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The reduction of LCoOOH2+ (L = L' = [14]aneN4 and L2 = Me6[14]aneN4) by Cr2+, Fe2+, V02+, V2+, Ti3+, 
and Co(tim)*+ has been studied in acidic aqueous solution. The L'CoOOH2+/Fe2+ reaction takes place with a 
second-order rate constant 4.8 L mol-' s-' at 25 "C and 0.10 M H@+. It is accompanied by a large negative 
entropy of activation, -122 J mol-' K-I. In the presence of a large excess of Fez+, this reaction proceeds with 
a 1:2 stoichiometry and produces L'Co3+ and Fe3+. A Fenton mechanism is proposed for this and other reduction 
reactions of LCoOOH2+. The oxidation of LCoOOH2+ by R~(bipy)3~+, Fe(~hen)3~+, IrChj2-, VO2+, and Fe3+ 
has also been investigated. The outer-sphere electron transfer reactions with Ru(bipy)j3+, Fe(~hen)3~+, and 
proceed with a 1:2 stoichiometry. The reaction of L'CoOOH2+ with Fe3+ produces 0 2  with a second-order rate 
constant 2.74 L mol-' s-' at 25 "C and 0.10 M H@+. Unlike the reduction reactions, the kinetics of the oxidation 
of L'CoOOH2+ are acid-dependent. 

Introduction 

Reactions of hydrogen peroxide,' organic hydroperoxides,2 
and complexes of transition metals with the hydroperoxide 
anion3 continue to be of interest. Our particular focus hds been 
the reduction of these species by transition metal complexes. 
On the basis of kinetic data and other supporting evidence, it is 
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now clear that coordination of one of the peroxide oxygens to 
the metal reductant in the transition state is required. 

In general, two mechanisms have been formulated to account 
for the observations. One is the Fenton mechanism: a single- 
electron process that produces HO' from H202, RO' from 
ROOH, and (H20)5Cr02+ from (H20)5Cr00H2+, this being the 
only hydroperoxo-metal complex examined to date. An 
alternative mechanism is comprised of a two-electron e ~ e n t , ~ . ~  
and we term it the oxo mechanism. For the same examples, 
the intermediate in all three instances is the metal-oxo species 
LMIVO if LM" represents the reducing agent. The balance 
between the two mechanisms appears to be rather delicately 
poised. Changes in the ~o lven t ,~  the metal reductants,6 or the 
secondary ligands of the metal reductants suffice to alter the 
mechanism. 

Previous quantitative work has been limited to (H2O)5- 
CrOOH2+, for which the data suggested a Fenton me~hanism.~l~* 
There it proved possible to validate the intermediacy of the 
oxochromium(1V) ion, (H20)5Cr02+, a species well established 
earlier.7 We have now chosen to work with the hydroperoxo 
complexes of cobalt macrocycles ([ 14]aneN4)Co(OH2)00H2+, 
abbreviated L' CoOOH2+, a species that has been well character- 
ized in the l i t e r a t ~ r e , ~ ~ , ~  and [(Me6[ 14]aneN4)C0(OH2)00H]~+, 
abbreviated L2C000H2+. 

The issues that the cobalt hydroperoxide complexes present 
can be appreciated by making reference to Scheme 1. This 
diagram presents the first step of a generalized reaction with 
the reductant MZi, the reaction being considered to proceed by 
each of the alternative mechanisms. (In each, the necessary 
protons are to be supplied at acidic pH's to convert hydroxo to 
aqua ligands.) The scheme also shows for each alternative the 
second rapid step that is needed to complete the net reaction. 
As one can see, with LCoOOH2+ (L = L' or L2) as the reactant, 
the reaction chooses its mechanism between altematives (if 
indeed these are the only two) that feature seemingly high- 
energy intermediates. They are oxocobalt(1V) or another 
oxometal complex, MIVO2+, such as oxoiron(1V) when Fe- 
(H20)6*+ is the reductant. 
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Scheme 1 
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Hydrogen peroxide and organic hydroperoxides can be 
oxidized by a number of reagents, all of which are powerful 
electron acceptors. Typical reagents are Ce(IV),9 M(b~y)3~+ 
(M = Os, Fe, Ru, and Ni),Io Mn3+,I1 Ag3+,I2 and Co3+.I3 
Oxidation of (H20)5Cr00H2+ by Ce(1V) and Cr02+ is also 

In this paper, we report kinetic and mechanistic studies on 
the reductions and oxidations of LCoOOH*+ by transition metal 
complexes. The mechanisms for both types of reactions will 
be described in terms of the kinetic and other data, and their 
implications will be discussed. 

Experimental Section 
Reagents. 1,4,8,11-Tetraazacyclotetradecane (= [14]aneN4 = L' ,  

Lancaster), Ru(NH&C13 (Johnson Matthey) and (NH4)2IrC16 (Aldrich) 
were used as received. The solvent used throughout was water, distilled 
and deionized by passing through a Millipore-Q purification system. 
The preparation and analysis of aqueous solutions of Co(tim)*+, Feaq2+, 
FeBq3+, (en)2Co(SCH2CH2NH2)2t, and Ru(NH&,*+ have been described 
previ~usly.~'~"' Literature procedures were used to prepare Ru(bipy)3- 
(C10&,13 Fe(phen)3(C10&,'5 and L2Co(H?0)2(CF3S0,)*.'6 The struc- 
tural formulas of the cobalt complexes (charges omitted) are as follows: 

known. 31.m 

Solutions of L ' C O O O H ~ ~  were prepared by a slight modification of 
the literature procedure.* The cobalt(I1) complex L 'CO(H?O)~~+ was 
first prepared in H20 and then the solution was acidified to a desired 
pH by the addition of trifluoromethanesulfonic acid. Oxygen was then 
passed through a solution containing equal concentrations of Ru(NH&*+ 
and L1Co(Hz0)22t for 20 min at 0 "C. The role of Ru(NH&*' is to 
reduce the initial product, (H20)L1CoO2*+, to (H20)L'Co00HZtC. The 
UV-vis spectrum of the resulting solution is identical to that reported 
for L ' C O O O H ~ + . ~ ~  In other cases, where the R U ( N H ~ ) ~ ~ +  product would 
interfere with subsequent kinetic or stoichiometric measurements, the 
L ' C O ( H ~ O ) ~ ~ '  solution was instead prepared in perchloric acid so that 
the Ru(NH3)8 ions were precipitated as [Ru(NH3)6](C10& and 
removed by filtration. Identical kinetics were observed for reactions 
of Fe2+ with L'CoOOH2+ from both sources. This is also true for the 
oxidation of L'CoOOH2+ by Fe3+, which takes place with a rate constant 
2.74 * 0.07 L mol-' s-I in 0.10 M CF3SO3H compared with 2.80 i 
0.10 L mol-' s-I in 0.10 M HCIOJ. 
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Figure 1. UV-vis spectrum of L2CoOOHZ+ (L2 = Me6[14]aneN4) in 
0.10 M CFISO~H. 
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Figure 2. Proton NMR spectra: (a) L2CoOOH2+ (L? = Me6[14]aneN4) 
in D20; (b) ligand-modified product of the L2CoOOH2+/Fe*+ reaction 
in DzO. 

