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Sixth-Order Kinetics in a Catalyzed Autoxidation of a Macrocyclic Cobalt(II) Complex
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The reduction of O, by Co(tim)?* (tim = 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene)
in acidic aqueous media was studied in the presence of Br~. This otherwise very slow reaction is strongly catalyzed
by Co(dmgBF;), (dmgBF, = (difluoroboryl)dimethylglyoximate). The rate law shows a first-order dependence on
Co(tim)?+, O,, Br-, and H*, and is second-order with respect to the catalyst. The catalytic autoxidation follows
a clean 4:1 Co(tim)2*:0, stoichiometry and yields the corresponding halocobalt(III) macrocycle. The reduction
of oxygen to water clearly bypasses the hydrogen peroxide stage. The transition state is proposed and the mechanism
of the sixth-order catalytic reaction is considered and discussed. It features O, binding and halide-bridged electron
transfer. There is no evidence for involvement of the hydroxyl radical.

Introduction

In the search for catalysts able to activate dioxygen for
homogeneous oxidations under mild conditions, cobalt(II) chelates
have attracted perhaps the most attention. Their catalytic activity
often involves the formation of cobalt—oxygen adducts,!~? which
are better oxidants than O, itself. However, such adducts often
tend to decompose by irreversible oxidation of the metal center
or the chelate, leading to the loss of catalytic activity.

Neither of the two cobalt macrocycles used in this study,
Co(dmgBF,),*% or Co(tim)2*,78 reacts with O, to a measurable
extent at ambient temperature. Nevertheless, some qualitative
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observations showed that Co(dmgBF,), is an efficient autoxidation
catalyst, implying that Co(dmgBF,),0,, present in undetectably
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small concentrations, is a powerful oxidant. This species is known
toform at lower temperatures in aqueous solution® and in organic
solvents.56

Interestingly, in order for the autoxidation to be catalytic, the
oxygen adduct, Co(dmgBF,),0,, has to be reduced to Co-
(dmgBF,),. This has beenshown to be a net four-electron process
in which water is produced. Reduction back to cobalt(II) in
oxygen-containing solutions is quite remarkable in view of the
fact that stoichiometric oxidations of mild reductants by other
cobalt—dioxygen adducts, such as Co(cyclam)O,2*2-10 ysually
yield only oxidized cobalt products in aqueous solutions. The
relatively high E° value for the Co(dmgBF,),*/° couple (0.65
V)* may be a key to the regeneration of Co(dmgBF;),. Also, a
common problem encountered with Co(II) catalysts is their
oxidative degradation.>!! Fortunately, that is not a feature of
the chemistry in this system.

The very slow disappearance of Co(tim)2* as a result of aerial
oxidation was reported to be susceptible to catalytic effects.? It
has been established for other cobalt(II) tetraazamacrocycles® 12
that halides and H* catalyze the decomposition of their dioxygen
adducts to Co(III) complexes. Halideions are known as efficient
bridging ligands for electron transfer in redox reactions involving
macrocyclic complexes.!*-15 For Co(tim)?* the ratio of rate
constants for inner- and outer-sphere reactions is ~1096,13.14

Further indication of the role of halides in redox reactions of
Co(tim)3*/2* complexes comes from their preparative procedures.
The presence of halide ions is essential to obtain Co(III)~tim
complexes from cobalt(II) salts by aerial oxidation. The
complexes Co(tim)X,* (X~ = CI-, Br) are intermediates in the
preparation of other cobalt complexes of this macrocycle.!¢-18 On
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A Macrocyclic Cobalt(II) Complex

the other hand, halides are to be avoided in the direct preparation
of Co(tim)2* to prevent aerial oxidation.!?

The indicated properties of Co(tim)?* and Co(dmgBF,); allow
the autoxidation of the first complex to be catalyzed by the second
one, especially in the presence of halides. The halide ions can
play a double role in the mechanism of this process. First, they
could serve as a bridge for electron transfer between Co-
(dmgBF;),0; and Co(tim)2*, and second, they are expected to
stabilize the products as Co(tim)X,*™" (n = 1 or 2) complexes.
Indeed, we observed for each of the Co(II) macrocycles separately
a nearly negligible oxidation in O,-containing acidic aqueous
solutions even when Cl- or Br- was present. Only when both
Co(tim)2* and Co(dmgBF,); were present in solution did the
autoxidation of Co(tim)2* take place rapidly. We thusundertook
a study of the kinetics and mechanism of this reaction.

