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Alkylperoxyl radicals, ROO•, and the formally analogous su-
peroxometal complexes, LMOO• (M ) metal, L) ligand system),
are often generated simultaneously as intermediates in biological
and catalytic oxidations of organic materials by molecular oxygen.
The rates of hydrogen atom abstraction by at least one superoxo-
metal complex, CraqOO2+, are not much lower than the rates of
hydrogen abstraction by alkylperoxyl radicals.1 Despite the similar
reactivity toward external reagents, the lifetimes of the two species
in the absence of added substrates are very different, CraqOO2+

being the longer lived. Bimolecular self-reactions of alkylperoxyl
radicals are typically fast, and even the “slow” ones have rate
constants in the thousands.2,3 Dilute aqueous solutions of CraqOO2+,
on the other hand, can survive for hours at room temperature.

We have now found that a cross reaction between CraqOO2+ and
ROO• radicals is fast and comparable to self-reactions of alkyl-
peroxyl radicals, eqs 1 and 2.

To the best of our knowledge, there are no literature data on the
mixed cross reactions of the type described in eq 2, although we
have proposed such a reaction as a step in the oxidation of
trimethylacetaldehyde (R) C(CH3)3CO) by CraqOO2+.1 The need
to generate CraqOO2+ and ROO• in the same solution and to find a
kinetic probe that is compatible with CraqOO2+ but very reactive
toward ROO• presented a challenge, but we now have direct
evidence and kinetic data for the reaction between CraqOO2+ and
acetylperoxyl radicals, CH3C(O)OO•.

The kinetics of reaction 3 were determined by laser flash

photolysis of an organocobalt precursor, L1CoC(O)CH3
2+ (eq 4 ,

L1 ) [14]aneN4), in 0.1 M HClO4 in the presence of O2, Craq-
OO2+, and ABTS•- as a kinetic probe (eq 5 ). This probe was

selected on the basis of the reduction potentials of the relevant
couples, ABTS0/ABTS•- (1.09 V),4 CraqOO2+/CraqOOH2+ (∼0.97
V at 0.1 M H+),5 and CH3C(O)OO•/CH3C(O)OOH (1.53 V at 0.1
M H+),6 which favor the oxidation of ABTS•- by CH3C(O)OO•,
but not by CraqOO2+. In agreement with the thermodynamics,

ABTS•- and CraqOO2+ proved unreactive toward each other, while
CH3C(O)OO• oxidized ABTS•- rapidly in a successful probe
reaction of eq 5.

Typically, a small amount of ABTS2- was injected into an O2-
saturated solution of freshly prepared CraqOO2+ 1 (0.045-0.40 mM)
and L1CoC(O)CH3

2+ (0.10 mM). The oxidation of ABTS2- (0.026
µM) to ABTS•- by CraqOO2+ was complete in a few seconds, after
which time several laser shots were taken in less than 30 s.7,8

The absorbance increase at 518 nm followed first-order kinetics.
The plot of the pseudo-first-order rate constants against the
concentration of excess CraqOO2+, Figure 1 and eq 6, yieldedk3 )
(1.49 ( 0.14)× 108 M-1 s-1. The intercept is the sum of all the
pseudo-first-order rate constants for the disappearance of CH3C-
(O)OO•, including the probe reaction, for whichk5 ) (1.22( 0.04)
× 109 M-1 s-1.9

The rate constant for reaction 3 exceeds by several orders of
magnitude the geometric mean of the individual rate constants for
self-reactions, 6 M-1 s-1 for CraqOO2+ 10 and probably>108 M-1

s-1 for CH3C(O)OO•.11 The geometric mean rule is used routinely
to estimate rate constants for the cross-combination reactions in
the gas phase.12,13 Obviously, this simple rule does not apply to
the exergonic CraqOO2+/CH3C(O)OO• reaction. Our data agree
much better with another study which concluded that all cross
reactions of CH3C(O)OO• are fast.14

We utilized the large difference in reactivity between alkylper-
oxyl and acylperoxyl radicals toward L1Ni2+15 to rule out the
intermediate formation of CH3OO• (and thus CH3•) in the
CH3C(O)OO•/CraqOO2+ reaction. An O2-saturated solution contain-
ing 0.35 mM CraqOO2+, 0.027 mM L1Ni2+, and 0.16 mM L1CoC-
(O)CH3

2+ was flashed (λirr490 nm), and the absorbance was
monitored at 360 nm. At these concentrations, approximately 65%
of CH3C(O)OO• should react with CraqOO2+ (eq 3), and the rest
with L1Ni2+ as in eq 7 (R) CH3C(O), k ) 9.7 × 108 M-1 s-1).