The above procedures were also used to prepare the analogous 
complex L2Co00HZt. Both L1CoOOH2+ and L2CoOOH2+ solutions 
can be further purified by cation-exchange using Sephadex C-25 resin. 
To avoid decomposition of LCoOOH2+ on the column, the resin was 
pretreated with I .O M H202 and the separation process was conducted 
at 0 "C. The kinetics of the redox reactions of Fe2' or Fe3+ with 
chromatographically purified L'CoOOH*+ were the same as those using 
unpurified L'CoOOH2+. 

Compared with the green solution of L 'COOOH?~,  the solution of 
L*CoOOH*+ is greenish-yellow. The UV-vis spectra of the two 
hydroperoxides are similar; that of L2CoOOH2+ is shown in Figure 1.  
The proton NMR spectrum of the isolated [L2Co(H20)(0OH)](CI04)~ 
in D2O is shown in Figure 2a. The two doublets at 1.36 and 1.42 ppm 
with a coupling constant of 6.3 Hz are from the CH-bound methyl 
groups of the macrocyclic ligand. The six inequivalent methyl groups 
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Figure 3. Absorbance at 418 nm (measured at 100-second intervals 
in a cell with 1-cm optical path) decreasing after each incremental 
addition of a solution of 36 mM Cr2+ to a solution of L1CoOOH2+ (L' 
= [14]aneN4), initially 2.0 mM, at 0.10 M H30+ under anaerobic 
conditions. 

result in five signals in the range 1.0 to 1.5 ppm, in the ratio of 2:l: 
1: 1: 1. For compounds with two identical axial ligands, such as frans- 
[L2Co(Hz0)2](C104)3 and trans-[L2CoC12](C104), only three types of 
methyl groups can be observed in the NMR spectra. On the basis of 
the NMR data, the complex [L2Co(H20)(OOH)](C104)2 is proposed to 
retain a rrans structure with H20 and OOH as the axial ligands. 

Ion-exchange chromatography was used to confirm that the 
LCoOOH2' complexes are indeed dications. For example, L1CoOOH2+ 
is eluted with 0.4 M LiSO3CF3-0.1 M HS03CF3 from the column of 
Sephadex C-25 after L1CoC12+ and L'Co(H20)C12'. Furthermore, 
the elution properties of LZCo00H2+ are comparable to those of 
(Me6[ 14]dieneN4)Co(H20)C12+ and L'Ni2+. 

Kinetics. Kmetic measurements for reactions with half-lives > 10 
s were carried out by use of a Shimadzu UV-2101PC and UV-3lOlPC 
spectrophotometers. A DX-17MV stopped-flow spectrophotometer 
from Applied Photophysics Ltd. was used for reactions with half-lives 

10 s. Most of the kinetic studies were conducted at 25.0 i 0.2 "C 
and 0.10 M ionic strength, maintained with perchloric acid or 
trifluoromethanesulfonic acid. The activation parameters were evalu- 
ated over the temperature range 5-40 "C, controlled to within f 0 . 2  
"C. When the acidity was varied, the ionic strength was maintained 
with LiC104 or LiSO3CF3. Unless stated otherwise, kinetic experiments 
were conducted under pseudo-first-order conditions with LCoOOH2+ 
as the limiting reagent. The absorbance @)-time data were fitted to 
the equation D, = D, + (DO - D,) exp(-k,t). The second-order rate 
constants were obtained as the least-squares slopes of k, versus the 
concentration of the excess reagent at the midpoint of the run. The 
formation of 0 2  was detected with a portable Dissolved Oxygen Meter- 
16046 from Hach Chemical Co. 

For experiments in the absence of C1-, solutions of L1CoOOH2+ 
were prepared by the reduction of an 02-saturated solution of L'Co- 
(H20)22+ with [ R u ( N H ~ ) ~ ] ( S O ~ C F ~ ) ~ .  For this purpose, [Ru(NH3)6](SO3- 
CF3)3 was prepared from [Ru(NH3)6]Ch and AgSO3CF3, and reduced 
on Zn/Hg. Identical kinetics were observed for the redox reactions 
carried out with and without C1-. 

Crystallographic Analysis of [L1CoC12]C104. A crystal was 
attached to the tip of a glass fiber and mounted on the P4RA 
diffractometer for data collection at -50 & 1 "C. The cell constants 
were determined from reflections found from a rotation photograph. A 
total of 2402 reflections were collected, and refinement calculations 
were performed on a Digital Equipment MicroVAX 3100 computer 
using the SHELXTL-Plus program. 

Results 
Reduction of L1CoOOH2+. Cr2+. A spectrophotometric 

titration at 418 nm, Figure 3, showed that 3 mol of Cr2+ was 
consumed per mole of L'CoOOH2+. The consumption of 2 
mol of Cr2+ is required by both the Fenton and oxo mechanisms 
in one stage, (eq 1, M = Cr2+), but in itself it does not advocate 

Figure 4. ORTEP view of [L'CoC12]C104 provided at 50% probability. 
L'  = 14[ane]N4. 

either, and the reduction of Co(II1) accounts for the third mole 
of Cr2+, eq 2. 

L'CoOOH2' + 2M2+ + 3H+ - 
L'Co3+ + 2M3+ + 2H,O (1) 

L'CO~+ + Cr2+ - L'CO~+ + cr3+ 
The kinetic data were collected at 280 nm. Excellent fits of 

the absorbance time profiles to a single exponential when Cr2+ 
was present in large excess suggest that reaction 2 is indeed 
too rapid to be evaluated as part of the reduction of L'CoOOH2+. 
The value of the rate constant so obtained for reaction 1, eq 3, 
is (8.4 * 0.2) x lo3 L mol-' s-I. 

