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Insights into the Cobalt(II)-Catalyzed Decomposition of Peroxide
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The homolytic activation of alkyl hydroperoxides by cobalt
complexes plays an important role in several large-scale
oxidation processes such as the autoxidation of cyclohexane
(6 x 10° tonnes per year).! This process takes place in two
separate steps.” In a first autoxidation step, the substrate is
subjected to a radical chain autoxidation, yielding an oxy-
genate mixture, which contains mainly hydroperoxide, alco-
hol, and ketone, amongst several by-products.®’! In a subse-
quent step, a soluble cobalt(I) complex is added to convert
the hydroperoxide to additional alcohol and ketone through
radical Fenton chemistry (so-called deperoxidation step).
Despite the importance of this chemistry on a large-scale, the
elementary reaction steps are still not fully established, and
several observations cannot be explained by textbook mech-
anisms [Reactions (1) and (2)].

Co" + ROOH — Co™OH + RO* (1)

Co™MOH + ROOH — Co" + H,0 + ROO* (2)

Irreversible catalyst deactivation, as well as a maximum in
the deperoxidation rate as a function of the cobalt concen-
tration are two important aspects that are not yet understood.
Herein, the deperoxidation reaction is investigated by a com-
bination of techniques to gain insight in the elementary
reaction steps.

A first observation is the difference in the performance of
cobalt(IT) acetylacetonate (Co(acac),) and cobalt(II) octoate
(Co(oct),; octoate =2-ethylhexanoate; Figure 1). Although
both catalysts tend to deactivate (first-order kinetic plots
deviate from linearity), the octoate complex is much more
active and less susceptible to deactivation (i.e., a higher end
conversion can be reached). The pseudo-first-order deperox-
idation rate constant (k) is determined from the initial slope
of the plots in Figure 1. The dependence of k,, on the
Co(acac), concentration is displayed in Figure 2 for two
different peroxide concentrations, and in the presence of the
radical trap 2,6-di-tert-butylcresol. First-order behavior in
cobalt is only observed at low catalyst loadings. At higher
catalyst concentrations, k,,, features a maximum as a function
of the cobalt loading. This observation points towards an
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Figure 1. First-order ROOH decay plot at 40°C under the influence of
100 pum Co(acac), (a), Co(oct), (b), and 0.75 wt% Co/Al,O; (c);
[ROOH] =20 mwm.

7x10™
6x10™ A
5x10™ A

4x10™ 4 "

Kobs (s™)

3x10™
2x10™ A (b)

1x10™

0
7 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
[Co(acac),] (mm)

Figure 2. Pseudo first-order deperoxidation rate constant ki, at 40°C
as a function of the Co(acac), concentration in the absence (a,
[ROOH]=20 mm); b, [ROOH]=50 mm) and presence (c,

[ROOH] =20 mm) of the radical trap 2,6-di-tert-butylcresol (20 mm).

inhibition mechanism that is (at least) second-order in cobalt.
Indeed, earlier it has been proposed that this inhibition could
be caused by the trapping of active cobalt species by ROO"
radicals [Reaction (3)]."' However, if that reaction was highly

Co"" + ROO" — CoOOR 3)

exothermic, the catalyst would only be able to perform
a single turn-over, in disagreement with our observations. If
the Co™-OOR bond was weak, an equilibrated trapping
would be established. This could at most explain a leveling-off
in the reaction rate, but not a maximum. The fact that k also
becomes [ROOH]-dependent at higher cobalt concentrations
(see Figure2) suggests that the deactivation is somehow
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enhanced at higher peroxide concentrations.

Earlier work by our group showed that the alkoxyl
radicals produced in the reaction of Co" with the hydro-
peroxide react predominantly with ROOH [Reaction (4)].1
The tertiary peroxyl radicals in turn, will mainly react with
each other producing more alkoxyl radicals [Reaction (5)].
Indeed, the fraction of peroxyl radicals leading to mutual
termination [Reaction (6)] is very small, leading to a radical
chain length v ~7-10. v =1is the ratio of the rates of Reactions
(5) and (6).

RO’ + ROOH — ROH + ROO’ 4)
ROO" + ROO" — RO’ + RO + O, 5)
ROO" + ROO" — ROOR + O, (6)

At low catalyst concentrations, the deperoxidation rate is
therefore given by Equation (A) (k. being the rate constant
of the rate-controlling step and Co,;,. the active state of the
catalyst).!