Had CH3OO• been produced, then the CH3OO•/L1Ni2+ reaction (eq
7, R ) CH3, k ) 2.7× 107 M-1 s-1)15 should have been observed
well after completion of reaction 3 and the CH3C(O)OO•/L1Ni2+

reaction. No significant increase in CH3OO• above the background
level was observed.16

For the purpose of product analysis, CH3C(O)OO• was generated
from CH3CHO and CraqOO2+ in O2 saturated solutions, eqs 8 and

* Address correspondence to this author. E-mail: bakac@ameslab.gov.

ROO• + R′OO• f nonradical products (1)

ROO• + CraqOO2+ f nonradical products (2)

CH3C(O)OO• + CraqOO2+ f products (3)

L1CoC(O)CH3
2+98

hν

-L1Co2+
CH3C

•(O)98
O2

fast
CH3C(O)OO• (4)

CH3C(O)OO• + ABTS•- 98
H+

CH3C(O)OOH+ ABTS0 (5)

-d[CH3C(O)OO•]/dt ) (k3[CraqOO2+] + k5[ABTS•-] +

kself[CH3C(O)OO•]) [CH3C(O)OO•] (6)

L1Ni2+ + ROO• f L1NiOOR2+ (7)

CH3CHO + CraqOO2+ 98
O2

CraqOOH2+ + CH3C(O)OO• (8)

Published on Web 03/21/2002

3816 9 J. AM. CHEM. SOC. 2002 , 124, 3816-3817 10.1021/ja025507j CCC: $22.00 © 2002 American Chemical Society



3.17 The reaction between 0.23 mM CraqOO2+ and 0.5 M CH3-
CHO in the presence of 5 mM Mn2+ produced 0.08 mM HCrO4-

(35% of initial CraqOO2+). In the absence of Mn2+, the yield was
0.10 mM (43%) HCrO4

-. The rest of the chromium is believed to
be present as the weakly absorbing Craq

3+. No CO2 or CH2O were
detected.18

The proposed mechanism for reaction 3, Scheme 1, begins with
a radical coupling step, similar to the reactions of CraqOO2+ with
N-centered radicals,19 which have comparable rate constants (108-
109 M-1 s-1) despite the great difference in reduction potentials.

The extrusion of O2 from the tetraoxo intermediate may initially
yield aµ-peroxide,2 CraqOOC(O)CH3

2+. If so, the peroxide is short-
lived, as judged by the comparable kinetics for the disappearance
of CraqOO2+ and build-up of the final product, HCrO4-. An
intramolecular electron transfer in concert with hydrolysis would
readily transform theµ-peroxide to CraqO3+ and CH3COOH.
Another possibility, the homolytic cleavage to CraqO2+ and CH3C-
(O)O•, is ruled out by the absence of CO2 and CH3

•, the
decarboxylation products of CH3C(O)O•.

The evidence for CraqO3+ is indirect and based on the decrease
in chromate yields when the CraqOO2+/CH3C(O)OO• reaction was
conducted in the presence of Mn2+ (a scavenger for CraqO2+), and
an increase in [HCrO4-] in the presence of externally added
CraqO2+,20 a species believed to oxidize Cr(V) to HCrO4

-.21 In the
absence of CraqO2+, reaction S4 is eliminated, and the dispropor-
tionation of eq S2 is the only source of chromate.

The novel reactions of the type uncovered in this work need to
be considered as mechanistic steps and a potential source of reactive
peroxo and high-valent metal intermediates in both biological
systems and metal-catalyzed autoxidation reactions.
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Figure 1. Plot ofkobsagainst [CraqOO2+] for the reaction between CraqOO2+

and CH3C(O)OO• in the presence of 0.026 mM ABTS•- as a kinetic probe
at 0.1 M HClO4 and 25°C, λirr ) 490 (dye laser, filled circles) and 355 nm
(Nd:YAG laser, open circles).
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