-d[CoOOH2+]/dt = k, [ C O O O H ~ ~ ] [ C ~ ~ ~ ]  (3) 

Reaction 1 is a two-step process involving the formation of 
an intermediate and its rapid reaction with the second mole of 
Cr2+. The identities of the two steps depend on the mechanism 
being followed, as shown in Scheme 1. 

Reaction 2 could be studied independently, starting directly 
with LICO(H~O)~~+ .  In the absence of C1-, reaction 2 has k = 
3.8 x lo4 L mol-' s-I. Many experiments contained chloride 
ion from Ru(NH3)&, used in the preparation of L'CoOOH2+. 
Reductions of cobalt complexes by Cr2+ are in general greatly 
enhanced by bridging ligands like Cl-.'7,18 The cobalt products 
of reaction 1, abbreviated simply as L'Co3+, are actually a 
mixture of the chloro and aqua complexes, L'CoC12+, L'Co- 
(H20)C12+ and L 'CO(H~O)~~+ .  

Fe2+. The UV-vis spectra of spent reaction solutions 
showed maxima at 240 nm (typical of Fe3+) and 580 nm (L'- 
Co(II1) products). The latter peak slowly shifted to 604 nm 
after a stable absorbance reading had been reached in the UV. 
Green crystals suitable for X-ray diffraction were obtained in 
36% isolated yield from the reaction of 3.0 mM L'CoOOH2+ 
with 0.033 mM Fe2+. The structure of the green crystal clearly 
identifies it as trans-L1CoC12+, as shown in the ORTEP view 
in Figure 4. 

The stoichiometry of the reaction is not simple, but it can be 
understood in terms of the competing steps. The stoichiometry 
was determined by titrating the reaction products with Cr2+, 
Figure 5, when a limiting amount of L1CoOOH2+ was used. 
The endpoint was taken as the point at which the absorbance 
no longer changed and the isosbestic point was lost. The 
endpoint required 0.94 and 1.7 equiv of Cr2+, compared with 
[L'CoOOH2+]o, at ratios of [Fe2+]d[L'Co02H2+]o of 1.3 and 
6.4, respectively. However, as shown in Figure 5, 3 equiv of 
Cr2+ was needed when a large excess of Fez+ was used, 
indicating that the reaction of L'CoOOH2+ with Fe2+ produced 
1 mol of L'Co3+ and 2 mol of Fe3+. Direct analyses of [Fe3+], 

(17) Lireplo. M. A.; Endicott, J. F. Inorg. Chem. 1971, 10, 1420. 
(18) Rillema. D. P.; Endicott, J .  F. J.  Am. Chew. Soc. 1972, 94, 394 
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Figure 5. Spectrophotometric titration of a solution initially containing 
0.56 mM L1CoOOH2+ (L' = [14]aneN4) and 40 mM Fez+ with 36 
niM Cr2+. The reaction of L'CoOOHZ+ with Fez+ was allowed to 
proceed to a stable absorbance reading before addition of Cr2+. Inset: 
titration of a solution initially containing 2.0 mM L1CoOOH2+ and 13.6 
mM Fez+ with 36 mM Cr2+. The intermittent spectra were recorded at 
100-s intervals. 
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Figure 6. Repetitive-scan spectra of the reaction of L'CoOOH2+ (0.12 
mM, LI = 14[ane]N4) with V 0 2 +  (0.42 mM) at 25 "C and 0.10 M H+. 
Scans were taken at intervals of 100 s. 

identified and quantitated as Fe"'-NCS- complexes and cali- 
brated with known concentrations, are in agreement with the 
stoichiometry of eq 1 (M = Fe). For example, the ratio [Fe3+]/ 
[L'CoOOH2+]o = 1.8 was calculated for the reaction of 0.050 
mM L'CoOOH2+ with 3.0 mM Fez+. 

The conclusion is this: the Fez+ reaction proceeds "normally" 
(by which we mean its stoichiometry corresponds to eq 1) when 
Fe2+ is used in large excess. With lesser amounts of Fe2+, on 
the other hand, considerably more L'CoOOH2+ is consumed 
(or considerably less Fe3+ is formed) than eq 1 specifies. 

The kinetics of the reaction of L'CoOOH2+ with Fez+ were 
monitored at 320 nm. The reaction has a second-order rate 
constant 4.8 f 0.2 L mol-' s-I at p = 0.10 M and 9.7 f 0.5 L 
mol-' s-' at ,u = 0.50 M. 

VOz+, V2+, Ti3+, and Co(tim)2+. These reactions were 
studied mainly to evaluate the rate constant (the equivalent of 
k l ) .  Repetitive scan spectra of the L'Co00H2+N02+ reaction, 
shown in Figure 6, indicated that this reaction could be easily 
followed spectrophotometrically. The kinetics were monitored 
at 320 nm. The second-order rate constants for V02+ are 1.43 
i 0.05 and 2.7 f 0.1 L mol-' s-' at p = 0.10 and 0.50 M, 
respectively. The reduction of L'CoOOH2+ by V2+ took place 
with a rate constant of 5.5 f 0.1 L mol-' s-I, independent of 
[H30+] in the range 0.026-0.10 M at a constant ionic strength 
of 0.10 M. The second-order rate constant increased to 12.6 f 
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Figure 7. Plot of k ,  against [Co(tim)*+] or [L'CoOOH2+] (L' = 14- 
[ane]N4). Conditions: 25 "C; y = 0.10 M. Co(tim)2+ in excess, [H+] 
= 0.010 M (O), 0.049 M (0), 0.064 M (0), and 0.10 M (A) .  L1C002H2+ 
in excess, [H+] = 0.10 M ( x ) .  

0.2 M-' s-' at ionic strength of 0.50 M. The kinetic measure- 
ments were conducted at 260 nm. The reaction of L1CoOOH2+ 
with Ti3+, the slowest of the reduction reactions studied here, 
has a rate constant of 1.8 f 0.2 L mol-' s-' at 39.6 "C, with 
[H+] = 0.10 M and ,u = 0.5 M. 