—d[ROOH]/dr = (3 + 2v) key [COpetive] [ROOH] (A)

The observed k,,, is hence (3 +2v) times the rate constant
of the rate-controlling cobalt-mediated step. In the presence
of the radical trap, free radicals are efficiently scavenged,
explaining why the observed rate constant decreases by
a factor of approximately 10, in agreement with the reported
chain length (i.e., v~7-10)." Indeed, in the presence of
a radical scavenger, one measures purely the ROOH con-
sumption owing to the reactions with the cobalt species. This
is valid for Co(acac),, as well as Co(oct), (Table 1; see the

Table 1: Experimental Arrhenius expressions for the second-order
deperoxidation rate constant in the presence and absence of a radical
trap.!

Catalyst Radical trap Arrhenius expression

Co(acac), Yes 2.9%x10°Mm™'s™ xexp(—13.0 kcalmol™'/RT)
Co(acac), No 2.7x108m 's ' xexp(—12.9 kcalmol'/RT)
Co(oct), Yes 1.6x10”" M ~'s" x exp(—20.0 kcal mol~'/RT)
Co(oct), No 1.7x10" M s xexp(—19.7 kcal mol ™' /R T)

[a] Temperature range 30-60°C; see the Supporting Information.

Supporting Information). The activation energy is not
affected by the presence of the bulky and noncoordinating
radical trap, in agreement with the assumption that it only
reacts with the free radicals.

We emphasize that the Arrhenius expression for the
Co(acac), system in the absence of a radical trap is in
quantitative agreement with an in situ UV/Vis spectroscopic
determination for fert-butylhydroperoxide (1.2 x 10"M's ™' x
exp(—13 kcalmol /R T); T between 50 and 70°C)."! The
expression in the presence of the radical trap agrees very well
with the results extracted from the kinetic analysis of the
Co(acac),-catalyzed radical formation during o-pinene autox-
idation (3x108m 's™' x exp(—14 kcalmol "/RT); T between
60 and 80°C).! These results indicate that the precise
structure of the peroxide is not crucial.
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The prefactor observed for the Co(acac),-catalyzed
deperoxidation in the presence of a radical trap (2.7 x
108m's7!) is typical for a bimolecular reaction proceeding
via a rather loose transition state. The prefactor obtained for
the Co(oct), system in presence of a radical trap (1.7 x
10%M~'s7!) is however six orders of magnitude larger and
points towards a different mechanism. Not only is the
preexponential factor significantly different for both catalysts,
the Arrhenius activation energy also differs by about
7 kcalmol ",

To gain more insight, a computational study on the
elementary steps of the Fenton reactions [in Reactions (1)
and (2)] was performed (Figure 3). Reaction (1) is a typical
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Figure 3. Potential energy diagrams for Reactions (1) (a) and (2) (b)
for Co(acac),. TS=transition state.

example of two-state reactivity.”) While the spin-state with
the lowest energy for both the reactants and the products is
quartet (in line with recent experimental work),”! the lowest
transition state is on the doublet energy surface. Whereas
a change of the total electronic spin is in principle forbidden,
spin-orbit coupling enhances intersystem crossing.”) As
a consequence, the effective energy barrier of the O—O
bond cleavage process is drastically reduced (“spin cataly-
sis”!"). The Co™OH species (triplet ground state) react very
rapidly with a second ROOH molecule, to Co™OOR which
has an almost degenerated singlet/triplet ground state (Fig-
ure 3b). These calculations suggest a high
[Co™OOR]/[Co™OH] ratio. Dissociation of Co™OOR to
ROO" and the starting Co" species [the reverse reaction for
Reaction (3)] proceeds via a variational transition state and
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also involves intersystem crossing. This step re-establishes the
high-spin ground state of the Co™ center. The barrier of this
dissociation process is computed to be 14.7 kcalmol ' for
Co(acac),. This value is in close agreement with the exper-
imentally observed Arrhenius barrier of 13 kcalmol™! in
Table 1. It thus seems plausible that this step is the rate-
determining step in the catalytic cycle. Analogous cobalt
peroxo species have previously been characterized by X-ray
crystallography,'”! supporting the hypothesis that they are
fairly stable. Interestingly, the Co™~OOR bond strength for
the Co(oct), complex is predicted to be 20.6 kcalmol ™, which
is also in close agreement with the activation energy observed
for that system (20 kcalmol ™!, see Table 1). However, based
on the fact that the preexponential factor for Co(oct), is six
orders of magnitude higher than for Co(acac), it seems
unlikely that the same step (entropically equivalent) would be
rate-controlling. Indeed, this requires a more careful inves-
tigation of competing mechanisms.

