
as follows. 

Rates of the catalytic oxidation of AcrH2 with an excess amount 
of dioxygen and HCIO4 in the presence of a catalytic amount of 
CoTPP' obey pseudo-first-order kinetics. The pseudo-first-order 
rate constant (k(I ) / s - ' )  increases linearly with an increase in the 
CoTPP' concentration, as shown in Figure 3a, which confirms 
that CoTPP' acts as a catalyst in the oxidation of AcrH, by 
dioxygen in the presence of HCIO, in MeCN. The k( l )  value 
increases linearly also with an increase in the dioxygen concen- 
tration (Figure 3b). The dependence of k(l)  on the HCIO4 con- 
centration at  fixed concentrations of dioxygen and CoTPP' is 
shown in Figure 4, where the k(') value increases with an increase 
in the HC1O4 concentration to reach a constant value. When 
AcrH, is replaced by the 9,9'-dideuterated analogue (AcrD,), the 
k ( l )  values of AcrD, are much smaller than the corresponding 
values of AcrH, (Figure 4), demonstrating the presence of a large 
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Figure 5. Oxidation of AcrH, (1.0 X lo-' M) by CoTPP' (5.0 X 
M) in the absence of dioxygen in MeCN. 

Table I. Rate Constants (kobs) for the Oxidation of AcrH2 and 
AcrD2 by CoTPP' in the Absence and Presence of HCIOl in MeCN 
at 298 K 

kObs(AcrD2)," 
[HCIOa], M koba(AcrHP).a M-' s-l M-I s-l kobsH/ k0bD 
0 5.7 1.3 4.4 
1.0 x 10-4 4.9 1.1 4.5 
1.0 x 10-3 2.6 X 10-I 5.9 x 10-2 4.4 
1.0 x 10-2 b b 

"The experimental errors are within &5%. bToo slow to be deter- 
mined accurately. 

primary kinetic isotope effect, kH/kD.ZS The kH/kD value is 
constant with the change in the HC10, concentration (kH/kD = 
7.1 f 0.6). 

Oxidation of AcrH, by CoTPP' in the Absence of Dioxygen. 
In the absence of dioxygen, AcrH, is readily oxidized by CoTPP+ 
to yield AcrH' and CoTPP (Amm = 412 nm), as shown in Figure 
5 .  The stoichiometry of the reaction is given by eq 2. The rate 

AcrH2 + 2CoTPP+ - AcrH' + H' + 2CoTPP (2) 

of formation of CoTPP obeys pseudo-first-order kinetics under 
the conditions that the concentrations of AcrHz are maintained 
at  >lO-fold excess over that of CoTPP+. The pseudo-first-order 
rate constant was proportional to the AcrH, concentration (eq 
3). When HC10, is added to the AcrH2-CoTPP+ system, the 

d[CoTPP]/dt = kob,[AcrH2] [CoTPP+] (3) 

second-order rate constant kobs decreases with an increase in the 
HC10, concentration, as shown in Table I. Such a decrease in 
the rate constant is accompanied by the decrease of the absorbance 
of AcrH, due to the protonation equilibrium in MeCN (eq 4).11926 

(4) 

The reducing power of AcrH, is known to be decreased signifi- 
cantly by the and thereby only free AcrH2 may 
be active for the reduction of CoTPP'. This may be the reason 
that the kobs value decreases with an increase of the HClO, 
concentration (Table I ) .  

AcrH, + H+ 2 AcrH,+ 

(25) By the assumption that the secondary kinetic isotope effect is unity, the 
observed kobs ratios of AcrH, to AcrD, corresponds to the primary 
kinetic isotope effect kObH/kobD. 

