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Introduction 

Autoxidation reactions of transition-metal complexes are 
represented by the equation 

2H + 2M 
2M + 0 2 — * • 2M + + H 2 O 2 * 2 M + + 2H2O (1) 

2H + 

where M represents the ligated metal in the reduced state. The 
initial product, hydrogen peroxide, is usually not observed 
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because it rapidly oxidizes two more metal ions. Most of the 
investigative work into mechanism has been done on first-row 
transition metals: Ti(III), V(II, III, IV), Cr(II), Mn(II), and 
most frequently Fe(II), Co(II), and Cu(I). The mechanisms 
that have been invoked for the production of hydrogen peroxide 
in the first step fall into two categories. In eq 2 dissociation of 
an initial oxygen adduct of the metal complex into oxidized 
metal and superoxide ion or the hydroperoxyl radical (pKa of 
HO2- is 4.88') occurs which is then followed by fast oxidation 
of another metal complex by O 2

- - (HO2-) .2^5 Evidence other 
than kinetics for this scheme is lacking; in particular the species 
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Oi~- (HO2O has not been directly observed in these cases. It 
has been suggested that the kinetics—first order in metal and 
O2—are also in agreement with the mechanism in eq 3 with 
the first step as rate limiting.6,7 

M + O2 *=^ M-O 2 ^ * M+ + O 2 - ( H O 2 ) ( 2) 

M + HO2 iHU. H2O2+ M+ 

H+ 

M 2H* 

M + O2 =5=* M-O 2 =*=*= M - O 2 - M • 2M+ + H2O2 (3) 

I 
2M + -O - — » M + -O 2 - -M* 

Equation 3 features an intermediate binuclear molecular 
oxygen adduct. Protonation and then dissociation can occur 
giving hydrogen peroxide and oxidized metal complex.6-11 

Alternatively, the binuclear oxygen adduct can dissociate 
homolytically to yield an oxo metal species which is either 
stable12,13 or rapidly oxidizes another metal to form the ju-oxo 
complex.7,14-18 Evidence for these mechanisms includes ki
netics—second order in metal and first order in O2—and the 
known propensity of complexes of some of these metals to form 
the binuclear molecular oxygen adducts. 

It is significant that the initial step in all of these mechanisms 
is coordination of oxygen. A large number of oxygen adducts 
have been prepared from complexes of Cu(I), Co(II), Fe(II), 
Mn(II), Cr(II), Ni(O), and several of the second- and third-
row transition metals. A number of reviews19 and papers20 have 
described these. The electronic structure of the metal-dioxygen 
bond in all cases involves a transfer of some electron density 
from the metal to the dioxygen, giving rise to three formal 
designations: bent, end-on superoxide (Mj1-Ch-'), edge-on 
peroxide (M2+O2

2-), and yu-peroxo (M+-O-O-M+) . Coor
dination of oxygen or reduced dioxygen is also a central feature 
of many metalloprotein and metalloenzyme reactions including 
those of oxygen transport proteins, cytochromes, oxidases, and 
oxygenases, and the related peroxidases, catalases, and su
peroxide dismutases. The structures of the metal-02 units in 
these biological systems appear to fit into the three categories 
above. The fate of bound oxygen is an important matter as it 
relates to the reaction mechanisms of these systems. Autox-
idation can be considered as the elementary reaction of tran
sition-metal complexes with molecular oxygen and may pro
vide valuable insight. 

The cobalt complex used in this study is Ar,Ar'-ethylene-
bis(acetylacetoniminato)cobalt(II), which forms quantitatively 
and reversibly a well-known1911,21,22 1:1 oxygen complex of the 
"superoxide" type (shown below) in the presence of a Lewis 
base which can coordinate in the sixth position. The decom
position of a 1:1 oxygen complex of this type to oxidized metal 
and reduced oxygen products has not been studied previously. 
Reaction of this oxygenated complex with general acids HX 
in pyridine and other organic solvents was observed to produce 
oxygen and hydrogen peroxide, according to eq 4. In this me-

O 

(T ;<& )+ HX — 
/ 0 I 0A 

py 
[Co(acacen)py2]X + V2O2 + V2H2O2 (4) 
(The designation acacen for the equatorial 
ligand will henceforth be omitted.) 

dium hydrogen peroxide is relatively stable. 
In all autoxidation reactions studied so far, the 1:1 complex 

has been present only as a transient intermediate, thus pre
cluding much information to be gained on the steps following 
oxygenation. Beginning with a fully oxygenated metal com
plex, this system allows a probe of the steps that follow. 

Results and Discussion 

A. Stoichiometry. Solutions of Co(II) in pyridine or in tolu
ene containing several equivalents of pyridine below O 0C and 
under 1 atm of oxygen have been found to absorb 1.00 mol 
(±2%) of oxygen in accord with the results of previous 
work.22,23 At warmer temperatures the oxygen adduct slowly 
decomposes to give products which are apparently difficult to 
define.22 The equilibrium constant for oxygenation has been 
found to be 6.6 X 104 M - 1 in pyridine at 20 0C by Amiconi et 
al.23 Using their thermodynamic parameters it can be calcu
lated that the ratio of oxygenated to unoxygenated cobalt is 
5.8 ± 1.5 X 103 in pyridine at -10.7 0C and under 1 atm of 
oxygen, which are the conditions under which the kinetics and 
most of the other experiments in this work were carried out. 

Addition of acids, HX, to solutions of preformed pyCo02 
in pyridine or toluene results in the reaction given in eq 4. The 
experimentally determined quantity of oxygen liberated on 
introduction of 1-20 mol of acetic, p-toluenesulfonic, hydro
chloric, or hydrobromic acid was found to be 0.49 ± 0.02 mol. 
The cobalt product isolated from the reaction mixture after 
addition of 1 equiv of aqueous HBr is the salt [CoUIpy2]Br 
which was identified by a satisfactory elemental analysis and 
by comparison of its absorption spectrum with that of authentic 
material.24 The absorption spectrum of the reaction mixture 
immediately after completion is identical with that of the 
compound isolated. 

The proton magnetic resonance (1H NMR) spectrum of 
[Co'"py2]Br is substantially the same in CDCl3, pyridine-d5, 
or D2O: a singlet for the methine hydrogens (<5 5.0), a singlet 
for the bridging methylene hydrogens (5 3.9), and a singlet for 
each of the two different methyl groups (5 2.2, 2.3). The aro
matic region in CDCI3 shows the resonances corresponding to 
two pyridine molecules per cobalt in a pattern which is un
characteristic of free pyridine. This ratio persists despite ex
tensive drying of the solid, indicating that the structural 
characterization of the compound is correct; namely, that two 
pyridines are bound axiaily to the cobalt and the bromide is the 
counterion in the outer coordination sphere. The isolated 
product of the reaction with acetic acid (HOAc) displays the 
same absorption spectrum in pyridine and the identical 1H 
NMR spectrum in both pyridine-d5 and D2O as [Co"'py2]Br 
except for the presence of methyl protons of acetate, indicating 
its structure to be the complex salt as well. 