Experimental Section

The solvent used throughout was distilled water purified by passage
through a Milli-Q Millipore system. [Co(dmgBF;)2(H,0):]° and [Co-
(tim)Br;]Br!® were prepared as described previously.

[Co(tim)(H0):)(CF3S03); was prepared by a variant of the method
for [Co(tim)Br;]Br.!¢ Methanol (140 cm?) was placed in a 2-necked
flask and bubbled with a stream of argon. 1,3-Diaminopropane (6.8
cm?, 0.08 mol) was added, followed by dropwise addition of trifluo-
romethanesulfonic acid (12 cm? of 60% aqueous solution of CF;SO;H;
0.08 mol). After this, 2,3-butanedione (7.1 cm?, 0.08 mol) was added,
followed immediately by 10.0 g of Co(OAc),4H,0 (0.04 mol), and the
solution was stirred under Ar for 4h, At this time 4 cm? of deoxygenated
H,0 and 18 cm? of 60% CF3SO;H were added. The MeOH was then
partially removed by passing Ar through the solution for an additional
5h. Thereaction mixture was filtered under Ar, washed with 10:1 ether/
methanol and then with ether, and dried; yield ~20%.

UV-visible spectra of each cobalt(II) macrocycle in aqueous solutions
matched those reported earlier.>17-20 Trifluoromethanesulfonicacid, CF;-
SOsH, 98% (Aldrich) was purified by vacuum distillation and diluted as
needed. Other chemicals (Fisher, Certified ACS, or Aldrich, analyzed)
were used without further purification.

Spectral and kinetic measurements were carried out by the use of
Cary 219, Perkin-Elmer diode array 3840, and Shimadzu UVPC 3101
spectrophotometers. The temperature was controlled in all the mea-
surements at 25.0 & 0.2 °C. The HCIO, concentration (0.1 M) usually
defined the ionic strength except when the acidity was varied, where
=0.5 M was maintained with NaClO, or LiClO,. The data wereidentical
irrespective of which perchlorate salt was used.

The solubility of O, at 25 °C was taken as 1.27 mM in pure water and
1.06 mM in 0.5 M NaClO42! The dioxygen concentration was usually
kept at or close to its solubility limit when required to be constant. The
variation of O, concentration was achieved by carefully mixing aqueous
solutions saturated with oxygen, air, or argon. This was done in cells
filled to capacity. The good linearity obtained for the dependence of k,
versus [O3], see later, confirms the accuracy of this method.

The stoichiometry of the O; oxidation of an excess of Co(tim)?* was
determined spectrophotometrically. The kinetics of the catalytic reaction
were studied under pseudo-first-order conditions with Co(tim)?* as the
limiting reagent. Data from at least 2 half-lives of the reaction were
fitted to a first-order equation. A typical catalytic system contained 0.1
mM Co(tim)?+, 0.1 mM Co(dmgBF>),, 0.1 MHCIO,, 1.27 mM O,, and
5 mM NaBr. For the kinetic measurements the following concentration
ranges were used: 0.01-1 mM Co(tim)?*, 0.02-0.5 mM Co(dmgBF2),,
0.02-0.4 M H*,0.307-1.26 mM O,, and 1-10 mM Br~. When possible
background reactions consuming the Co(II) complexes were explored in
control experiments, their slow and often complicated decays were followed
to <20% completion and approximated by a first-order rate law, yielding
ko values that are valid only for comparison purposes.

Results

General Observations. Each of the two cobalt(II) complexes
is separately quite unreactive toward molecular oxygenin aqueous
solution under normal conditions. Yet in solutions containing
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reported for [Co(tim)Br,]Br.16
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both complexes in the presenceof O, the characteristicabsorbance
of Co(tim)2* disappears significantly faster than it does without
the participation of Co(dmgBF,);. Thelatteris recovered nearly
quantitativelyattheend of thereaction. Millimolar concentrations
of bromide in an acidic medium accelerate this catalytic reaction,
bringing its rate into a range convenient for kinetic study.