(26) Fukuzumi, S.; Kuroda, S.; Goto, T.; Ishikawa, K.; Tanaka, T. J.  Chem. 
SOC., Perkin Trans. 2 1989, 1047. 
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Figure 6. (a) Plot of the l2 concentration formed in the oxidation of I- 
with dioxygen, catalyzed by CoTPP' (2 .5  X M), vs the ratio of the 
I -  concentration to the initial concentration of dioxygen (2 .6  X M) 
in the presence of HC104 (0.10 M) in MeCN. (b) Plot of the AcrH' 
concentration formed in the oxidation of AcrHl with dioxygen, catalyzed 
by CoTPP' ( 2 . 5  X IO-' M) in the presence of HCI04 (1.0 X 1F2 M) and 
Nal  in MeCN, vs the ratio of the AcrH, concentration to the initial 
concentration of dioxygen ( 2 . 6  X M). 

The corresponding kob values of AcrDa were also determined 
as listed in Table I. The k H / k D  value is constant with the change 
in the HC104 concentration, k H / k D  = 4.4 f 0.4. It should be 
noted that the k H / k D  value in the absence of dioxygen (Table I) 
is significantly smaller than the corresponding value ( k H / k D  = 
7.1 f 0.6) observed in the presence of dioxygen (Figure 4). 

Overall Four-Electron Reduction of Dioxygen with AcrH2, 
Catalyzed by CoTPP+ in the Presence of HCI04 and Iodide Ion. 
Iodide ion is stable toward dioxygen in the absence and presence 
of HC104 in MeCN. When a catalytic amount of CoTPP' is 
added to an MeCN solution of iodide ion in the presence of 
dioxygen and HC104, the iodide ion is oxidized by dioxygen 
catalytically to yield iodine. The stoichiometry of the formation 
of iodine is determined by the spectral titration (see Experimental 
Section) shown in Figure 6a and is given by eq 5. Thus, CoTPP' 
catalyzes efficiently also the overall four-electron reduction of 
dioxygen by iodide ion in the presence of HC104 to yield water. 

(5) 

The reduction of CoTPP' by iodide ion occurs rapidly in the 
absence of dioxygen in MeCN. Rates of the reduction of CoTPP+ 
by an excess amount of iodide ion also obey pseudo-first-order 
kinetics. The pseudo-first-order rate constant k(I) increases with 
an increase in the I- concentration, as shown in Figure 7, where 
a linear correlation between k ( ] )  and [I-] is obtained with an 
intercept. 

The catalytic four-electron reduction of dioxygen by iodide ion 
to water (eq 5 )  can be combined successfully with the two-electron 
reduction of dioxygen by AcrH, (eq 1) in order to achieve the 
overall four-electron reduction of dioxygen by AcrH2. Thus, when 
iodide ion is added to the catalytic system of the two-electron 
reduction of dioxygen (eq I ) ,  the stoichiometry is changed to the 
overall four-electron reduction of dioxygen by AcrH2, as shown 
in the spectral titration (Figure 6b) (eq 6). The concentration 
of CoTPP+ remained constant and no appreciable amount of 
CoTPP has been observed during the reaction. 

2AcrH2 + 0, + 2H+ - 2AcrH' + 2 H 2 0  (6) 

Rates of the four-electron reduction of dioxygen by AcrH2 were 
determined under the pseudo-first-order conditions in which the 
concentrations of dioxygen, HC104, and H202' were maintained 

41- + 0 2  + 4H+ - 212 + 2H2O 
CoTPP' 

"0 2 4 

103[1-1 / M 
Figure 7. Plot of pseudo-first-order rate constant k( l )  vs the I- concen- 
tration for the reduction of CoTPP' by 1- in MeCN. 

t 

0 
0 5 10 

104[1-1 / M 
Figure 8. Plots of pseudo-first-order rate constants k( ' )  vs the I- con- 
centration for the four-electron reduction of dioxygen (2 .6  X M) 
with 1 .O X 1 0-3 M AcrH2 and AcrD2, catalyzed by CoTPP (1 .O X lo4 
M) in the presence of HCIO, (1 .O X M) and 1. in MeCN containing 
H 2 0  (1.1 M) at 298 K. 