Hydrogen peroxide or a species which behaves similarly was 
determined in the reaction with acetic acid in pyridine by the 
following experiments. (I)A spot test specific for H2O2 uti
lizing the color change when phenolphthalin is oxidized to 
phenolphthalein in aqueous sodium hydroxide in the presence 
of CuSO4

25 was strongly positive. (All proper blanks and 
sensitivity tests were run.) (2) When aqueous KMn04 was 
injected after completion of the reaction, 0.48-0.49 mol of O2 
was evolved corresponding to 96-98% yield based on eq 4 and 
the known quantitative oxidation of H2O2 by permanganate.263 

(3) When a slurry of 5% platinum on carbon in pyridine was 
added, 0.23 mol or 92% of the amount of oxygen expected by 
the reaction in eq 4 was evolved based on the known catalytic 
decomposition of H2O2 to oxygen and water.26b (4) Extraction 
of the reaction mixture, to which 10 volumes of CHCI3 had 
been added after the reaction had gone to completion, with 40% 
aqueous sodium acetate (w/v) and titration iodometrically 
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Table I. Results of Kinetic Runs to Determine the Empirical 
Orders in Acetic Acid, PyCoO2, and Product 

no. of runs 
no. used in av corr 

order in of data sets data sets'7 avorderrf coeff 

acetic 9 4-7 2.39 ± 0.9990 
acid0 0.05 

PyCoO2* 18 3-6 2.09 ± 0.9996 
0.06 

product* 13 4-6 -0.50 ± 0.9959 
O04 

o [pyCoO2]0 = 4.25 X 10"3 M, [HOAc]0 = 2.9 15.6 X 10~2 M. 
* [HOAc]0 = 8.93 X 10-2 M, [pyCo02]o = 1.77-11.8 X 10~3 M. 
c The number of runs used to calculate the order is not the same for 
each set because of the reliability of the data in certain regions of the 
reaction curves; i.e., some runs were too fast at low conversion for an 
accurate rate to be determined while others were too slow at high 
conversion. d The standard deviations shown are the averages of the 
standard deviations of the data sets. The average order and standard 
deviation are weighted by the number of runs used. 

yielded 72% of the expected hydrogen peroxide. Concentrated 
sodium acetate is needed to cause phase separation and to salt 
out [Co111Py2]OAc, which is very soluble in water and which 
otherwise would interfere with the determination. Control 
experiments determined that chloroform was needed to prevent 
hydrogen peroxide from remaining in the pyridine phase. 

(5) Finally, simple distillation of the reaction mixture in 
pyridine at 0 0 C under vacuum and titration of the distillate 
iodometrically yielded 6-8% of the expected hydrogen per
oxide. The low values are the result of decomposition of hy
drogen peroxide by the cobalt(III) product, which assumes 
significance as the solution becomes more and more concen
trated during the distillation and by the unfavorable difference 
in the boiling points between H2O2 (156 0C) and pyridine (115 
0 C) . The former effect was verified in control experiments 
using the synthetically prepared cobalt complex salt (see Ex
perimental Section) and hydrogen peroxide. Attempts were 
made to rectify the latter problem by using solvents of higher 
boiling point (DMF, 153 0 C ; 3,5-lutidine, 172 0 C ; 4-tert-
butylpyridine, 198 0C; quinoline, 242 0C). Distillation of dilute 
hydrogen peroxide (2-5 X 10~2 M, the approximate concen
tration expected from the reaction) from these solvents is not 
very efficient; only 9 (from DMF) to 19% (from quinoline) was 
obtained in the first half of the solution distilled. Little or no 
reaction occurred between solvent and hydrogen peroxide 
under the conditions. The use of 4-rer/-butylpyridine as the 
solvent in the reaction under study resulted in a yield of 18.6% 
of the expected hydrogen peroxide in the distillate. Evidence 
against coordination of peroxide to the product cobalt(IIl) 
species, as one explanation for the low yields, is strongly sug
gested by the fact that addition of hydrogen peroxide to a so
lution of either [Compy2]Br or [Compy2]OAc-H202 7 in 
pyridine causes no change in the absorption or 1H NMR 
spectra. 

The ' H NMR spectrum of the reaction mixture with acetic 
acid immediately after completion shows the acetate methyl 
singlet broadened and shifted as far as 3.1 ppm downfield from 
its normal position at 8 2.3-2.4. This was later found to be due 
to small amounts of paramagnetic cobalt(II) compound(s) 
other than unreacted starting material. These could be im
purities in the starting material or arise from a side reac
tion. 

B. Kinetics. Determination of the Empirical Rate Law. The 
reaction of PyCoO2 with strong acids is very fast but with acetic 
acid the rate is sufficiently slow to monitor by measuring 
oxygen evolution. The kinetics were run in pyridine at — 10.7 
± 0.1 0 C at constant pressure of oxygen gas by injecting a 

0 400 800 1200 1000 2000 

TIME (S) 

Figure 1. Reaction curves at the same initial [pyCo02] (4.25 X 10-3 M) 
and constant pressure of O2 (1 atm) at —10.7 0C. From top to bottom: 
initial [HOAc] = 15.6, 13.4, 11.1, 8.93, 6.71, 4.47, and 2.91 X 10-2M. 
Each curve is determined by 25-60 data points. 

small volume of concentrated acetic acid in pyridine to a vig
orously stirred, fully equilibrated solution of preformed 
PyCoO2 (with additives as necessary) and measuring the gas 
evolved with time. The details are given in the Experimental 
Section. 

The order of the reaction with respect to acetic acid was 
determined in the following manner. At constant initial con
centration of pyCo02 the acetic acid concentration was varied 
from 6.8- to 37-fold excess. The raw data from each run were 
plotted as moles of oxygen evolved vs. time and are shown in 
Figure 1. The method of initial rates is prohibited because of 
the steepness of the curves near the origin as can be seen in 
Figure 1. Initial treatment of the data by other customary 
procedures, such as attempted fit to first- or second-order rate 
laws, indicated that kinetic behavior of unusual complexity was 
in operation. Therefore, the empirical rate law for dependence 
on acetic acid was determined by a different technique. The 
rate of the reaction (i.e., the slope of the moles of oxygen 
evolved vs. time curve) was measured for each run at various 
positions along the curve well away from the origin. Slopes 
were determined by hand or by fitting the data points of each 
run to a high-order polynomial expression and using the 
coefficients to calculate the derivative at each point de
sired.28 

At a given amount of oxygen evolved, the concentrations of 
all reactants and products are identical for each run except for 
the concentration of acetic acid, assuming no significant 
buildup of intermediates. This is true because the initial 
[PyCoO2] is the same in each run and oxygen is maintained 
throughout each experiment at 1 atm pressure and is pre
sumably in equilibrium at all times with the solution. There
fore, at equal moles of O2 evolved the following equation can 
be used: 

dr oxygen evolution 

(5) 

Taking the logarithm of both sides: 

log (rate) = log k + n log [HOAc] (6) 

The order, n, is just the slope of a straight-line plot of log (rate) 
vs. log[HOAc]. 

The results of linear least-squares fit to eq 6 for several sets 
of data taken at different percent reactions in the range 22-
81% are summarized in Table I. Excellent straight-line cor
relations were obtained for each series, which were verified by 
plots, and which were attested to by the high correlation 
coefficients (greater than 0.997 in all cases). The probability 
of obtaining such correlations from a parent population which 
is completely uncorrelated is less than 0.001.29 It can be seen 
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Figure 2. Effect of added salts on the rate of the reaction, [pyCo02]o = 

7.35 X 10-3 M, [HOAc]0 = 8.66 X 1(T2 M: (A) no additives; (B) 5.1 
equiv of [Co'"py2]Br; (C) 4.9 equiv of (H-Bu)4NBr; (D) 3.3 equiv of 
(n-Bu)4NOAc; (E) 8.1 equiv of (/1-Bu)4NOAc. Individual data points 
(approximately 40 for each run) are not shown. 

that variation of [HOAc]0 results in large changes in the rate 
as shown by the weighted average of n = 2.39 ± 0.05. No trend 
of n with percent reaction was found, which is good evidence 
for a single mechanism operating. 