The stoichiometry of the Co(tim)2f reaction was determined 
kinetically. As shown in Figure 7, the pseudo-first-order rate 
constants are linearly proportional to the concentration of excess 
reagent, [Co(tim)*+] or [L'CoOOH2+], and all the points fall 
on the same line, establishing the 1:l reaction stoichiometry. 
(Were it 1:2, the slopes would have differed by a factor of 2, 
since the expressions for the reaction rate when the two 
concentrations are alternately in excess would have differed by 
this factor.) Furthermore, the absorbance changes at 453 nm 
that occur upon addition of limiting amounts of L'CoOOH2+ 
to Co(tim)2+ are in agreement with A[C~(t im)~+] = [L'- 
CoOOH2+]o. The L'CoOOH2+/Co(tim)2+ reaction takes place 
with a second-order rate constant of 4.5 f 0.1 L mol-' s-I. 
The kinetics of this reaction are independent of [H30+] in the 
range 0.010-0.10 M, as indicated in Figure 7. 

Reduction of L1CoOOH2+ in the Presence of ArOH. The 
compound 2-methyl-2-(3,5-di-tert-butyl-4-hydroxyphenyl)pro- 
pyllammonium chloride, ArOH, is a water-soluble version of 
tri-tert-butylphenol that has been used as a trap for strongly 
oxidizing  intermediate^.^'.^^^'^^^^ It can be oxidized to the 
persistent oxy1 radical A O ,  which has a distinct visible 
spectrum. When the reaction of 0.15 mM L'CoOOH2+ with 
0.70 mM Fe2+ was carried out in the presence of 5.8 mM ArOH, 
ArO' could not be detected. Moreover, there was no ArO' 
generated from the L1Co00H2+/ArOWVO2+ reactions. 

Variations of [H30+], Temperature, and Ionic Strength. 
The rate constant for the Fez+ reaction was studied at variable 
[H30+], at a constant ionic strength of 0.10 M, maintained with 
lithium triflate. The second-order rate constants are 4.79 f 0.08, 
4.91 f 0.08, and 4.86 f 0.04 L mol-' s-I, at [H30+] = 0.010, 
0.050, and 0.10 M. Similarly, the rate constants for the reactions 
of V2+ and Co(tim)2+ with L'CoOOH2+ were invariant over a 
range of [H30+] of 0.010-0.10 M. 

Each of the rate constants, except that for Cr2+, were 
determined as a function of temperature. Analysis according 
to transition state theory gave the values of AS* and @ in 
Table 1. 

(19) Traylor, T. G.; Lee, W. A.; Stynes, D. V. J.  Am. Chem. SOC. 1984, 

(20) Al-Ajlouni, A,; Bakac, A,;  Espenson, J. H. Inorg. Chem. 1993, 32, 
106, 755. 

5792. 
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Table 1. Rate Constants and Activation Parameters for the 
Reduction of L'CoOOH2+" 
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spectrophotometric studies. Therefore the L'CoOOH2+ used 
in this reaction was prepared in HC104, and [Ru(NH3)6](C104)3 
was removed by filtration, as described in the Experimental 
Section. The absorbance change at 488 nm is mainly due to 
IrC162- (€488 = 4075 M-' ~ m - l ) . ~ ~  These changes were used 
to calculate the stoichiometry of eq 4. 

L'COOOH~+ + 21rc1,2- - 
L I C O ~ +  + 21r~1,3- + 0, + H+ (4) 

The kinetics of the oxidation of L1CoOOH2+ by IrC162- are 
acid-dependent in the range 0.025-1.0 M H30+ at y = 1.0 M. 
The second-order rate constant is linearly proportional to 
1/[H30+], the relationship being described by the equation k/L 
mol-' s-l = (190 f 9) + (9.2 f OS)/[H30+] at 25.0 "C. 

R~(bipy)3~+. Because of the low solubility of R~(bipy)3~+ 
in perchlorate media, the oxidation of L'Co02H2+ was studied 
in HS03CF3 and monitored at 453 nm. Under pseudo-first- 
order conditions with L'CoOOH2+ as the limiting reagent, the 
kinetic data yielded a second-order rate constant of 2.2 x lo3 
L mol-' s-', With [L'Co00H2+] in 10-fold excess over [Ru- 
(bi~y)3~+], the second-order rate constant, calculated as k,/[L'- 
Co00H2+], is 4.2 x lo3 L mol-' s-l. Thus the reaction of 
L'CoOOH2+ with R~(bipy)3~+ follows the 1 :2 stoichiometry 
analogous to that shown in eq 4. The acid dependence was 
evaluated over the range 0.10-1.0 M at 1.0 M ionic 
strength. A plot of the second-order rate constants against 
1/[H30+] is linear, as described by the equation WL mol-' s-I 
= (1510 f 570) + (793 f 94)/[H30+]. 

Fe(~hen)3~+. The reaction with L'CoOOH2+ in CF3SO3H 
was followed spectrophotometrically at 510 nm. The kinetic 
data established the 1:2 stoichiometry analogous to that in eq 
4. The second-order rate constant is 191 L mol-' s-' at [H30+] 
= y = 1.0 M. A study of the kinetic dependence on [H30+] 
was not carried out owing to the instability of Fe(~hen)3~+ at 
low acidity. 

F$+ and V02+. Oxygen, L'Co3+, and Fe2+ are the products 
of the oxidation of L1CoOOH2+ by Fe3+. When 4.3 mM Fe3+ 
was allowed to react with 1.0 mM L'CoOOH2+ at 0.10 M H30+, 
0.19 mM 0 2  (19% yield) was detected by an oxygen electrode. 
The yield is less than quantitative because the Fe2+ product 
consumes significant amounts of L1CoOOH2+. Also, some 0 2  

is lost from the solution on the time scale of these experiments. 
The cobalt(III) species were identified spectroscopically. The 

presence of Fe2+ was indicated by the formation of Fe(~hen)3~+ 
after an aliquot of the reaction solution was added to a 
phenathroline solution. 

At y = [H30+] = 0.10 M, the second-order rate constant is 
2.8 f 0.1 L mol-' s-l, as determined spectrophotometrically. 
Kinetic studies were also performed by monitoring the formation 
of 0 2  with the oxygen electrode. These data are consistent with 
the spectrophotometric results. As observed for the other 
oxidation reactions, the reaction of L'CoOOH2+ with Fe3+ is 
accelerated at low [H30+]. The mechanism will be discussed 
later. 

The reaction of L1CoOOH2+ with V02+ was monitored at 
320 nm. Unlike all the other oxidation reactions studied here, 
the second-order rate constant increases with increasing acidity. 
This is as expected for the conversion of V02+ to V02+. For 
example, a second-order rate constant of 254 f 3 L mol-' s-] 
was obtained at [H30+] = y = 1.0 M, compared with 21 f 1 
L mol-' s-' at y = 1.0 M and [H30+] = 0.10 M. 