at  large excess over the concentrations of AcrHz and CoTPP+. 
Dependences of the pseudo-first-order rate constants k(')  of both 
AcrH2 and AcrD2 on the I- concentration are shown in Figure 
8, where both rate constants k ( * )  exhibits a maximal dependence 
on the I- concentration at 1 X M. It should be noted that 
essentially the same results are obtained when I- is replaced by 
1,. The primary kinetic isotope effect k H / k D  remains constant 
( k H / k D  = 2.4 f 0.2) with the change in the I- concentration 
(Figure 9). On the other hand, k(')  shows a linear correlation 
with the HCIOl concentration in MeCN containing H 2 0  (1.1 
M),28 as shown in Figure 9, where the intercept corresponds to 
an acid-independent term in k( l ) .  

(27) The r a t a  were determined in the presence of an excess amount of HzO 
(1.1 M), since the rates without addition of H 2 0  would be affected by 
HzO that was produced in the four-electron reduction of dioxygen by 
AcrH, because of the change of the protonation equilibrium (eq 4) with 
resultant increase of the HzO concentration. 

(28) In the presence of H20  (1.1 M), little protonation of AcrHz occurs in 
MeCN, and thereby only the catalytic effect of HC10, is observed in 
Figure 9. 
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102[HC104] / M 
Figure 9. Plots of k( ' )  vs the HCIO, concentration for the four-electron 
reduction of dioxygen (2.6 X lo-' M) with AcrHl and AcrDl (1.0 X 
M), catalyzed by CoTPP ( 1  .O X IO4 M) in the presence of HClO, and 
I- (5.0 X 

Scheme I 

M) in MeCN containing H 2 0  (1.1 M) at 298 K. 

ke t kP 
ACTH2 + CoTPP+-(AcrH2+' COTPP) -ACTH' + H+ + COTPP 

kb 

CoTPP' 

CoTPP 

A c r H +  

Iodine formed in the overall four-electron reduction of dioxygen 
by iodide ion (eq 6) is readily reduced by AcrH, to regenerate 
iodide ion in MeCN (eq 7 ) .  Rates of the oxidation of AcrH, 

( 7 )  
by iodine also obey pseudo-first-order kinetics in the presence of 
water in MeCN when the protonation of AcrH2 hardly occurs 
in the presence of HC104.11,26 The second-order rate constants 
k ,  were obtained as 15 and 4.2 M-' s-l for the oxidation of AcrH2 
and AcrD,, respectively, by I2 in the presence of 1.0 X M 
in MeCN containing 1.1 M H20.29 
Discussion 

Mechanism of the Oxidation of AcrH2 by CoTPP'. The 
electron transfer from AcrH2 to CoTPP+ is endothermic, on the 
basis of the redox potentials of AcrH, (Eox0 = 0.80 V vs 
and C o T P P  (Edo = 0.35 V vs SCE).M However, once AcrH2'+ 
produced in the electron transfer is deprotonated to give AcrH', 
the electron transfer from AcrH' (EoXo = -0.43 V vs SCE)30 to 
CoTPP+ is highly exothermic. Thus, two-electron oxidation of 
AcrH, by 2 equiv of CoTPP' may proceed as shown in Scheme 
I, where the endothermic electron transfer from AcrH, to CoTPP+ 
is followed by the deprotonation of AcrH2'+, and the subsequent 
facile electron transfer from AcrH' to CoTPP+ makes the overall 

AcrH2 + Iz k, AcrH+ + H+ + 21- 

(29) The rates were determined in the resence of H 2 0  (1.1 M) in order to 
prevent the protonation ofAcrHZ,' which would cause the decrease in 
the rates without adding H20, since H+ is produced in the oxidation of 
AcrH2 by I2 (q 7). 