The order with respect to pyCoC>2 was determined in a 
similar manner from runs in which [HOAc] was held constant 
in large excess and [pyCo02] was varied. At equal moles of 
oxygen evolved the concentrations of acetic acid and products 
will be identical for each run and therefore the determined 
rates and the known concentrations of the cobalt oxygen 
complex can be used to calculate the order n with respect to 
PyCoO2 from equations exactly analogous to (5) and (6). This 
treatment, the results of which are shown in Table I, yields an 
average value of n = 2.09 ± 0.06. 

The order with respect to "product" was found by taking the 
rates at constant [pyCo02] from the same runs which were 
used to determine the order in pyCo02. The rate of each re
action was measured at a point on the reaction curve at which 
all runs have the same amount of oxygen gas remaining to be 
evolved. At these points [pyCo02] is equal for all runs. The 
acetic acid, present initially in large excess and at the same 
concentration for each run, is in slightly different concentration 
at each of the points at which the rates are measured owing to 
differing amounts of product that have been formed. Because 
of the high observed order in acetic acid (n = 2.39) the effect 
of these small differences on the rate is significant. The use of 
equations similar to (5) and (6) but modified to take this into 
account30 results in a value of n for "product" equal to —0.50 
± 0.04 (Table I). As with previous data for both HOAc and 
pyCo02, the plots yield excellent correlation coefficients to a 
straight line and, furthermore, a value of n which is constant 
throughout the course of the reaction, strongly indicating that 
a single mechanism is in operation. 

The above treatment for product is not dependent on which 
of the product species is responsible for the inhibition since all 
products are related stoichiometrically by a factor that merely 
becomes incorporated into the constant, k (see eq 5 and 6). The 
value of n = —0.50 means that the rate is inhibited by one-half 
order in product. Several experiments were carried out to de
termine the species responsible for inhibition. A tenfold in
crease in the hydrogen peroxide concentration (added as 30% 
aqueous solution) does not significantly affect the rate. In 
Figure 2 it is shown that the addition of 5.1 molof [Co'"py2]Br 
or 4.9 mol of (n-C^H^NBr increases the rate by a factor of 
4.5 and 4.4, respectively, at 50% reaction. The increase in rate 
is likely due to an increase in the concentration of pyridinium 
ion, CsHsN + H, which is postulated to be in the rate-deter
mining step (vide infra). The fact that both bromide salts cause 
nearly the same rate increase argues against any special efect 
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Figure 3. Fit of data for the reaction (to 65%) in the presence of tetra-n-
butylammonium acetate to (A) a second-order plot according to eq 7a 
(I /[PyCoO2] at time t vs. time) and (B) second-order with inverse one-half 
order in product according to eq 8a (function vs. time). The ordinate scales 
are relative. 

of the cobalt complex ion, [ConIpy2]+. 
Addition of ( n - C ^ ^ N O A c , on the other hand, causes a 

dramatic decrease in the rate (Figure 2). This suggests that 
acetate ion from [Co'"py2]OAc is the "product" responsible 
for inhibition. To test this, a run was carried out in the presence 
of a large excess of ( H - C ^ ^ N O A C and acetic acid (10.4 and 
21.7 equiv, respectively). Equation 7 becomes the rate law if 
the dependence on product has been eliminated by the large 
excess of added acetate. Otherwise, eq 8 will be obeyed. 

d [PyCoO2] , . _ n n 2 

^r- = £obsd[pyCo02]
2 

at 
1 1 

' — ^obsd ' [PyCoO2] 
d[pyCo02] 

dt 
= k. obsd ' 

[pyCoO2]0 

[py CoO2]2 

(7) 

(7a) 

(8) 

tanh" 

'([PyCoO2]O-[PyCoO2])1/2 

([PyCoO2]Q-[PyCoO2])'/2 1 
[PyCoO2] ([PyCoO2]O)'/2 

([PyCoO2]Q- [PyCoO2]V/2 , fc ( g a ) 

\ [pyCoO2]0 j 
A plot of l/[pyCo02] vs. t according to the integrated form 

of eq 7 (eq 7a) yields a very good straight line to 87% reaction 
with an intercept within 2% of the actual value of 1/ 
[pyCo02]o- An attempted fit to the integrated form of eq 8 (eq 
8a, plot of the left-hand side vs. /) results in a very noticeably 
curved line. The two plots are shown in Figure 3. 

The order with respect to oxygen was determined from 12 
runs carried out at constant pressure of between 0.68 and 2.98 
atm of oxygen. Acetic acid was present in large excess over 
pyCo02- The data was analyzed in the following manner. The 
empirically determined orders in pyCo02, [Co'"py2]OAc, and 
HOAc and the known stoichiometry suggest the following 
approximate rate equation at constant pressure: 

At 
x\B -{A- x))V2 

(9) 
{A -xyi2 

where x = [pyCo02] at time t, A = initial [pyCo02], and B 
= initial [HOAc]. The order in HOAc is approximated as 2.5. 
Rearrangement yields 

(A -x)]/2dx -S x\B -A + x)5/2 = kt (10) 

The solution of the indefinite integral on the left side of eq 10 
is available.31 A plot of the resulting function of x vs. time for 
a given run will yield a straight line with a slope of /c, if the 
relationship in eq 9 is obeyed. Incorporated in the rate constant 
then will be a term involving the concentration of oxygen. 
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Thus 

k = k'[02]" 

and the empirical order in O2,«, will be just the slope of a plot 
of log k vs. log PQ2, where PQ1 is the pressure in atmospheres 
of oxygen gas. 

Use of eq 10 gives straight-line plots for each run to at least 
75% reaction. Inclusion of the acetic acid term represents an 
improvement in the fit (acetic acid was present in 8.3-fold 
excess). It is significant that plots assuming other rate ex
pressions using [HOAc] as a constant, such as first order, 
second order, or first order with inverse half-order in product, 
do not even approach linearity. A plot31 of log k vs. log PQ2 is 
linear and yields a slope (order in O2) of —1.12. In addition, 
nine of the runs were done at the same initial [pyCo02] and 
therefore a determination of n could be done in the same 
manner as with the other components, that is, by comparison 
of the measured rates at constant percent reaction. This gives 
an average value of — 1.16 ± 0.04 for seven positions between 
33 and 66% reaction. 