The kinetic data for the oxidation reactions, and the self- 
exchange rate constants and reduction potentials of the oxidants 
are summarized in Table 4. 

k 2 9 8 K k  Aflflld ASVJ 
reductant mol-' s-I mol-' mol-' K-' 

CI'(H20)62f (8.4 i 0.2) 

Fe(H20)62+ 4.86 f 0.05 32.6 & 0.9 - 122 3z 5 
Co(tim)2+ 4.5 i. 0.1 46.6 f 2.6 -76.6 & 8.9 
V(H20)62+ 5.5 & 0.1 23.1 & 0.3 -153 k 2 
vo*+ 1.43 f 0.05 47.6 & 1.0 -82.1 k 4.0 

x 103 

( ~ ~ ) ~ C O ( S C H ~ C H ~ N H ~ ) ~ +  4.8 6 0.2 

[H30+] = p = 0.10 M, L' = [14]aneN4 

2 + 
h 

M 
,o 

1.2 I I I 

slope = 2.0 f 0.1 

1 .o 

0.80 

0.60 

0.40 

0.20 
0.1 0.2 0.3 0.4 0.5 

Fb ($'* /(1 t j.l''2) 

Figure 8. Illustration of the ionic strength effect on the reaction 
between L1CoOOHZC (L' = 14[ane]N4) and Fe2+, plotted according to 
the Bronsted-Debye-Hiickel equation. 

Table 2. Selected Bond Distances (A) for (L1CoC12)C104 (L' = 
T141aneNd) 

co-C1( 1) 2.255(2) co-Cl(2) 2.257(2) 
Co-N(l) 1.969(5) Co-N(2) 1.962(4) 
Co-N(3) 1.969(4) CO-N(4) 1.961(5) 

Table 3. Selected Bond Angles (deg) for (L1CoC12)C104 (L] = 
[ 14]aneN4) 

CI(l)-Co-C1(2) 179.2(1) Cl(l)-Co-N(l) 88.1(1) 
N(l)-Co-N(3) 179.3(2) N(l)-Co-N(2) 85.7(2) 
N(2)-Co-N(4) 179.1(2) Co-N(l)-C(l) 108.2(3) 

The rate constants for the Fe2+ and V2+ reactions were 
evaluated as a function of ionic strength. For Fe2+, the ionic 
strength was varied in the range 0.014-0.50 M. As expected 
for a bimolecular reaction between cations, the rate constant 
increased with an increase in ionic strength. This can be 
displayed as in Figure 8, which presents the data in the form 
required by the Bronsted-Debye-Huckel equation. An ex- 
tended form was used, to accommodate the results at the higher 
ionic strengths2' The figure shows a plot of log k + 0.1 y vs 
p''*/(l + y1I2). The slopes of the plots are 2.1 for Fe2+ and 2.2 
for V2+. 

X-ray Crystal Structure of (L1CoC12)C104. The structure 
of this complex, shown in Figure 4, was determined to establish 
unequivocally that it is a product of the reaction between L'- 
CoOOH2+ and Fe2+. The cobalt atom is coplanar with the four 
nitrogen atoms. The bond distances and angles in the cobalt- 
macrocyclic ligand core are essentially the same as those found 
in other cobalt(II1)-L' complexes.22 Selected bond distances 
and angles are given in Tables 2 and 3. 

Oxidation of L1CoOOH2+. IrCla2-. The ions R u ( N H ~ ) ~ ~ +  
and 11-Cl6~- form a suspension, which interferes with the 

(21) Wilkins, R. G. Kinetics and Mechanisms of Reactions of Transition 

(22) Bakac, A.: Espenson, J. H. Inorg. Chem. 1987,26,4353 and references 
Metal Complexes, 2nd ed.; VCH: New York, 1991; p 112. 

therein. (23) Poulson, I. A.; Gamer, C. S. J.  Am. Chem. SOC. 1962, 84, 2032. 
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Table 4. Rate Constants for the Oxidation of L'CoOOH2+ (L' = 
[ 14]aneN4) by Transiton Metal Complexes and Related Data at 25.0 
"C and 1.0 M H3O+ 

Wang et al. 

contribution of 3 equiv of Cr3+ (compared with [L'CoOOH2+]o) 
was subtracted from the spectrum of the final solution. The 
concentration of L'Co(H20)z2+ based on the absorbance and 
the known molar absorptivity (€470 nm = 33 M-' is in 
agreement with the initial concentration of L'CoOOH2+. 

In the L1CoOOH2+/Fe2+ reaction, the two stages in the 
titration curve, shown in Figure 5, can be correlated with eqs 
l', 2' and 2 in Scheme 2 .  

Scheme 2 

L'CoOOH2+ + 2Fe2+ + 3H' - 
L'Co3+ + 2Fe3+ + 2H20 (1') 

~ ~ ~~~ 

k / L  mol-' 0.44 f 0.04 254 i 3 195 ?L 9 191 f 9 2150 f 90 

El,zNa 0.77 1.01 0.86 1 O l b  1.26' 
S-' 

S-1 

a Shriver, D. F.; Atkins, P. W.; Langford, C. H. Inorganic Chemistry; 
W. H. Freeman: New York, 1990; pp 651-657. Monsted, 0.; Nord, 
G. Adv. Inorg. Chem. 1991, 37, 381. Larsen, D. W.; Wahl, A. C. J.  
Chem. Phys. 1965, 43, 3765. 'Braddock, J. N.; Meyer, T. J. J .  Am. 
Chem. SOC. 1973, 95, 3158. Silverman, J.; Dodson, R. W. J.  Phys. 
Chem. 1952, 56, 846. e Hunvitz, P.; Kustin, K. Trans. Faraday SOC. 
1966, 62, 427. 