(30) Fukuzumi, S.; Koumitsu, S.; Hironaka, K.; Tanaka, T. J .  Am. Chem. 
SOC. 1987, 109, 305. 
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Scheme I1 

AcrH2 xI;;;;'+x 5 0 2  

A C ~ H +  + H+ O2 + 2H+ 

reaction exothermic. According to Scheme I, the rate of formation 
of CoTPP may be given by eq 8, where k,, is the rate constant 

d[CoTPP] /dt = Zk,,k,[AcrH,] [CoTPP+]/(kb + k,) (8) 

of electron transfer from AcrH, to CoTPP+, k, is the rate constant 
of deprotonation of AcrH2*+, and kb is the rate constant of back 
electron transfer from CoTPP to AcrH2'+. In the presence of 
HCIO,, AcrH2 is in protonation equilibrium (eq 4) when the 
second-order rate constant kob is given by eq 9, where K is the 

(9)  
kobs = (kb + k,)( l  -k K[H+]) 

protonation equilibrium constant (eq 4). Under the conditions 
that K[H+] >> 1," the k,, value is expected to decrease with an 
increase in the HC104 concentration, in accordance with the 
experimental results in Table I. The observed kinetic isotope effect 
(kobrH/ko?: .= 4.4 f 0.4) may be caused by the deprotonation 
of AcrH2 in Scheme 1. 

A more quantitative discussion on Scheme I can be achieved 
by comparing the observed rates to those predicted by the Marcus 
theory for the rates of outer-sphere electron-transfer reactions." 
The Marcus relation for the rate constant of the electron transfer 
from the reductant (1) to the oxidant (2), k,,, is given by eq 

2k,,k, 

k,2 = (kllk22K12n1'2 (10) 

where k , ,  and kZ2 are the rate constants of the corresponding 
self-exchanges between AcrHz and AcrH2'+ and KI2  is the 
equilibrium constant for the electron transfer from AcrH, to 
CoTPP+. The K12 value is obtained from the E,,' value of 
AcrHPO and the Eredo value of COTPP+~O by using eq 11 .32 The 

(1 1) 

(12) 

parameterfin eq 10 is given by eq 12," in which Z, the frequency 
factor, is taken to be 10" M-' S - I . ~ ,  Thus, the rate constant of 
outer-sphere electron transfer from AcrH, to CoTPP+ (keJ is 
calculated as 6.9 M-l s-I from the one-electron oxidation potential 
of AcrH, (Eox0 = 0.80 V vs SCE)30 and the self-exchange rate 
constant (kl l  = 1.7 X f09 M-I s - ' ) , ~  together with the one-electron 
reduction potential of CoTPP+ (Ercd' = 0.35 V vs SCE),O and 
the self-exchange rate constant (k2 = 20 M-I s - I ) , ~ ~  as noted above 
by using eqs 10-12. According to eq 9, the observed rate constant 
in the absence of HClO4 (6.3 M-' s-l) corresponds to 2k,,k /(kb 
+ kp), and thus kobs < 2k,,. This relation is consistent witk the 
calculation described above. 

Mechanism of the Catalytic Two-Electron Reduction of Di- 
oxygen by AcrH,. The simplest reaction scheme of the catalytic 
two-electron reduction of dioxygen by AcrH2 may be given by 
Scheme 11. The rate-determining step may be the oxidation of 
AcrH, by CoTPP' by AcrH,, since CoTPP formed in the re- 
duction of CoTPP' by AcrH2 is known to be readily oxidized by 
O2 in the presence of HC104 in MeCN to yield CoTPP' and 
H202.27.34 However, the dependences of rates  of t h e  oxidation 

log K12 = (F/-2.3RT)(EoX0 - Eredo) 

log f = (log K d 2 /  [4 log (h lk22/ZZ)1 

(31) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, IS, 155. 
(32) The work terms are neglected, since in the present case one of the 

reactants and products is uncharged. 
(33) Rohrbach, D. F.; Deutsch, E.; Heineman, W. R.; Pasternack, R. F. 