The empirical rate law for this reaction is thus 

d[pyCoQ2] _ [pyCoO2]
2-09[HOAcp-39 

At obsd [O2] ''2[[Co111Py2]OAc]0-50 

C. Acid Species in the Mechanism. The evidence presented 
in this section will demonstrate the involvement of both un-
dissociated acetic acid (HOAc) and free pyridinium ion 
(pyH+) in the mechanism. The following equilibria are im
portant with respect to free pyridinium ion in the reaction. 

py + HOAc ^ pyH+ + O Ac" (11) 

[Co'"py2]OAc ^ = [Co111Py2]+ + OAc~ (12) 

HOAc + O A c - ^ H(OAc)2- (13) 

[Co111Py2]OAc + HOAc ^ [Co111Py2]H(OAc)2 (14) 

Acetic acid is known to be monomeric in pyridine.32 It is only 
very weakly dissociated because of the low dielectric constant 
of pyridine (12.3); values of 10.132 and 1233 have been mea
sured for the pATa

py of acetic acid at 25 0C. Infrared evidence38 

has shown that weak carboxylic acids including acetic exist 
predominantly in the form of the hydrogen-bonded pyridine 
adduct (RCO2H . . . py) and not the undissociated ion pair 
(RCO2

-PyH+). With respect to eq 12 it is known that salts are 
only weakly dissociated in pyridine. The dissociation constants 
of alkylammonium and alkali metal salts of bromide, iodide, 
nitrate, picrate, acetate, and triphenylborofluoride ions at 25 
0C are in the range 0.2-13.2 X 1O-4 M - ' . 3 5 The homoconju-
gation reactions of carboxylic acids shown in eq 13 arid 14 for 
acetic acid and its conjugate anion are known to occur readily 
in aprotic solvents of low dielectric constant due to diminished 
solvation of acid and/or anion.36 

An expression for the concentration of pyridinium ion in the 
reaction solution can be derived by substitution of the equi
librium expressions in eq 11-14 into the equation of charge 
balance (Co+ represents the complex ion, Co'"py2

+): 

[pyH+] -I- [Co+] = [OAc-] + [H(OAc)2-] 

and by use of the stoichiometric relationship for total co-
balt(III) product ( [CO'"]T) from the two forms in eq 14 that 
comprise bulk cobalt(III): 

[CO'"]T = [CoOAc] + [CoH(OAc)2] 
= [CoOAc](I +AT3[HOAc]) 

3 5 0 0 3100 2 7 0 0 2 3 0 0 1900 1500 1100 7 0 0 

Figure 4. Infrared spectra in pyridine showing homoconjugative association 
between acetic acid and the salt tetra-n-butylammonium acetate at room 
temperature. (A) (i) Pyridine blank, (ii) 0.4 M (/1-Bu)4NOAc, (iii) 0.4 
M HOAc, (iv) 0.4 M («-Bu)4NOAc + 0.4 M HOAc; (B) (i) KBr pellet 
blank, (ii) (M-Bu)4NH(OAc)2 in KBr. 

This results in 

= *i [HOAc](I +ATHC[HOAC]) ' / 2 

><""•' + T T & f 
The value of AT3 is sufficiently small (vide infra) so that 

ATi[HOAc] « AT2[COIII]T/(1 + AT3[HOAc]). Therefore, the 
final expression for [pyH+] becomes 

[PyH+] 

= ATi[HOAc](I + ATHc[HOAc])'/2(l + AT3[HOAc])'/2 

(AT2[CO''']T)'/2 

(16) 

The experimentally determined order in acetic acid is 2.39. 
Depending on the values of ATHC and AT3, eq 16 predicts an 
order with respect to HOAc of between 1 and 2 if the rate is 
first order in pyH+ and between 2 and 3 if the rate is first order 
each in HOAc and pyH+. In either of these cases inverse 
half-order dependence on cobalt(III) product is expected, in 
agreement with experiment. For second-order dependence on 
PyH+, eq 16 predicts an order with respect to HOAc of be
tween 2 and 4 depending on ATHC and AT3 but also predicts in-
verse/?«f-order dependence on product, which is not consistent 
with observation. This argues for the involvement of both 
HOAc and pyH+. 

The above reasoning is dependent on a demonstration that 
the homoconjugation equilibrium constants, ATHC and AT3, 
agree with the observed order in acetic acid vis-a-vis eq 16. 
Evidence for the equilibrium corresponding to eq 14 for the salt 
tetra-rt-butylammonium acetate at room temperature was 
obtained in this study by observing the changes in the infrared 
spectrum on addition of acetic acid. Figure 4A shows the 
spectra of 0.4 M (w-QHg^NOAc, 0.4 M acetic acid, and an 
equimolar mixture (0.4 M each) in pyridine solution. The re
gion between 2700 and 1800 cm-1 shows a decrease in intensity 
of the two O-H stretch absorptions of acetic acid37 in the 



5934 Journal of the American Chemical Society / 101:20 / September 26, 1979 

LOG [HOAc] 

Figure 5. Plot of log (rate) vs. log [HOAc] for a series of hypothetical runs 
in which log (rate) is calculated according to eq 41 where /t0bsd = l,A:Hc 
= 15.75, and K3 = 3.5. The range of [HOAc] actually used is between the 
dashed lines. 

mixture as compared with the acid by itself. The mixture also 
shows the appearance of a new carbonyl absorption at about 
1650 cm -1 and broad absorptions between 1200 and 1000 
cm"1 and between 900 and 650 cm"' that would not be present 
if the spectrum of the mixture were simply a composite of 
HOAc and the salt. 

These changes can be attributed to formation of («-
C4H9)4NH(OAc)2. Figure 4B shows an IR spectrum of 
tetra-n-butylammonium hydrogen diacetate (KBr pellet) that 
slowly crystallizes from concentrated solutions of acetic acid 
and tetra-n-butylammonium acetate in pyridine (satisfactory 
elemental analysis). This compound shows no discernible O -H 
stretch, a carbonyl stretch at 1665 cm-1, and strong absorption 
between 1200 and 1000 cm - ' and between 900 and 650 cm - ' . 
It should be noted that this spectrum is similar to the published 
spectrum of sodium hydrogen diacetate.38 

The ÔH at 2650 cm -1 for acetic acid can be used to calcu
late the equilibrium constant for (Aj-Bu)4NOAc analogous to 
K3 because the salts do not absorb in this region. A value of 13 
± 3 M - 1 was obtained. Determination of K3 (eq 12) for 
[Co'"py2]OAc in a similar manner was not possible because 
the salts absorb significantly in this region. Qualitatively, 
however, the same changes occur in the IR spectrum. It is 
reasonable to expect the equilibrium constant for the co-
balt(III) acetate salt to be similar to that for (A-Bu)4NOAc, 
since both compounds contain acetate ion situated next to a 
large cation with a single, buried positive charge. 

The value of KHC (eq 13) can in principle be obtained from 
solubility measurements of a suitable acetate salt as a function 
of acetic acid concentration39 or by a potentiometric method.40 

The former method requires complete or nearly complete 
dissociation of the salts MOAc and MH(OAc)2 in solution,41 

a condition which is not met in pyridine as judged from the 
reported dissociation constants of acetate salts of suitable 
solubility (Na+, Me4N+) and from the dissociation constants 
of salts of other anions,35 which were considered in order to 
arrive at a reasonable estimate for A:dMH(OAc)2 (see below). The 
latter method is based on the appearance in the potentiometric 
titration curve of a half-neutralization potential (hnp) at 50% 
titration with a strong base. The method is not applicable for 
KHc < 103.40 Van der Heijde has reported observing no hnp 
in the titration of acetic acid with alkylammonium hydroxide 
in pyridine,42 which indicates a KHC of less than 103. 

A mechanism which includes both HOAc and pyH+ yields 
the rate law in eq 17 at a constant [pyCo02], [CO IH]T, and 
[O2]. 

rate = Usd[HOAc]2(l + fcHc[HOAc])'/2 

X(I + K3[HOAc])'/2 (17) 

Taking the logarithm of each side gives 

log (rate) = log kobsd + 2 log [HOAc] 
+ V2 log (1 + ^Hc[HOAc])(I + K3[HOAc]) (18) 

By knowing KHC and K3, a plot of log (rate) vs. 2 log 
[HOAc] + V2 log (1 + ^Hc[HOAc])(I + K3[HOAc]) should 
yield a straight line with a slope of 1.0. However, since the 
values of both constants are unavailable, it is imperative to 
determine whether a reasonable range of values for KHC and 
KT, will fit the expression in eq 18. This was done in the fol
lowing manner. It can readily be shown that 

ITCoH(OAc),, 

^HC = A d ^ C o O A c
 2 K3 (19) 

where A:d
CoH(°Ac)2 and Kd

CoOAc are the dissociation constants 
of the respective [Coinpy2]+ salts and K3 is the equilibrium 
constant for eq 14. 