Table 5. Summary of Kinetic Data" for the Redox Reactions of 
L2C000H2+ and Related Reactions of L'CoOOH2+ 

k , , L  mol-' 4.0d 2 1 0 3 ~  1 x 1076 I x 1 0 7 ~  

k298& mol-' s-'  

reactants L2C000H2+ L'CoOOH2' 

Fe2+ 5.4 * 0.2 4.86 & 0.07 

IrCI6*- 235 ?L 10 390 i 20 
Co(tim)2+ 10.33 i 0.07 4.5 i 0.1 

ii [H30+] = p = 0.10 M, L' = [14]aneN4, L2 = Me6[14]aneN4 

Oxygen Atom Transfer from LICoOOHZ+. The reaction 
between the cobalt-hydroperoxo complex and (en)2CoSCHzCH2- 
NH22+ gives the sulfenato product shown in eq 5. This material 
was identified by its characteristic spectrum.3m The reaction 
followed second-order kinetics, with k = 5.0 f 0.2 L mol-' 
s-l at 25 "C and [H3O+] = p = 0.10 M. The rate constant is 
directly proportional to the acid concentration, k/L mol-' s-]  
= 0.20 + 52[H30+] at p = 0.10 M. 

L1CoOOH2+ + (en),Co(SCH,CH2NH,)2f H+ 
L'Co3+ + (en),Co(S(0)CH,CH,NH2)*+ + H 2 0  ( 5 )  

No reaction between L1CoOOH2+ and PPh3 was found to 
occur within 5 min at 25 "C and 0.10 M H3O+ in 1:l CH3CN/ 
H20. Similarly, the water-soluble phosphine Ph2P@-C&-SO3- 
Na) does not react with L'CoOOH*+. 

Reactions of L2C000H2+. The kinetic data for the redox 
reactions of L2C000H2+ with selected reagents are given in 
Table 5 .  Chromatographically purified L2C000H2+ was used 
in all the kinetic experiments. As found in the L'CoOOH2+ 
reactions, the reaction of L2C000H2+ with Co(tim)2+ proceeds 
with a 1:l stoichiometry, and the reaction with IrC16*- with a 
1:2 stoichiometry. 

One of the cobalt products of the L2Co00H2+/Fez+ reaction 
is L2Co(H20)23+, identified by its NMR spectum, which 
matched exactly that of a sample prepared by the oxidation of 
L2Co(H20)22+ with Pb02. The other product had a complicated 
NMR spectrum and was not identified. After this compound 
was separated from L * C O ( H ~ O ) ~ ~ +  by ion exchange chroma- 
tography, the NMR spectrum showed five signals of equal 
intensity in the region 1.0-2.0 ppm, Figure 2b. 

Discussion 
Reduction Reactions. Stoichiometry and Products. The 

1:2 stoichiometry defined in eq 1 has been proved for the 
reaction of L'CoOOH2+ with Cr2+. Because the product L'- 
Co3+ is readily reduced to L'Co2+ according to eq 2, another 
equivalent of Cr2+ is needed. As shown in Figure 3, a total of 
3 equiv of Cr2+ was consumed in the reaction of L'CoOOH2+ 
with Cr2+. 

The Cr3+ product was identified on the basis of the visible 
spectrum. The yield of L'CO(H*O)~~+ was calculated after the 

Fe3& + Cr2+ - Fe" + Cr3+ 

L 'CO~+ + Cr2+ - L'CO~+ + cr3+ 
(2') 

(2) 
Equation 2' defines the stage in which 2 equiv of Cr2+ is 

consumed by the Fe3+ formed in eq 1'. Since the Fe3+ ion has 
a much weaker absorption at 300 nm than L1Co3+, the absorb- 
ance change is not dramatic. The sudden drop of absorbance 
upon adding the third equivalent of Cr2+ is caused by reaction 
of eq 2.  This observation indicates that the rate constant for 
reaction 2' is much larger than that for reaction 2, which is in 
agreement with potentials of the Fe3+/Fe2+ couple (E112 = 0.77 
V) and the L'Co3+/L'Co2+ couple (E112 = 0.42 V).3d,25 

For the reaction of L'CoOOH2+ with a large excess of Fe2+, 
the absorption maxima in the visible region slowly shifted from 
580 nm to 604 nm after a stable absorbance in the UV region 
had been achieved. This slow absorbance change corresponds 
to the formation of neither L ' C O ( H ~ O ) ~ ~ +  (Amax = 570 nm)3e 
nor L'CoC12+ (Amax = 630 nm),26 but it is likely to reflect 
equilibria among LlC0(H20)2~+, L'Co(H20)C12+ and L'c0C12~. 
When chloride ions were removed by adding Ag+ to the 
solution, the filtrate had the spectrum of L'CO(H,O)~~+. 

Mechanism. Two mechanisms for the reduction of hydro- 
peroxides by transition metal complexes have generally been 
accepted, Scheme 1. The Fenton mechanism is most likely 
involved in reactions carried out in aqueous solution and with 
aqua-metal reductants. The oxo transfer capability for reactions 
conducted in pure CH3CN strongly support the two-electron 
process.5b 

The stoichiometry and products of the reaction of L'- 
CoOOH2+ with Cr2+ or with a large excess of Fe2+ agree with 
both mechanisms, The mechanism shown in Scheme 3, using 
the reaction with Fe2+ as an example, is preferred based on the 
stoichiometry of the reaction of L'CoOOH2+ with a slight excess 
of Fe2+, the trapping experiments, and the NMR spectra of the 
reaction products. Reaction 7 may involve [LCoOFeI4+ as an 
intermediate, as shown in eqs 7a and 7b. 

Scheme 3 

L'CoOOH2- + Fez+ - L1Co02+ + FeOH2+ (6 )  

L ' C O O * ~  + Fe2+ + 2H' - L'Co3+ + Fe3+ + H,O (7) 

L'CoO2+ + Fez+ - [L'CoOFeI4+ ( 7 4  

[L'CoOFeI4+ + 2H+ - L'Co3+ + Fe3+ + H,O (7b) 
The 1:2 stoichiometry of the L'CoOOH2+/Fe2+ reaction holds 

only when large excess of Fe2+ is used. After the reaction was 

(24) Mok, C. Y.;  Endicott, J. F. J. Am. Chem SOC. 1978, 100, 123. 
(25) Wong, C.-L.; Switzer, J. A,; Balakrishnan, K. P.; Endicott, J .  F. J .  