The intense absorption band of Co(tim)2* at 545 nm has ép,,
=3450L mol! cm™.'7 Otherspecies present in solution, including
the products, absorb negligibly at this wavelength. This makes
the visible spectrophotometry a facile analytical method for this
complex. Each component of the catalytic system was tested for
itseffect onthe observed 4s4sdecay. Asa catalyst, Co(dmgBF;),
was supposed to remain at a steady concentration over the course
of the reaction, so its stability under the conditions employed was
checked as well. The following results were obtained in aqueous
0.1 M HCIO, at 25 °C, for [Co(tim)?*] = 0.3 mM and [Co-

Co(tim)2+ was found to be practically stable (decomposition
<1%/h) in deaerated solutions. Saturation with O, affected its
decay only slightly, resulting in ko = 5 X 106 571, Addition of
5 mM Br- accelerated the oxidation significantly with rather
complex kinetics. The first 20% of the reaction, approximated
by a first-order rate law, yielded ko = 8 X 104s~!. The addition
of Co(dmgBF,), to solutions of Co(tim)2* containing O,, but not
Br-, caused a slow, acid-independent (pH 1-7) oxidation of Co-
(tim)2* (ko = 6 X 10~3s71). Finally, when Br-and Co(dmgBF,),
were both added, Co(tim)?* was oxidized catalytically with k,
= 1.6 X 102s7L,

Deaerated solutions of Co(dmgBF,),, although practically
stable when neutral, decompose slowly at pH = 1 with a rate
constant of ~1 X 10451, which is unaffected by O, or bromide
when they are present separately. When the solution contained
5 mM Br- and 1.27 mM O,, the decay rate constant for Co-
(dmgBF,), increased to ~7 X 10 s~!. This decay was not
affected by the presence of Co(tim)2*.

The disappearances of Co(tim)2* in the catalytic system and
of Co(tim)2* and Co(dmgBF,), separately were acid dependent.
However, only the catalytic oxidation of Co(tim)* was consis-
tently first-order with respect to [H*] in the range 0.01-1 M.
The best separation between the catalytic reaction and the
independent decay of the two cobalt complexes was achieved at
[H*] = 0.1-0.3 M. For this reason 0.1 M remained the standard
HCIO, concentration for further experiments, setting the ionic
strength as well.

Stoichiometry and Products. The stoichiometry of the au-
toxidation of Co(tim)?2* catalyzed by Co(dmgBF,), was calculated
from the change in [Co(tim)2*] upon addition of limiting amounts
of O,. The data yielded A[Co(tim)2*]/A[O,] = 4.0 £ 0.1. A
value of 3.9 was obtained in the absence of the catalyst. When
O, was replaced by H,O, the stoichiometry was A[Co(tim)2+]:
A[H,0,] = 1.4:1 at 5 mM Br~. In the absence of Br- a ratio of
1:1 wasreported.2? Thestoichiometricratios for the H,O, reaction
were unaffected by the presence of Co(dmgBF,),.

Other halides were also tried as alternatives for bromide in the
catalytic system. At 5 mM CI- the catalytic autoxidation of
Co(tim)?* was ~4 times slower than that at the same concen-
tration of bromide. However, 5 mM I~ accelerated the reaction
by more than 3 orders of magnitude. The iodide reaction was
additionally complicated by oxidation of I- to L.

The expected products of the catalytic autoxidation of Co-
(tim)2* are the halocobalt(III) complexes, Co(tim)X,*" (n = 1
or 2). Positive spectroscopic evidence for the formation of these
weakly absorbing species was difficult to obtain due to the intense
spectrum of the catalyst that decomposes slowly in acidic medium.
After the autoxidation of Co(tim)?* in 5 mM Br~ in the absence
of Co(dmgBF,), was allowed to reach >95% completion, the UV
spectrum corresponded to a mixture of Co(tim)Br,*~ complexes.
This was determined by comparison with the spectrum of [Co-
(tim)Br,]Br dissolved in $ mM Br-. It should be noted that the
halides coordinated to Co(tim)3+ are quite labile in the presence