Inorg. Chem. 1977, 16, 2650. 
(34) (a) PavloviE, D.; ASperger, S.; DokuzoviE, 2.; JuriSiE, B.; Ahmeti, X.; 

SertiE, M.; Murati, I. J .  Chem. Soc., Dalton Trans. 1985, 1095. (b) 
PavloviE, D.; ASperger, S.; Domi, B. Ibid. 1986, 2535. (c) Fukuzumi, 
S.; Mochizuki, S.; Tanaka, T. Chem. Lett. 1989, 27. 
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Scheme I11 Scheme IV 

AcrH2 + 02 + H', /COTPP+, fc AcrH+ + H202 

Y C O T P P  + I' 
Y kH 

\ +  1 
(AcrH2. CoTPPO2H:) 

for AcrH2 by CoTPP' on the HC104 concentration are different 
in the absence and presence of dioxygen; the rate in the absence 
of dioxygen decreases with an increase in the HC104 concentration 
(Table I), but the rate in the presence of dioxygen increases with 
an increase in the HCIOl concentration to reach a constant value 
(Figure 4). Moreover, the kinetic isotope effects (kobH/kobD) 
are different in the absence (4.4 f 0.4) and presence of dioxygen 
(7.1 f 0.6). Such differences indicate that the mechanisms of 
oxidation of AcrH2 by CoTPP+ in the presence of HC104 are 
different in  the absence and presence of dioxygen and that the 
acid-catalyzed reduction of O2 by CoTPP should also be involved 
in the rate-determining step in the catalytic two-electron reduction 
of O2 by AcrH2. 

An alternative reaction mechanism may be given by Scheme 
111, where electron transfer from AcrH2 to CoTPP+ occurs in 
concert with the reduction of O2 by CoTPP in the presence of 
HC104. In such a case, electron transfer from AcrH2 to CoTPP' 
in  the presence of O2 and HC104 may produce a radical pair 
(AcrH;+,CoTPP02H'+), which may disappear by the facile 
hydrogen transfer from AcrH;+ to CoTPP02H*+ to yield AcrH+ 
and H202, accompanied by regeneration of C o T P P  (Scheme 111). 
The proton transfer from AcrH2'+ to CoTPP02H'+ may be un- 
likely to occur, since CoTPP02H'+ is already protonated. Ac- 
cording to Scheme 111, the observed pseudo-first-order rate con- 
stant (Figures 3 and 4) may be given by eq 13, where k',: is the 

rate constant of the electron transfer from AcrH2 to CoTPP' in 
the presence of 02, k b  is the rate constant of the back electron 
transfer, kH is the rate constant of the hydrogen transfer from 
AcrHZ*+ to CoTPPO2HB+, and K is the protonation equilibrium 
constant of AcrH2. This equation can explain well the observed 
kinetics that the catalytic rate is proportional to the concentrations 
of CoTPP+ and dioxygen and increases with an increase in the 
HC104 concentration to reach a constant value (Figures 3 and 
4, respectively). According to eq 13, the kinetic isotope effect 
in the presence of dioxygen in Figure 4 (kobH/kobD = 7.1 f 0.6) 
may be ascribed to that of hydrogen transfer from AcrH2'+ to 
CoTPP02H'+. This may be the reason that the observed kinetic 
isotope effect in the presence of dioxygen is different from that 
in the absence of dioxygen. 