The ratio of dissociation constants in eq 19 is expected to be 
greater than 1.0 because of greater charge derealization in 
(enhanced stability of) the hydrogen diacetate ion as compared 
with acetate ion. Furthermore, it is intuitively reasonable that 
A-HC > K3 because hydrogen bonding of acetic acid to free 
acetate ion would be expected to be more favorable than to 
acetate of an ion pair that is already partially stabilized by 
being situated next to a positive ion. The ratios KdMX/KdMOAc 

for M = («-Bu)4N
+ and various anions X in pyridine at 25 0C 

by conductance measurements39 follow: BFPh3
-, 7.8; picrate, 

7.5; I - , 2.4; NO3
- , 2.2; Br-, 1.5. Although it is not possible to 

predict the value for X = H(0Ac)2", it is likely to fall in this 
range (1.5-7.8). The same ratios should apply to the salts of 
the cobalt(III) complex ion since the dissociation constants of 
a series of salts with the same cation depend only on relative 
solvation of the anion. In addition, temperature effects on these 
values should be minimal. 

Accordingly, a program was designed to fit the rate data to 
eq 18 where eq 19 was substituted for KHc- The ratio 
£d(CoH(OAc)2/£dCoOAc w a s varjed from 1.5 t 0 7.7 by incre
ments of 0.2 and the values of K3 which resulted in the slope 
of log (rate) vs. 2 log [HOAc] + V2 log (1 + KHC[HOAc])(l 
+ K3[HOAc]) equal to 1.00 ± 0.01 were taken. K3 is found 
to vary from 2.5 to 6.4 M - 1 (averages from nine sets of data; 
standard deviation ±40%), which is in reasonable agreement 
with the experimentally determined value of 13 M - ' for (n-
Bu)4NOAc at room temperature. 

It may be argued that if eq 17 is obeyed curvature should 
have been observed in the plots of log (rate) vs. log [HOAc] 
in which the value of n = 2.39 was obtained, whereas good 
straight lines were found. This is not necessarily so. In Figure 
5 is shown a plot of log (rate) vs. log [HOAc] for hypothetical 
runs in which log (rate) is calculated according to eq 18 with 
kohsd = 1, and KdCoH(OAc)2/K-dCoOAc and K3 assuming the 
values 4.5 and 3.5, respectively, which are the midpoint values 
of the above analysis. The slope changes from 2.0 to 3.0 in the 
concentration range 10-4-10 M and it would be difficult in
deed to observe curvature in the range of concentration actually 
used (2.9-15.6 X 10 -2 M) with normal experimental scatter 
of points. In fact, the slope in this range changes only from 2.23 
to 2.53. 

Conceptually, a change in the properties of the solvent with 
varying acetic acid concentration could be responsible for the 
abnormal dependency on acetic acid (i.e., 2.39 vs. 2.0 or 3.0). 
Dielectric constant or solvent polarity changes could affect the 
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energy of the transition state or alter one or more of the equi
librium constants involved in the rate law. However, both the 
dielectric constant43 and the solvent-polarity parameter, Z,44 

change very little in the range of acid concentration used and 
are not likely to significantly affect the rate.45 

Additional experimental evidence supports the involvement 
of pyH+. As described previously, addition of [Conlpy2]Br 
causes an increase in the rate. By including the equation 

KA 

[Co111Py2]Br ^ [Co"'py2]+ + Br (20) 

along with the equilibria in eq 11-14 it can be seen qualitatively 
that this result is expected because an increase in the concen
tration of free cobalt ion will reduce free acetate ion in solution, 
which in turn will result in an increase in the pyridinium ion 
concentration. The following expression can be derived for the 
ratio of the concentrations of pyridinium ion with (w) and 
without (w/o) added [Co111Py2]Br (CoBr represents the added 
salt and [Co]prod represents the total concentration of product 
which is partitioned between CoOAc and CoH(OAc)2): 

[pyH+]w 

[pyH+]w/o 

fl + KHC[HOAC] + J ^ ^ l L (1 + K3[HOAc])V/2 

K2[Co] prod 

(1 + KHC[HOAC]) 1 / ; 

(21) 
This expression is valid for comparison of runs at the same 

initial [HOAc] and at equal [Co]prod (i.e., equal percent re
action) and if the assumption is made that the equilibrium 
constants K\, K2, KHO and K3 are not significantly altered by 
the increase in ionic strength accompanying the addition of 
CoBr. This equation does indeed predict an increase in rate, 
if the rate is dependent on [pyH+], by an amount which is a 
function of [CoBr]. For two runs carried out at the same initial 
concentrations of starting materials, the reaction curves of 
which are shown in Figure 2, eq 21 predicts a rate ratio of 
2.8-3.7 at 50% reaction, depending on what values of KHC and 
K3 are used from the data obtained by the fit to eq 18 as de
scribed above, if the rate law is first order in pyH+.46 The ex
perimentally determined ratio is 4.5. Equation 21 also predicts 
that the rate ratio will decrease with increasing percent reac
tion (i.e., increasing [Co1"]-]-)- This is verified by the same 
experiments; the rate ratio decreases smoothly from 4.7 at 40% 
reaction to 2.7 at 80%. 

The addition of tetra-H-butylammonium bromide has also 
been shown to increase the rate (Figure 2). In the presence of 
this salt the following ion exchange reaction with the product 
can occur: 

(/J-Bu)4NBr + CoOAc ^ (n-Bu)4NOAc + CoBr (22) 

Consideration of the equilibria in eq 11 -14, 20, and 22 and 
the dissociation equilibria for (/T-Bu)4NBr (Ks) and 
(/2-Bu)4NOAc (K6) as well as the homoconjugation equilib
rium for (/1-Bu)4NOAc (K-], analogous to K3) leads to the 
following expression for the concentration of pyridinium ion 
in the presence of the added alkylammonium salt: 

[pyH+] = Ki[HOAc] X 

+ KHc[HOAc] + K4x 
K2([Co]prod - x) 

(1 +K3[HOAc])] 

K1 [HOAc] + * 2 ( [ C o ] p r o d - * ) + K& 
1+K3[HOAc] 1+K7[HOAc] 

(23) 

where x = [CoBr] from the ion exchange reaction (eq 22). In 
the absence of added (/1-Bu)4NBr the expression for [pyH+] 

is given by eq 15. If the ion exchange reaction (eq 22) is small 
or very slow, then x will approach zero and eq 23 becomes 
identical with eq 15 and no effect on the rate by added alkyl
ammonium bromide will be observed. If the ion exchange is 
appreciable (there is no reason to expect the contrary) the 
numerator of eq 23 will be greater than that of eq 15 for all x. 
Furthermore, the denominator of eq 23 will be less than that 
of eq 15 for all x assuming that (1) the homoconjugation 
constants for CoOAc (K3) and (/7-Bu)4NOAc (K7) are ap
proximately equal, which is valid since acetate ion is in a similar 
environment with both cations, and (2) the dissociation con
stant for CoOAc (K2) is greater than that of (/!-Bu)4NOAc 
(Kf1), which is a valid assumption because the cobalt complex 
cation is expected to be better solvated than (/2-Bu)4N

+. Thus, 
for any degree of ion exchange in eq 22, the concentration of 
pyH+, and therefore the rate, will increase. 