(22) Heckman, R. A.; Espenson, J. H. Inorg. Chem. 1979, 18, 38.
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Figure 1. Plots of log ke for the catalytic autoxidation of Co(tim)2+
against the logarithm of {O;] (circles), [Br-] (crosses), [H*] (pluses),
and [Co(dmgBF,),] (squares) at 25.0 °C. The values of the slopes are
also given. When not varied, the concentrations were as follows:
[Co(tim)?*] = 0.1 mM, [Co(dmgBF,);] = 0.1 mM, [HCIO4] = 100
mM, [Br7] = 5mM, and {Oz] = 1.27 mM (x = 0.1 M) or 1.00 mM (u
= 0.5 M). All the data refer to u = 0.1 M (HCIO4), except for the k,
vs [H*] points where x = 0.5 M (NaClO, or LiClOs). The three data
points at [H*] = 0.3 M were not used in the data fit; see text.

of even trace amounts of Co(tim)2*+,!317 which is usually found
in solutions of the Co(III) complex.!” From the spectral changes
caused by the variation of the halide concentration, it was
concluded that at 5 mM Br- the Co(III) complex constitutes a
mixture of ~75% Co(tim)Br2* and ~25% Co(tim)Br;*. Also,
>95% of the monochloro and ~90% of the diiodo complexes
were found in 5 mM Cl- and 5 mM I, respectively.

Several experiments were performed to check whether free
hydroxyl radicals were involved in the catalytic reaction. Meth-
anol had no effect, and the addition of 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) failed toyield the ESR-detectable OH-adduct.
A qualitative test for radical species based on the induced
polymerization of methyl methacrylate?3 gave negative results as
well.

Kinetics. The catalytic autoxidation yielded linear first-order
plots as long as the concentration of Co(tim)?* did not exceed
significantly that of Co(dmgBF,);. At [Co(tim)?*] » [Co-
(dmgBF;);] the kinetics became more complex and resembled
those recorded in the absence of the catalyst. For that reason
large [Co(tim)?*]/[Co(dmgBF,),] ratios had to be avoided.

The pseudo-first-order rate constants for the oxidation of Co-
(tim)2* depended on the concentration of each of the other species
in solution. The kinetic order in each species was determined
from a series of experiments using Co(tim)?* as a limiting reagent
and varying the concentration of the species of interest. All the
other concentrations were kept constant throughout each series
of experiments. Figure 1 shows the results plotted as log (rate
constant) against the logarithm of the concentrations of individual
kinetic species. The rate constants were corrected for the
background noncatalytic oxidation of Co(tim)?*, keor = ky - ko.
The slopes of the straight lines yielded a kinetic order of 1 for
H*, Br, and O; and 2 for the catalyst Co(dmgBF,),. The exact
values of the slopes were 0.95 £+ 0.03, 1.07 £ 0.02, 1.02 £ 0.03,
and 1.96 % 0.03, respectively. The first order with respect to
Co(tim)?* is established by the linearity of all the first-order
plots when Co(tim)?* was used as a limiting reagent. The
complete rate law is given in eq 1.

~d[Co(tim)?*]/ds = k,[Co(tim)**]

= ko + k,[H*][O,][Br] X
[Co(dmgBF,),]*[Co(tim)**] (1)

(23) Saha, M. K.; Mukherjee, A. R.; Ghosh, P.; Palit, S. R. J. Polymer. Sci.
1967, CI6, 159. A variant of this method with Fe2* was also used to
test the catalytic reaction for H,O; as an intermediate. The result was
negative, in agreement with the stoichiometric determinations.
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Figure 2. Plots of ky for the catalytic autoxidation of Co(tim)%* versus
[03] (circles), {Br~] (crosses), [H*] (pluses), and [Co(dmgBF,),;]?
(squares, inset). Conditions are as in Figure 1.
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Figure 3. Comparison of the observed pseudo-first-order rate constants
for the catalytic autoxidation of Co(tim)2* (ko) With those calculated
(kcat) usingeq 1. The data points were obtained by varying [O3] (circles),
{Br] (crosses), [H*] (pluses), [Co(dmgBF5)] (squares), and [Co(tim)2*]
(triangles). The inset shows all the points, including those outside the
range of the main plot.