Free H02' radicals which could have escaped from the radical 
pair (AcrH2'+,CoTPP02H'+) may not be involved in the 
CoTPP+-catalyzed two-electron reduction of O2 by AcrH2, since 
H02'  radicals are known to initiate the radical chain reactions 
(eqs 14 and 15).21J5 In such a case, the kinetic formulation would 
be clearly different from that observed in Figure 3.36 

(14) 

(15) 
Mechanism of the Overall Four-Electron Reduction of Dioxygen 

by Iodide Ion. It has long been known that the reduction of 
transition-metal complexes by iodide ion occurs through the two 
parallel paths, the reduction by one and two molecules of iodide 

AcrH2 + HOz' - AcrH' + H 2 0 2  

AcrH' + O2 + H+ - AcrH+ + H02 '  

(35) Fukuzumi, S.: Ishikawa, M.; Tanaka, T. J .  Chem. SOC., Perkin Trans. 
2 1989, 1037. 

(36) In the case of radical-chain oxidation of AcrH, with HO,', which is 
produced by the initiation reaction of AcrH, with CoTPP+ in the 
presence of O2 and decays by the bimolecular termination reaction, the 
observed rate would be proportional to [AC~H~]~/~[COTPP+]'/*.~'~~~ 

/ 
COTPP+ + I - ~ C O T P P I  

CoTPP + 12; 

Scheme V 

77 2H20 21- X:::2+1 H202 
21- + 2H+ I2 

I2 O2 + 2H+ 

Thus, the reduction of CoTPP+ by iodide ion may be 
given as shown in Scheme IV, where I- forms a complex with 
CoTPP', followed by the two parallel paths; one is the intra- 
molecular electron transfer from I- to CoTPP+, and the other is 
the reduction of CoTPPI by I- to yield CoTPP and 12*. The iodine 
atom formed in the intramolecular electron transfer ( k , )  is in rapid 
equilibrium with I- to give IZc (eq 16).39 The 1;- may be oxidized 

I' + I- ?== 12*- (16) 
CoTPP+ + 12'- - CoTPP + I2  (17) 

further by CoTPP' (eq 17), since the electron transfer from 1;- 
(E,' = 0.16 V vs SCE)@ to CoTPP' is exothermic, on the basis 
of their redox potentials. According to Scheme IV and eqs 16 
and 17, the rate of formation of CoTPP in the reduction of 
CoTPP' with a large excess of I-, when all the CoTPP' molecules 
form the complex with I-, may be given by eq 18. This kinetic 

d[CoTPP]/dt = 2(k1 + k,[I-])[CoTPP+] (18) 

formulation agrees with the experimental results in Figure 7, where 
the pseudo-first-order rate constant shows a linear correlation with 
the I- concentration, in which the intercept corresponds to 2k,. 

In the presence of dioxygen and HC104, CoTPP formed in the 
reduction of CoTPP+ by I- (Scheme IV and eq 17) may be readily 
oxidized by dioxygen to produce CoTPP02H*+, as in Scheme 111. 
The CoTPP02H'+ may be reduced by I- in the presence of HC104 
to yield CoTPP02H2'+. The CoTPP02H*+ may be further re- 
duced by I- to yield H 2 0 .  Thus, as shown in Scheme v ,  CoTPP+ 
can catalyze the overall four-electron reduction of dioxygen by 
I- (eq 5). 

Mechanism of the Overall Four-Electron Reduction of Dioxygen 
by AcrH2. The combination of the CoTPP+-catalyzed oxidation 
of AcrH2 by dioxygen in the presence of HC104 (Scheme 111) and 
the catalytic four-electron reduction of dioxygen by I- (Scheme 
V) results in the successful overall four-electron reduction of 
dioxygen by AcrH2 (eq 6). Iodine formed in the four-electron 
reduction of dioxygen by I- (Scheme V) is readily reduced by 
AcrH, to regenerate I- (eq 7). Thus, a mechanism of the catalytic 
overall four-electron reduction of dioxygen with AcrH2 in the 
presence of CoTPP+,'HCIO4, and I- may be given as shown in 
Scheme VI by combining the reduction of I2 by AcrH, (eq 7) with 
schemes 111 and V. According to Scheme VI, the pseudo-first- 
order rate constant for the formation of AcrH' may be given by 
eq 19.41 A maximal dependence of the rate constant on the I- 

(37) (a) Donnan, F. G.; Rossignnal, R. Le J .  Chem. SOC. 1903, 703. (b) 
Friedman, H. B.; Anderson, B. E. J .  Am. Chem. SOC. 1939, 61, 116. 
(c) Raycheba, J. M. T.; Margerum, D. W. Inorg. Chem. 1981.20, 1441. 
(d) Tejeda, P. P.; Velasco, J. R.; Burgos, F. S .  J .  Chem. Soc., Dalton 
Trans. 1983, 2679. 