The unimolecular dissociation of the Co™-OOR complex
stands in kinetic competition with the coordination of
a ROOH molecule (see Scheme 1). Based on the predicted
Co"™-OOR bond strengths, we propose that the octoate
system will quasi uniquely remain in cycle 2, whereas the acac
system will prefer cycle 1.

ROOH ROO"
% cycle 1
Co"oH Co""oOR
ROO ROOH H,0 ROOH
cycle 2
H i
O, col /Co\

Y r ~ S
coll \COIII ROO/ \ ROO" OOR
\O/ H

|
O
R” Co" RO"

Scheme 1. Two parallel catalytic cycles, proposed to explain the cata-
lytic deperoxidation of cobalt(ll) complexes.

For the octoate system, when keeping to cycle 2, the
addition of ROOH to the Co™-OOR complex is followed by
O—0O bond dissociation (analogous to the first step of the
Haber-Weiss cycle). Overall this reaction is exothermic by
5.9 kcalmol™". In the resulting Co™(OH)(OOR) species, one
electron spin is distributed over the hydroxyl and peroxyl
ligands and is hence best described as a cobalt(III) complex
with radical ligands, rather than cobalt(IV) with anionic
ligands. Dissociation of the ROO" ligand is endothermic by
222 kcalmol ™' and regenerates the Co™OH species. We
hypothesize that this step is rate-determining for cycle 2,
thereby explaining the experimental Arrhenius activation
energy of 20 kcalmol ™! (see Table 1). As such, the cobalt in
the Co(oct), system is overwhelmingly present in the + III
oxidation state, and avoids the Co" state. This leads to a very
efficient CoOOR/CoOH turnover, thus explaining why the
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preexponential factor of the Co(oct), system is about 6 x 10°
times higher than for the Co(acac), system (see Table 1).
Regeneration of the Co™OH species stands in kinetic
competition with the irreversible formation of a dimer species
with free Co'’, exothermic for more than 40 kcalmol™'. O—O
cleavage in this dimer is very slow, compared with the
timescale of the experiment. Dimerization not only lowers the
active catalyst concentration, it also reduces the number of
radical species. This additional termination reaction leads to
a complex cobalt-dependent quasi-steady-state peroxyl rad-
ical concentration, given by Equation (B).'"] As the majority
of the ROOH is consumed by propagation reaction (5), the
deperoxidation rate features a maximum as a function of the
cobalt concentration.['”
[ROO']? ~ [Co]—constant x [Col? (B)
In the acac system, the cobalt is predominantly cycling
between oxidation states 4 II and + I1I. As Co" is required to
form the inactive dimer species, more deactivation is
observed than for the octoate system, despite the fact that
the octoate system is mainly active through cycle 2. However,
the competition between cycle 1 and 2 for the acac system is
very subtle. Indeed, increasing the [ROOH] from 20 to 50 mm
enhances cycle 2, relative to cycle 1, and leads to more
deactivation (Figure 2, curves a and b). Nevertheless, the total
cobalt concentration at which this maximum appears remains
constant (at ca. 400 um).

We conclude that the subtle difference in ligands for the
Co(acac), and Co(oct), systems results in a significant differ-
ence in Co—OOR bond strength, inducing very different
kinetic behavior.

In an attempt to minimize the deactivation through the
formation of inactive dimers, we aimed at synthesizing a site-
isolated heterogeneous cobalt catalyst. Indeed, attaching the
active Co" sites to an alumina support would prevent
dimerization and facilitate catalyst recycling. Various
amounts of Co(NO;), were impregnated on y-alumina and
calcined at 500°C. For a Co loading of 0.75 w %, no evidence
for cobalt oxide nanoparticles could be obtained with Raman
spectroscopy. A narrow UV absorption below 300 nm and
a typical triplet feature in the visible region confirm the
predominant presence of tetrahedral Co" (see the Supporting
Information). In contrast to the homogeneous complexes, no
sign of catalyst deactivation could be observed for this solid
catalyst (see Figure 1, curve c). Indeed, full deperoxidation
can be achieved with this heterogeneous analogue. No blank
activity was observed for pure ALO; (see the Supporting
Information).