Figure 2 shows the plots of the uncorrected values of the rate
constants, k,, against [H*], [Br], {O2], and [Co(dmgBF,),]2.
The slopes of the lines yielded the corresponding pseudo-rate
constants, which finally led to k, = (6.46 £ 0.39) X 10!! L5 mo]-3
s71.2¢ The small intercepts in Figure 2 represent ko, the sum of
all the noncatalytic pathways for the loss of Co(tim)2+. The
decomposition of Co(dmgBF,); is responsible for the deviations
from the straight line at high [H*]. Even small changes in
[Co(dmgBF,),] have an effect owing to the second-order kinetic
dependence on this reagent. The points at [H*] 2 0.3 M were
thus not used in the data fit.

Although little mechanistic information can be drawn from
the numerical value of the sixth-order rate constant, it could be
used to assess the integrity of all the kinetic data acquired for the
catalytic system. Indeed, all the observed k, values?4 were found
to form a straight line (Figure 3) when plotted against those
calculated from eq 1 and the above value of k;.

Discussion

The 4:1 stoichiometry for the reaction of Co(tim)2* with O,
both in the presence and in the absence of Co(dmgBFy;),, rules
out H,O, as intermediate in these reactions. Earlier work??

(24) The increase in ionic strength in these measurements caused by itself
a slight rate increase. Thus, for the calculations of k; and for the plot
in Figure 3 the ky values were corrected to = 0.1 M. This was done
by multiplying each of the k, values obtained at x = 0.5 M by the
correction factor f= ky(u = 0.1 M)/ ky(x = 0.5 M) = 0.712. Thisvalue
was determined experimentally at 0.1 M H*. The ionic strength affects
the intercept ko and the slope k, of Figure 2 to a similar extent.
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showed that H,O, oxidizes Co(tim)?* with a 1:1 stoichiometry.
It was independently confirmed in this work that the reaction
with H,0, does not reach the 2:1 stoichiometry when H;0; is
used under typical conditions for catalytic autoxidation.

Even more telling is the effect of Br- on the reactions of
Co(tim)2+ with O, and H,0,. Addition of 0.2 M Br~ causes the
rate of oxidation by hydrogen peroxideto increase by only ~ 30%,2
whereas 5 mM Br~ accelerates the autoxidation, both in the
presence and in the absence of Co(dmgBF;);, by more than 2
orders of magnitude. The moderate rate increase in the H,0,
reaction was attributed to the formation of an apparently more
reactive bromocobalt(II) complex at high [Br-],!222 while the
profound effect of bromide on the autoxidation is in accordance
with the role of this anion as an electron-transfer bridge.!.14

In considering the mechanism of the catalyzed autoxidation,
the following points need to be considered. (1) The reaction has
an overall sixth-order rate law. (2) H,O; is not produced in the
course of the reaction. (3) Co(dmgBF,),* is a strong oxidant
that can readily oxidize Co(tim)2* to Co(tim)** and has been
shown independently to do so in this medium. (4) The autox-
idation of Co(tim)2* in the absence of Co(dmgBF,), is also
accelerated by Br-.

The rate law indicates a transition state or an intermediate of
a form [CoOO(H)CoBrCo?*]*, where two of the cobalt centers
represent Co(dmgBF,),

H----O\ Co
O—Co— X
Co

(abbreviated in equations as Cop) and one Co(tim)2* (abbreviated
as Cor). A clear distinction between the two different cobalt
macrocycles is not possible, although it is tempting to suggest
that the central cobalt is Co(tim). This would be consistent with
the initial u-peroxo adduct being formed (eq 2) from
(dmgBF,),Co0, (a known species) and Co(tim)2*, which does
not bind O, appreciably and which, in the absence of Co(dmg-
BF,),, is oxidized by O, only very slowly.

Cog0, + Coy* — Co,00Co,* (2

The initial u-peroxo adduct would then react with the second
molecule of Co(dmgBF,); in a reaction that is Br- and H*
catalyzed, eq 3.