D. Mechanism. The following mechanism is consistent with 
all the experimental data: 

2pyCo02 
K8 

pyCo02Copy + O2 

I 
(24) 

pyCo02Copy + HOAc 
K9 

pyCo02Copy • HOAc (25) 
II 

II + pyH+ products (26) 

Note that eq 26 contains free, dissociated pyH+, and of course 
this is very important. 

The derived rate expression, assuming that eq 24 and 25 are 
fast and reversible and eq 26 is rate limiting and irreversible, 
is 

d[pyCoQ2] = 2d[02] 
it At 

_ A:io^g^9[pyCo02]
2[HOAc][pyH

H 

[O2] 
(27) 

The orders with respect to pyCo02 and O2 predicted by this 
sequence of reactions agree well with the experimentally de
termined values (2.09 and —1.12, respectively). The observed 
dependencies on acetic acid (2.39 order) and cobalt(III) ace
tate product (—0.50 order) together with the observed effect 
of acetate and bromide salts on the rate and the demonstrated 
homoconjugation equilibria accommodate a scheme that is first 
order each in acetic acid and free pyridinium ion, as outlined 
in the previous section. 

The intermediate I is a binuclear /^-peroxo complex. This 
species is often the predominant product in the reaction of 
oxygen with cobalt(II) complexes of suitable ligands, especially 

,H 
H O 

. 0 . JM. 

i 

/ 0 \ 
M M 

II 

in aqueous solution. The metal is considered to be formally in 
the 3+ oxidation state bound to a formally reduced O2 ligand 
of peroxide nature (O2

2-), although the extent of charge 
transfer from the cobalt to the dioxygen probably varies with 
the field strength of the other ligands on the metal.47 N1N'-
Ethylenebis(acetylacetoniminate) is considered to be a ligand 
of strong field strength and pyridine of moderate strength.48 

The reactions of many cobalt complexes with oxygen leading 
to the jti-peroxo species have been extensively studied47 and the 
overwhelming evidence indicates that they proceed by coupling 
of an initial mononuclear oxygen complex with an unoxygen-
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ated cobalt(II) complex as shown in eq 28 and 29. 

LnCo" + O2 — LnCoO2 (28) 

LnCoO2 + LnCo11 ^ LnCoO2CoLn (29) 

For the cobalt complex used in this study as well as others 
the oxygenation stops at the mononuclear complex stage (eq 
28) and the binuclear complex is thermodynamically unstable 
with respect to it. Since eq 28 and 29 have been shown to be 
reversible for many other systems, it is likely that the binuclear 
/u-peroxo species I exists in small concentrations in the reaction 
mixture in equilibrium with PyCoO2 by way of these steps. 

Also, it is important to note that the available evidence in
dicates that the concentration of intermediates must be small. 
Addition of acetic acid to a pyridine solution of the complex 
PyCoO2 causes a smooth change in its electronic spectrum to 
the product cobalt(III) complex. Furthermore, ESR spectra 
during the reaction show only the unaltered signal for the 
oxygen complex. 

The kinetic results indicate that both acids are involved in 
the mechanism but one cannot distinguish which is involved 
in eq 25 and which in eq 26. The species II is proposed to be a 
M-peroxo complex that is either hydrogen bonded to or pro
tonated with a molecule of acid, and which then reacts with a 
molecule of the other acid to yield free hydrogen peroxide and 
oxidized metal. The site of protonation (or hydrogen bonding) 
may be either the peroxy bridge or the oxygen or nitrogen 
atoms of the equatorial ligand on one of the cobalt atoms. The 
latter situation would have the effect of reducing the stability 
of Co(III) relative to Co(II) by reducing the field strength of 
the ligand and would be expected to cause a simultaneous de
mand for electrons from the peroxide bridge. The O2 bridge 
would then become less basic and also less able to dissociate 
from the metal as peroxide. In the extreme, this would result 
in an intramolecular electron transfer leading to dissociation 
to a protonated cobalt(II) complex and the mononuclear 
oxygen species as shown below for the generalized case. 

H+Co111O-OCo111 — H+Co" + 6—OCo111 

Protonation of the equatorial ligand therefore is probably a 
nonproductive pathway with respect to the formation of H2O2 
and cobalt(III). 

Protonation on the peroxide bridge would also tend to de
stabilize the 3+ oxidation state of the metal adjacent to the 
oxygen atom that is protonated, but intramolecular electron 
transfer to cobalt would now be disfavored because of the di
minished reduction potential of the peroxide bridge due to the 
electrophilicity of the proton. The O2 ligand is now better 
disposed toward dissociation as free H2O2 in a subsequent 
step. 

Several protonated binuclear ju-peroxo cobalt compounds 
have been reported. The structures have been proposed to be 
either of the type I49 or the rearranged type II1 ia,c,49a,b,so,5i an(j 
are based mainly on comparison of their properties with those 
of the parent ju-peroxo complex except for DL-[(en)2-
Co(02H)(NH2)Co(en)2] (N03)4-2H20, the structure of which 
has been determined by X-ray crystallography to be of the type 
II.50 Interestingly, reversion to the cobalt(II) complex and 
oxygen on acidification occurs for all except the cyano49c and 
dipeptide dianion1 la'c complexes, which are reported to yield 
hydrogen peroxide and cobalt(III) species. 

Protonation and dissociation of peroxide from a peroxo-
bridged dicobalt complex is the mechanism which is most likely 
to be in operation in the present reaction. The possible detailed 
mechanisms are outlined in Scheme I. Path 1 involves the in-
termediacy of a mononuclear hydroperoxo species and is 
similar to the mechanism proposed for reaction of /u-peroxo-
bispentacyanocobaltate(III) with acid.49c-52 It can be ruled out 
here because it requires either (1) a first-order rate law in 

Scheme I 

(Co111 represents the complex [(Con l)py] + ) 

REACTANTS C o m + OAc" pyH*r Co™ + H2O2 
+ path 1 

CkJ111 OH 
HOAc 

i 
I 

Co O 

A 

OH- --OAc 

,Co in C O 1 1 1 ^ C O 1 " 

PyH+ I path 2 PyH+ 
path 3 

III--
Co 

HOAc 
I 
I 
I 

\ ,Co 
O' 

•I 
H 

in 

OH—OAc 

-O. 
„ in- i v i" Co Co 

H 

D 

2CoI" + H2O2 + OAc" 

Coiii + p y + OAc- » [Coi"py]OAc 

acetic acid (or pyH+) if formation of the hydroperoxo inter
mediate from A or B is rate limiting or (2) inhibition by co-
balt(III) ion if decomposition of the intermediate to hydrogen 
peroxide is taken as the rate-limiting step. 

Paths' 2 and 3 proceed through the diprotonated interme
diates, C and D, respectively. Both structures C and D are 
sterically accessible (as well as the monoprotonated species A 
and B and their unprotonated precursors) according to 
space-filling molecular models. However, for D and its pre
cursors the Co-O-Co bond angle must be greater than about 
110° and the Co-O bond length greater than or equal to about 
2.0 A because of steric repulsions between the equatorial ligand 
systems on each cobalt atom. These dimensions can be com
pared with the bond angle of 102° and bond length of 1.92 A 
for the analogous compound DL-[(en)2Co(02H)(NH2)-
Co(en2)](N03)4-2H20.50 It is not known how far these di
mensions can be stretched and still maintain stability. 