(26) Bosnich, B.: Poon, C. K.; Tobe. M. L. Inorg. Chem. 1965. 4.  1102. 
Am. Chem. SOC. 1980, 102, 5511. 
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completed, only 1.7 equiv of Cr2+ (compared with [LI- 
CoOOH2+]o), instead of 3 equiv, was needed to reach the 
titration end point when [Fe2+]d[L1Co0OH2+]o = 6.4/1. It was 
found that the ratio of [Cr2+]end/[L1CoOOH2+]o increases with 
the initial ratio [Fe2+]d[L1C000H2+]0. This observation prob- 
ably results from the competing reactions after the formation 
of an intermediate. The highly reactive intermediate L'Co02+, 
generated in eq 6, can either oxidize Fe2' to Fe3+, which will 
lead to the 1:2 stoichiometry, or react intramolecularly with the 
macrocyclic ligand, eq 8, causing the stoichiometry to deviate 
from 1:2. 
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Site of Attack. All of the reactions of LCoOOH2+ ions with 
reductants have been written as taking place at the hydroperoxo 
site. We dismissed the possibility of direct involvement of the 
metal center in the hydroperoxo complexes based on the 
reactivity profile. 

The reactivities of LCoOOH2+ complexes and H202 toward 
the reductants in Table 1 are similar and both series of reactions 
are independent of acidity. In contrast, the reduction at the 
cobalt would be expected to show similarities with the reduction 
of (H20)2CoL3+ ions. Such reactions proceed either by an OH-- 
bridged, inner-sphere mechanism (l/[H+]-catalyzed), or by an 
outer sphere mechanism ([H+]-independent) with a different 
reactivity order than observed here. Specifically, RU(NH3)62+ 
and V(H20)6*+ are much more reactive outer-sphere reductants 
than Cr(H~0)6~+,  yet the hydroperoxides LCoOOH*+ react 
rapidly with Cr(H~0)6~+,  slowly with V(HZO)~~+,  and not at 
all with R u ( N H ~ ) ~ ~ + .  

Oxidation Reactions. In contrast to hydrogen peroxide, alkyl 
hydroperoxides, and (H20)5Cr00H2+, the compound LI- 
CoOOH2+ can be oxidized at a noticeable rate at [H30+] Z 
0.10 M by mild oxidizing reagents, such as Fe3+ and 
The experimentally observed stoichiometry and the formation 
of 0 2  are consistent with the reaction defined by eq 4. The 
reaction of L1CoOOH2+ with [Ru(NH3)4(phen)I3+ has been 
studied by Kumar and Endicott8 An outer-sphere electron- 
transfer mechanism involving the acid-base equilibrium of the 
coordinated hydroperoxide was proposed. In this work, the 
oxidation of L1CoOOH2+ by reagents, some of which are well 
known outer-sphere oxidants, has been investigated. 

Outer-Sphere Mechanism. On the basis of the acid- 
dependent kinetics, and the observed products and stoichio- 
metry , the mechanism in Scheme 4 is proposed. 

L'COIIl (8) L'C0O2+ - - - 
Both L1Co02+ and Fe02+ are expected to oxidize ArOH to 

Aro', but no ArO' was observed in the trapping experiments. 
Apparently, Fe02+ was not produced, and LiCo02+, if formed, 
had undergone intramolecular ligand oxidation. When Cr2+ was 
used as reductant, then the bimolecular reaction of Cr2+ with 
L1Co02+ is faster than intramolecular ligand oxidation owing 
to the strong reducing ability of Cr2+. Therefore, the coordi- 
nated macrocyclic ligand is not oxidized during the titration of 
L~COOOH*+ with Cr2+. 

Another mechanism that would fit the data equally well is 
shown in eqs 9 and 10, featuring a p-peroxo intermediate that 

L1CoOOH2+ + Fe2+ - [L'CoOOFeI4+ + H+ (9) 

[L'CoOOFeI4+ + Fe2+ + 4H' - 
L1C03+ + 2Fe3+ + 2H20  (10) 

is reduced rapidly by the second mole of Fe2+. This mechanism 
is written in analogy with recent proposals for the reduction of 
H202 with transition metal and in the present case 
draws support from the fact that a large number of p-peroxo 
complexes exist and are known to react with reducing metals. 
The role of [LCoOOFeI4+ in the side reactions is expected to 
be analogous to that of L1Co02+, and the final product 
distribution is determined by the competition between intramo- 
lecular and intermolecular proce~ses.'~ 

Ionic Strength Effect and the Reactions with Co(tim)2+. 
The product ZAZB = 2 (A = L1CoOOH2+; B = Fe2+ or V2+) 
was obtained from the plot of log k vs p1/*/(1+p1/*) according 
to the Bronsted-Debye-Hiickel equation. This clearly con- 
tradicts the assignment of the reactants. The kinetics are 
independent of [H30+], which rules out reactions such as LI- 
CoOO+/Fe2+ or L'CoOOH*+/FeOH+. The fact that both Fe2+ 
and V2+ are well-characterized species with a 2+ charge might 
lead one to conclude that the hydroperoxocobalt complex has a 
1+ charge. However, the affinity of the complex for Sephadex 
C-25, and the lack of the chloride effect on kinetics argue against 
the involvement of cis-L1Co(p2-OO)+ or LICoC1(OOH)+. We 
cannot exclude the possibility of ion-pairing between one of 
the reactants and perchlorate ions. 

The reaction of L1CoOOH2+ with Co(tim)*+ takes place with 
a 1:l stoichiometry. The same observation was made in the 
analogous reactions of Co(tim)2+ with H202 and ROOH.Ib The 
utilization of both oxidizing equivalents of the peroxides clearly 
implicates the involvement of the macrocycle. The identity of 
the product(s) has not been established. 

Scheme 4 

L~COOOH~+ = L'COOO+ + H+ 

L1CoOOH2+ + M3+ - L1CoOOH3+ + 
L'CoOOH3+ t L'Co002+ + H+ 

LICoOO+ + M3+ - L1CoO02+ + M2+ (14) 

(15) L1C0OO2+ = LiC02+ + 0, 

L1C02+ + M3+ - L1C03+ + M2+ (16) 
The protolytic equilibria (eqs 11 and 13), the 0 2  dissociation 

(eq 15),* and the oxidation of LiCo2+ (eq 16)28 are fast compared 
with the reactions in eq 12. The reverse of reaction 15 can 
also be neglected owing to the fast subsequent reaction 16. 
Therefore, the rate law described by eq 17 is derived for Scheme 
4. Equation 17 can be rewritten as eq 18 because [H+] >> K I  1 

(=lo-* M).8 

(27) When Fe2+ is present in a 3-4-fold excess over L1CoOOH2+, 36% 
of the total cobalt is converted to L'CoC12+. In the L*CoOOH2+ 
reaction, a comparable amount (33%) of the cobalt products is L2Co- 
(H20)z3+. Only five methyl groups can be identified in the NMR 
spectrum of the remaining cobalt product. The two CH-bound methyl 
groups of the macrocycle are still present, and thus the ligand oxidation 
appears to have taken place at one of the C(CH& groups. 