(38) Nord, G.; Pedersen, B.; Floryan-Loborg, E.: Pagsberg, P. Inorg. Chem. 
1982, 21, 2327. 

(39) Nagarijan, V.; Fessenden, R. W. J .  Phys. Chem. 1985, 89, 2330. 
(40) Nord, G.; Pedersen, B.; Farver, 0. Inorg. Chem. 1978, 17, 2233. 
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AcrH+ + H' 

AcrH2 2CoTPP 02 + 2H' 12 

concentration in Figure 8 can be well explained by eq 19 as follows. 
Under the steady-state conditions, the rate of reduction of I, by 
AcrH, (eq 7) is balanced with the rate of oxidation of I- by 
C o T P P  (eq 16), when the steady-state concentration of I, is given 
by eq 20.42 According to eq 20, the steady-state concentration 

[I2] = kl[CoTPP+]/k,,[AcrH2] (20) 

of 1, is independent of the I- concentration. This may be the reason 
that the rate of the overall four-electron reduction of dioxygen 
by AcrH, does not increase with an increase in the I- concentration 
> IO-, M and that the same results are obtained when I- is 
replaced by I2 in Figure 8. The steady-state concentration of I,, 
which can be estimated as 1.7 X IO4 M from the rate constants 
of kl  and k,, by using eq 20, agrees with the I- concentration with 
which the maximum rate is obtained in Figure 8.43 The decrease 

(41) The protonation of AcrH2 (eq 4) can be neglected under the experi- 
mental conditions in Figures 8 and 9>8 and thus, the effect is not 
included in eq 19. 

(42) The concentration of I' employed in Figure 9 is small enough to allow 
the second term in eq 18 for the formation rate of I2 (=(1/2)d- 
[CoTPP]/df) to be neglected, k2[1-], in deriving eq 20. 

Acrn+ + H+ 
21- / 
\ 

Y kox 

in the rate with a further increase in the I- concentration (Figure 
9) may be caused by the formation of 13- by the reaction of I, 
with I-. Thus, there is an optimal concentration of I- employed 
in the catalytic four-electron reduction of dioxygen by AcrHl in 
the presence of I-, CoTPP', and HCIO,. The dependence of the 
rate on the HCIO, concentration (Figure 9) also agrees with eq 
19. In this case, the presence of H 2 0  (1.1 M) decreases the 
protonation equilibrium constant (eq 4)," and thereby the rate 
constant increases with an increase in the HCIO, concentration 
(compare Figure 9 with Figure 4 in which no H 2 0  is added).41 
The intercept seen in Figure 9 corresponds to the second term in 
eq 19, which is independent of the acid concentration. 

In conclusion, the catalytic four-electron reduction of dioxygen 
by an NADH model compound (AcrH2) has been achieved by 
the appropriate combination of two catalytic systems, as shown 
in Scheme VI, the catalytic two-electron reduction of dioxygen 
by AcrH, (Scheme 111) and the catalytic four-electron reduction 
of dioxygen by I- (Scheme V).  

(43) The k ,  value is obtained as 2.5 X s-I from the intercept in Figure 
7. Then, the steady-state concentration of 12 is evaluated as 1.7 X IO-' 
M (=(2.5 x 10-2)(1.0 X 104)/[15(1.0 X IO-))]) by using eq 20. 