Br-, H*

Coy00Co;** + Coy — CozOO(H)CorBrCoy™ (3)

The tricobalt species of eq 3 could react rapidly with a succession
of three more molecules of Co(tim)2* to yield the final products,
eq 4, or it could first decompose, possibly yielding hydroxyl
radicals,asineq 5. Subsequent oxidation of three more molecules
of Co(tim)?* by Co(dmgBF,),* and *OH would again result in
an overall 4:1 stoichiometry.

IH*
CogOO(H)Co;BrCop’* + 3Co** — 4Co*" + 2Coy +
2H,0 + Br™ (4)

2H*
CogOO(H)CoyBrCop** — Cop>* + 2Coz" + ‘OH +
Br™ + H,0 (5)

The experimental evidence in favor of either reaction is not
available, despite several attempts made in the course of this
work. The failure of methanol to affect the kinetics is consistent
with both eqs 4 and 5. Even if the *OH radical had been formed
and trapped by the alcohol, the resulting C-centered radical would
be immediately captured by O to yield the peroxy radical. It,
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in turn, would probably oxidize Co(tim)2+,25 which would leave
both the kinetics and stoichiometry of the overall reaction
unchanged.

Other experimental evidence, see Results, argues strongly
against that involvement of *OH radicals. This should not be too
surprising, as one might expect that the complexity of the
mechanism and the large number of species assembled in the
transition state should have the advantage of being able to avoid
the formation of such highly energetic species as *OH. Indeed,
even the reaction of H,O, with macrocyclic cobalt(II) complexes
does not produce free hydroxyl radicals.22 We thus favor reaction
4 over reaction § as a fast post-rate-determining step.

Although the individual mechanistic steps could not be observed
independently, the proposed mechanism draws strong support
from kinetic studies on oxygenation of other Co(II) macrocycles.
For example, the oxygen binding constants for Co(hmc)?* increase
significantly in the presence of halides?¢ owing to a decrease in
the rate of dissociation of oxygen from XCo(hmc)O,* relative
tothat of Co(hmc)O,2*. Also, the conversion of XCo(cyclam)O,*
to final products is accelerated by halides and hydrogen ions.??
The autoxidation of Co(dtct)* 12 follows a complicated rate law
having a first-order dependence on [O;] and a two-term
dependence on [H*]. In fact, the catalysis by H* is observed
routinely when O, is reduced to H,;0, and H,0.

The bromide catalysis of the autoxidation of Co(tim)2* is
probably the result of more than one effect. It may well be that
the binding of oxygen in the early stages of the reaction is stronger
in the presence of bromide, as in the case with XCo(hmc)O,+.26
The subsequent redox steps are also expected to be catalyzed
strongly by bromide, since halide ions are known to be excellent
bridging ligands in electron transfer reactions.

We have ruled out the possibility that the oxidation of Br- is
an essential part of the scheme. The species involved appear
unable to oxidize Br~. Furthermore, even Cl- catalyzes the
reaction, and it is much more difficult to oxidize. Thus, X~ —
X-or X-— HOX transformations cannot be invoked. When the
oxidation of halide is feasible, as in the case of I-, then
Co(dmgBF,), becomes an efficient catalyst for oxidation of halide,
and the resulting halogen accumulates in solution. This clearly
does not happen with chloride and bromide.

From a practical standpoint, two kinds of metal complexes are
especially interesting inthe realm of O, chemistry: (i) O,carriers,
which bind but do not reduce O, (except for the charge transfer
within the complex), and (ii) those complexes that oxidize H,O
(or reduce O,) by four electrons. However, most of the known
compounds fall between these two limits, such that O, carriers
often get oxidized by O, and redox reactions involving O,/H,0
utilize less than four electrons. This leads to the decomposition
of the metal complex, formation of side products, and a general
loss of activity in the system.

A clean four-electron reduction of O, reported in this work is
encouraging. It appears that the relatively high and finely
balanced values of E° of the two cobalt complexes, with
E°(catalyst) > E°(substrate), is an important feature of the
system. Such values of E° make it possible for Co(dmgBF;),*
to oxidize Co(tim)?* and thus close the catalytic loop. At the
same time O, cannot oxidize Co(tim)?* directly, which reduces
the number of reactive intermediates and side reactionsand allows
the majority of the reaction to be carried out in the catalytic
four-electron process.
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