The acid-dependent kinetics for the oxidations with Ru- 
(b i~y)3~+  and IrQ2- fit eq 18 well. Computer simulation 

(28) (a) Rillema, D. P.; Endicott, J. F. J.  Am. Chem. SOC. 1972, 94, 8711. 
(b) Durham, B.; Endicott, J. F.; Wong, C.-L.; Rillema, D. P. J. Am. 
Chem. SOC. 1979, 101, 847. 
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( K i n ~ i m ) ~ ~  according to Scheme 4 indicates that the kinetic 
traces can be fitted to a single exponential as long as k16 
2 lo3 L mol-' s-I. For oxidants such as R~(bipy)3~+ and 
IrC162-, the corresponding rate constants are k16 >lo5 L mol-' 
s-'.18 Scheme 4 does not include the bimolecular reaction 
between L1C02+ and L'CoO02+. The simulations show that 
this reaction is negligible under the experimental conditions 
because of the low steady state concentrations of both of these 
intermediates. 

On the basis of the experimental data, we cannot completely 
rule out a direct reaction between L'Co002+ and M3+, resulting 
in oxidative homolysis. Such a process has been observed for 
the related (HzO)sCr002+ ion,30 and is expected to be more 
facile for L'CoO02+. The net result would be identical with 
the sum of reactions 15 and 16. 

If the oxidation reactions (eqs 12 and 14) occur by outer- 
sphere electron transfer, the corresponding rate constants on 
a relative scale should fit the Marcus square root relation, eq 
19.31 

Wang et al. 

reaction is consistent with this scheme.33 The same type of 
inner-sphere mechanism has been proposed for the oxidation 
of H202 by Fe3+.34 

Scheme 5 

L1CoOOH2+ + Fe3+ t [L'COOOF~]~'  + Ht 

[L'CoOOFeI4+ 2 L1CoO02+ + Fe2+ 

(20) 

(21) 

(15) 

i 16') 

L'C0OO2+ * L1C02+ + 0, 

L1Co2+ + Fe3+ - L1C03+ + Fe2+ 

The first intermediate in Scheme 5, [L1CoOOFeI4+, is 
identical to that produced in the reaction of L'CoO02+ with 
Fe2+,3d where it presumably decomposes to L'CoOOH2+ and 
Fe3+. Both reactions 20 and 21 are written as equilibrium 
processes, which can be shifted by varying the concentrations 
of the reactants. Excess Fe3+ in the present work shifts the 
equilibrium toward L'CoO02+ and Fe2+. 

Unlike that for other oxidation reactions, the second-order 
rate constant for the VO2+ reaction increases with increasing 
acidity. Neither eq 11 nor eq 20 can account for this 
observation. It is most likely that the kinetics of the 
V02+ reaction is governed by the potential of the V02+N02+ 
couple, which is pH dependent as defined by E = Eo - 0.118 

Oxygen Atom Transfer Reaction. Oxygen transfer reac- 
tions involving hydrogen peroxide are well doc~men ted .~~  The 
rate law for the oxidation of nucleophiles is generally of the 

PH. 

Here ka, and k'bc are the rate constants for eq 12 or 14 for 
oxidants A and B, E and E ' are their reduction potentials, and 
kaa and k'bb represent the self-exchange rate constants for 
oxidants A and B. Owing to the instability of the complex Fe- 
(~hen)3~+,  its rate constants k12 and k14 could not be obtained. 
If the self-exchange rate constants for L'COOOH~+'~+ and 
L1CoO02+'+ are similar, as assumed by Kumar and Endicott,8 
the composite rate constants (k12 + k1&ll/[H30+]) for different 
oxidants can be directly compared. The relative values at p = 
[H30+] = 1.0 M are 11 (R~(bipy)3~+):1 (Fe(~hen)3~+):1 
(IrCl&. The calculated32 ones are in the order 16:l:O.lO. The 
rough consistency with Marcus theory supports the outer-sphere 
electron-transfer mechanism for the oxidations of L'CoOOH2+ 
by these reagents. 

Inner-Sphere Mechanism. With Fe(~hen)3~+ as reference, 
the rate constant of the L'CoOOH2+/Fe3+ reaction, calculated 
from eq 19, is lo3 times less than the experimental value. This 
result indicates that the oxidation of L'CoOOH2+ by Fe3+ may 
follow a different mechanism. An alternative is shown in 
Scheme 5. The acid-dependent kinetics observed for the Fe3+ 
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134. 

(30) Bakac, A,; Espenson, J. H.; Janni. J. A. J. Chem. Soc.. Chem. Commun. 
1994, 315. 

(31) (a) Marcus, R. A. Annu. Rev. Phys. Chem. 1964. 15, 155. (b) Newton, 
T. W. J. Chem. Educ. 1968, 45. 571. 

(32) Because the reactions involve reactants of different charges it is 
necessary to introduce corrections for work terms. The following 
equations were used to calculate the contribution of charges. (See: 
Zahir, K.; Espenson, J. H.; Bakac, A. Inorg. Chem. 1988. 27, 3144.) 
With respect to the W I Z  term, the 2-/2+ reaction is favored over the 
2+/2+ reaction by a factor of 21.6 for r = 8 x lo-'" m. a = 1.76 x 

J mol-' m and /3 = 3.285 x lo9 m-' mol-"' L"' m. 

W I 2  = exp[-(w,, 4- w21 - wl l  - wZ2)/2RTj 

rate = k,,[H,O,][Nuc] + k,[H,021[Nucl[H'l (22)  

The transformation of (~~)~CO(SCH~CH,NH~)*+  to (en)zCo- 
(S(O)CH~CHZNH~)*+ mediated by L'CoOOH2+ follows the 
same rate law as the reaction with H20237 and it probably takes 
place by nucleophilic attack at oxygen. Under the same 
conditions, L'CoOOH2+ (k = 5.0 L mol-' s-' at 0.1 M H+) 
reacts faster than H202 (1.36 L mol-' s- ' ) ,~'  but more slowly 
than (H20)5Cr00H2+ (20.5 L mol-' s - ~ ) . ~ ~  The positive charge 
on the metal center could enhance the electrophicility of the 
peroxo ligand. 
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a slope of 2.15 % 0.08 and a intercept of 0.033 f 0.031. 
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