Any mechanism must rationalize the involvement of both 
acids. Path 3 affords a reasonable explanation. In the unpro
tonated form of species B the terminal oxygen is likely to be 
far more basic than the bridging oxygen. It is well known that 
bridging amido and hydroxo groups are weak Br^nsted bases 
because of the decreased energy and number of available 
electron pairs. The hydroperoxo group in the analogous com
pound DL-[(en)2Co(02H)(NH2)Co(en)2]4+ has a pKa^ = 
11.49a'50 If the pK^i of B is similar, Ap£a between it and acetic 
acid is about 6, assuming that ApK^ is the same in pyridine as 
in water. This makes the unprotonated form of B a strong base 
with respect to both HOAc and pyH+ and protonation will be 
close to the limits of diffusion with either acid. Therefore, the 
conjugate base of B will be general acid protonated. Because 
acetic acid is in much larger concentration than pyH+ (typi
cally, 10_1 vs. 1O-8 M), B will be an adduct of acetic acid. 
Protonation of the second oxygen, on the other hand, will re
quire strong acid because of its much lower basicity. Proton
ation will serve to weaken the cobalt-oxygen bond and result 
in dissociation. 

The involvement of both acids in path 2 can be explained by 
invoking a sufficiently large equilibrium constant for formation 
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of the acetic acid adduct A (Kg, eq 25), such that the bulk of 
the ^i-peroxo species in solution is present in this form, and by 
supposing that strong acid is necessary to sufficiently weaken 
the Co-O bond (i.e., full protonation rather than the hydro
gen-bonded situation depicted in A). A large equilibrium 
constant for formation of A is not unreasonable. The/ti-peroxo 
species need only be somewhat more basic than the solvent 
pyridine (pA:a

ai = 5). The p£a
ai's of the conjugate acids of 

other complexes vary from 0.8 for the highly positively charged 
[(en)2Co(02)(NH2)Co(en)2]

3+ 49a to 12 for the highly neg
atively charged [(CN)5CoO2Co(CN)5]6- 49c the ^-peroxo 
complex in this study is neutral. The pKa in Me2SO for the 
conjugate acid of another neutral ^i-peroxo complex, [Co2-
(salen)2]02, has been reported to be 5.5.53 Furthermore, the 
depiction of A as a hydrogen-bonded adduct is reasonable 
because of the reluctance of the solvent to support charge-
separated species, as long as the ApXa

aq of A and acetic acid 
is less than about 3.5, as has been shown for 1:1 pyridine-acid 
complexes in pyridine.3413 

A clear choice between paths 2 and 3 cannot be made at this 
time. 

E. Other Mechanistic Considerations. Alternative pathways 
involving hydroperoxyl radical intermediates either in free or 
complexed form have also been considered (eq 30-32). The 
complexed form Co"'(-02H) can result from protonation of 
the superoxide-like dioxygen ligand in the mononuclear oxygen 
complex. 

H+ + Co111O2- • ^ Co"'(-02H) — Co1" + HO2- (30) 

2HO2- -* O2 + H2O2 (31) 

2Coin(-02H) ->• O2 + H2O2 + 2Co"1 (32) 

Dissociation of this species would give rise to the free hydro
peroxyl radical (eq 30). Short-lived hydroperoxyl radicals 
complexes analogous to Co1 "(-O2H) are known for transition 
metals in high oxidation states including Cu(II), Ti(IV), 
Zr(IV), Ce(III), and Mo(VI) that have been observed by ESR 
upon mixing of the metal ion with photolytically or chemically 
generated HO2- in a flow system.54 The equilibrium constants 
for M + HO2-1? M(HO2-) are generally high (>103 M"1). 
Both free and complexed HO2- decompose by disproportion
a t e to give oxygen and hydrogen peroxide (eq 31 and 32). 

Although the mechanisms in eq 30-32 disagree with the 
kinetic results (especially in their lack of dependence on [O2]), 
the following oxidation-reduction as the rate limiting step 
would be consistent with the kinetic data. 

Co11H-O2H) + Co»(HOAc) -~ H2O2 + 2Co1" + OAc" 

Co"(HOAc) represents some molecular adduct of the co-
balt(II) complex with acetic acid. The above mechanism can 
be considered viable only if both species on the left-hand side 
are reversibly formed from their respective constituents. 

No ESR signals attributable to either hydroperoxyl radical 
or its cobalt complex were observed in this work. Frozen 
spectra (90 K) of pyridine solutions of PyCoO2 to which either 
acetic or p-toluenesulfonic acid was added show only the 
presence of unreacted starting complex, the signal55 of which 
decays progressively to zero after several cycles of freeze-thaw. 
Frozen dimethylformamide solutions containing 2 equiv of 
pyridine to which strong acid had been added typically showed 
no signal because the reaction is very fast, unless the sample 
was frozen simultaneous with acid injection, and then only the 
signal for BCoO2 (B = py or DMF) was present. 

Experiments were performed to detect radical intermediates 
by carrying out the reaction in the presence of compounds 
containing easily abstractable hydrogens including hydro-
quinone, 2,4,6-tri-ferf-butylphenol, thiophenol, and N,N'-
diphenyl-p-phenylenediamine. These compounds are easily 

oxidized by reactive radicals in a hydrogen-abstraction step,56 

which for the hydroperoxyl radical would be shown in the 
equation 

HO2- + RXH — H2O2 + RX- (33) 

It was expected that the supposed intermediate HO2- or 
Co"'(-02H) would be diverted from its normal dispropor
t ionate (eq 31 or 32) and react with the scavenger according 
to eq 33 to produce more hydrogen peroxide at the expense of 
oxygen. This was indeed found to be the case. However, sub
sequent investigation revealed the probable occurrence of re
action between the scavenger and pyCo02 itself. While this 
work was in progress others57 reported similar reactions and 
a mechanism. Our results are in accord with theirs. 

Other experiments failed to detect radical intermediates. 
The reaction of PyCoO2 with acetic acid fails to initiate any 
detectable autoxidation of cumene to cumene hydroperoxide 
when carried out in the presence of 40-fold excess of cumene. 
Finally, an experiment was performed which would seem to 
rule out the involvement of the hydroperoxyl radical, at least. 
2,6-Di-fer/-butyl-4-methylphenol is reported58 to react with 
HO2- to yield a stable hydroperoxydienone (eq 34). When a 

OH o 

solution of PyCoO2 at O 0C in pyridine was added dropwise 
to a solution of 10 equiv of the phenol in 50% acetic acid in 
pyridine (to maximize the rate so as to minimize reaction of 
PyCoO2 with the phenol) and the resulting solution analyzed 
by TLC, none of the hydroperoxide nor its corresponding al
cohol (which could be formed by metal ion catalyzed decom
position of the hydroperoxide) was formed—the limits of de
tection as determined with authentic samples being <1% yield 
based on reaction 34. 

F. Conclusion. The kinetic experiments on this reaction show 
second-order behavior in the cobalt oxygen complex and in
verse first-order behavior in oxygen concentration. This implies 
the involvement in the transition state of one molecule of 
PyCoO2 and one molecule of pyCo" which has resulted from 
dissociation of pyCo02 according to eq 28. The kinetic analysis 
also demonstrates the participation of both acetic and disso
ciated pyridinium acids. 