When studying different cobalt concentrations by adding
more and more catalyst to the reactor, no maximum in kg,
could be obtained (Figure 4, curve b). Instead, perfect first-
order behavior in cobalt was observed up to 600 um. A hot
separation test confirmed the heterogeneous nature of the
catalysis;™®! when removing the solid catalyst at reaction
temperature, the activity of the supernatant indeed drops to
zero (see the Supporting Information). This is rather remark-
able, as many analogous catalysts were found to slowly leach
active species into solution, thereby causing actually homo-
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Figure 4. Pseudo first-order deperoxidation rate constant k., at 40°C
as a function of the cobalt concentration for Co(acac), (a) and the
heterogeneous 0.75 w% Co/Al,O; (b); c) difference between the
activity of the heterogeneous and homogeneous systems (highlighted
area in the top panel) reveals second-order behavior in [Co"].

geneous catalysis.") We emphasize that the difference
between k., obtained for the heterogeneous catalyst and
the homogeneous Co(acac), system shows perfect second-
order behavior with respect to the cobalt concentration
(curve c in Figure 4). This observation supports our hypoth-
esis that the deactivation of the homogeneous catalytic
systems is related to the formation of inactive dimers as
outlined above [see for example, Equation (B)]. As such, we
used a heterogeneous catalyst to verify a hypothesis for the
homogeneous systems. The comparison of the Arrhenius
expression obtained for the 0.75 wt% Co/ALOQO;, that is,
k(T)=6.5x10"m's™! x exp(—20.7 kcalmol"/R T, with that
for Co(oct), in Table 1 suggests that this solid catalyst also
operates mainly through cycle 2 (see Scheme 1). The reason
why the preexponential factor is 250 times smaller for the
heterogeneous system can be ascribed to steric congestion by
the solid support, hindering substrate approach.

In conclusion, cobalt complexes homolytically activate
alkyl hydroperoxides. Subtle differences in the ligands can
result in extreme differences in the catalytic cycles, either
leading to an active and stable catalyst, or a catalyst that
quickly deactivates owing to the formation of inactive dimers.
Immobilization of cobalt on alumina results in a heteroge-
neous catalyst that is not subject to leaching nor to deacti-
vation, as dimerization is prohibited.
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Experimental Section

Deperoxidation experiments were carried out in a 50 mL glass
reactor. 15 mL of catalyst solution (predistilled cyclohexane solvent)
was heated to reaction temperature in an oil bath, prior to the
addition of cumyl hydroperoxide (20 mM, unless otherwise stated).
Samples (120 uL) were taken at regular intervals and diluted in acetic
acid (15 mL). Excess of a KI solution was added under N, bubbling.
After 15 min, a back titration was performed under inert conditions,
by using a sodium thiosulfate solution. The average of three titrations
was used in the kinetic analysis. As cobalt(II) complexes we used
cobalt(Il) acetylacetonate (Acros Organics, 99%) and cobalt(II)
octoate (i.e., cobalt(II) 2-ethylhexanoate, Aldrich 65 wt % in mineral
spirits).

Quantum chemical calculations were performed with the Gaus-
sian09 software, using Truhlar’s M06-L functional™ and taking
into account solvent effects (cyclohexane) with the Polarizable
Continuum Model." The geometry was optimized by using the 6-
31G(d,p) basis set; the energy was further refined by performing
a single point calculation using the 6-311 ++ G(df,pd) basis set. For
cobalt, an f-polarized Los Alamos Effective Core Potential basis set
(LANL2DZ(f))!""! was used in the geometry optimization and single
point calculations. The reported relative energies of the stationary
points on the adiabatic potential energy surfaces (the energy barriers
E, and reaction energies A E) were corrected for zero-point-energy
(ZPE) differences. The ligands of the Co(oct), complex were
simplified by isobutyrate ligands for computational convenience.
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