The results indicate an intermediate binuclear yu-peroxo 
complex for this reaction and that superoxide or hydroperoxyl 
radicals are not produced as discrete reaction entities. This may 
be a common phenomenon for transition-metal complexes. The 
superoxide path has been proposed by investigators who ob
served first-order dependence on both metal and O2. Examples 
include Fe2+ in acidic solution in the presence of various Ii-
gands,2 Cu+ in aqueous solution,3 V " (salen)+ and V3+ in 
perchloric acid solution,4 and Ti3+ in acidic solution.5 Earlier 
workers proposed a direct electron transfer to dioxygen. A 
strong reason for invoking metal oxygen complexes in these 
mechanisms then arose after it was observed that under certain 
conditions the kinetics displayed second-order or mixed first-
and second-order behavior in metal, and after numerous oxy
gen adducts were discovered. Thus it is possible that in many 
cases that have been assigned the superoxide mechanism the 
observed first-order kinetics in metal may just be a limiting 
case of the binuclear path (eq 3) with formation of M-O2 as 
the rate-determining step. (This has apparently been ruled out 
in one specific case of a Cu(I) complex.33) It may therefore be 
desirable to reexamine these systems, especially in view of the 
fact that O2

--(HO2-) has not been directly observed. 
The preference for the binuclear pathway for the cobalt 
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complex of this study may simply be a reflection of the rela
tively high stability constant of M+-02~- or M+-OiH as 
compared with the rate of further oxidation of another metal 
by 02~-(H02-) vis-a-vis eq 2. The dissociation constant of a 
cobalt(II) porphyrin dioxygen complex to superoxide and co-
balt(III) ions has been estimated to be less than 1O-12 M - ' 59 

Furthermore, M+-O2H must be relatively slow to dispropor
tionate according to eq 32, in contrast with hydro-
peroxyl radical complexes of some other transition-metal ions 
(see section E), or else M+-O2H is present in concentrations 
too small for eq 32 to compete with the binuclear path (i.e., 
M-O2 may be a weak base). 

An O2
--(HO2*) generating mechanism is viable in cases 

where formation of M-O-O-M is prohibited for steric reasons. 
Hemoglobin with its isolated prophyrin systems has been found 
to oxidize by way of a "proton-assisted nucleophilic displace
ment" of dioxygen by anions in the medium,60 a mechanism 
that is closely related to eq 2. In addition is the observation that 
bulky ferroporphyrins designed to prevent close approach of 
two molecules are able to withstand irreversible autoxidation.6' 
In light of this it would be of interest to study the autoxidation 
of cobalamin, the Co(II) derivative of vitamin B]2, which is 
alos sterically unable to form the binuclear /x-peroxo com
plex. 

Experimental Section 

A',A''-Ethylenebis(acetylacetoniminato)cobalt(II) was prepared 
under inert atmosphere according to Everett and Holm62 from 
/V./V'-ethylenebistacetylacetonimine),63 bis(tetraethylammonium)-
tetrabromocobaltate(II),64 and potassium (err-butoxide in (erf-butyl 
alcohol. One recrystallization from 3:1 toluene-heptane under inert 
atmosphere gave pure material. Anal. (C12H18C0N2O2) C, H, N. The 
compound can be handled in air for short periods but must be stored 
in a dry, inert atmosphere. 

Dipyridine-A',A''-ethylenebis(acetylacetoniminato)cobalt(III) 
bromide was made according to Costa et al.24 The corresponding 
acetate monohydrate salt was made in the same manner except that 
the reaction was carried out at room temperature. The viscous, dark 
brown oil remaining after evaporation of the solvent was taken up in 
CHCI3 and washed with 30% (w/v) aqueous sodium acetate. Two 
recrystallizations from pyridine followed by drying under vacuum at 
room temperature yielded brown crystals (mp 115-126 0C dec with 
evolution of pyridine). Anal. (C22H33CoN4O5) C, H, N. UV —VIS! Amax 

(log t) 341 nm (3.86), 451 (2.88) in pyridine, identical with that of 
the bromide salt. NMR in pyridine and in D2O was identical with 
those of the bromide salt except for the presence of the acetate methyl 
protons at 5 2.4 and water protons. Tetra-fl-butylammonium acetate 
was prepared by metathesis of tetra-«-butylammonium iodide and 
silver acetate in anhydrous methanol (distilled from Mg) and dried 
at 90 0C under vacuum for 24 h. The IR spectrum (Nujol) showed 
the absence of water. It was stored and handled under a dry atmo
sphere. JV./V'-Diphenyl-p-phenylenediamine, 2,4,6-tri-rerf-butyl-
phenol, thiophenol, and hydroquinone were purchased commercially 
and recrystallized or distilled before use. 2,6-Di-te/7-butyl-4-hydro-
peroxy-4-methylcyclohexa-2,5-dienone and the corresponding A-
hydroxy compound were prepared according to Kharasch and 
Joshi.65 

Reagent grade pyridine was distilled from BaO. Reagent grade 
dimethylformamide was distilled from P2O5 at reduced pressure. 
Toluene and heptane were distilled from sodium. Acetic acid was 
purified by distillation from CrO3 followed by distillation from 
B(02CCH3)3. Cumene was purified by first extracting the hydro
peroxide impurity with 2% NaOH solution followed by washing with 
concentrated H2SO4 (caution!), water, dilute NaHCO3, and finally 
water. The solvent was then distilled from and stored over sodium. All 
solvents were stored under nitrogen or argon. Oxygen gas (99.995%) 
was purchased from Matheson and used without further purifica
tion. 

All gas-measurement experiments were carried out at constant 
pressure of oxygen in a doubly jacketed apparatus consisting of a re
action flask connected to one of two identical graduated burets that 
were set up parallel to each other and in a vertical position. Manometer 
fluid from a common external reservoir to the two burets allowed for 

equalization of pressure between the buret connected to the reaction 
flask and the other buret that was connected to a source of gas at 
known pressure. A nonviscous, nonvolatile organic solvent (2-
methoxyethanol or decalin) was used as the manometer fluid, which 
allowed very small differences in pressure between the two burets to 
be detected. Fluid from a constant-temperature bath was pumped 
through the inner jacket. The outer jacket was evacuated to provide 
insulation. 

Prior to the experiment, the solvent along with necessary additives 
was placed in the flask and stirred vigorously while oxygen was passed 
through the apparatus to purge it of other gases and saturate the sol
vent with oxygen. The solvent was then allowed to equilibrate with 
the gas at known pressure for a sufficient length of time. A small 
volume of a freshly prepared, oxygen-free solution of Co1 'acacen was 
injected into the reaction flask by means of a calibrated syringe 
through a leak-proof septum fitting above the flask and the volume 
of gas taken up at constant pressure was measured after reequilibra-
tion. The kinetics were run by injecting a small volume of standardized 
5.2 M acetic acid in pyridine to the fully equilibrated solution of 
PyCoO2 and measuring the evolution of gas at constant pressure (i.e., 
while maintaining equal manometer fluid levels in each buret). Proper 
blanks were run to correct for oxygen solubility and the change in 
volume due to temperature of the injected solutions. Gas solubility 
data66 show that the dissolved inert gas from the injected solutions 
(nitrogen or argon) only insignificantly changed the partial pressure 
of oxygen in the system. The solubility of oxygen in 8.6 X 1O-2 M 
acetic acid in pyridine was determined in the same apparatus by in
jecting known volumes (about 4 mL) of solution withdrawn by syringe 
from the bottom of an 18-cm column of solution (about 45 mL) in a 
thick-walled glass tube that had been degassed by several freeze-
pump-thaw cycles and opened to air just prior to use. The solubility 
of oxygen was found to follow Henry's law. ESR spectra were recorded 
on a Varian 4502 spectrometer operating at 9.5 GHz (X band). 
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