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Abstract: The Co"/Co™-induced de-
composition of hydroperoxides is an
important reaction in many industrial
processes and is referred to as deperox-
idation. In the first step of the so-called
Haber-Weiss cycle, alkoxyl radicals
and Co™—OH species are generated
upon the reaction of the Co" ion with
ROOH. The catalytic cycle is closed
upon the regeneration of the Co" ion
through the reaction of the Co™-OH
species with a second ROOH molecule,

Ive Hermans*'?!

studied by using UV/Vis spectroscopy
in situ with a noninteracting solvent,
namely, cyclohexane. Kinetic informa-
tion extracted from experiments, to-
gether with quantum-chemical calcula-
tions, led to new mechanistic hypothe-
ses. Even under anaerobic conditions,
the Haber—Weiss cycle initiates a radi-
cal-chain destruction of ROOH propa-
gated by both alkoxyl and peroxyl radi-
cals. This chain mechanism rationalizes
the high deperoxidation rates, which

are directly proportional to the cobalt
concentration up to approximately
75 um at 333 K. However, at higher
cobalt concentrations, a remarkable de-
crease of the rate is observed. The hy-
pothesis put forward herein is that this
remarkable autoinhibition effect could
be explained by the hitherto over-
looked chain termination of two Co™—
OH species. The direct competition be-
tween the first-order Haber—Weiss ini-
tiation and the second-order termina-

thus producing one equivalent of the
peroxyl radicals. Herein, the deperoxi-
dation of tert-butylhydroperoxide by
dissolved cobalt(IT) acetylacetonate is

Introduction

Alkylhydroperoxides (ROOH) are important intermediates
and reactants (i.e., oxidants) in many oxidation processes.!'™
For instance, in the industrial autoxidation of hydrocarbons,
ROOH is formed in the reaction of peroxyl radicals (ROO")
with the substrate (RH) and can in turn be (partially) con-
verted into an alcohol (ROH) and a ketone (Q=0) upon ab-
straction of its weakly bonded a-H atom by ROO"®l In
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tion can indeed explain this peculiar ki-
netic behavior of this homogeneous de-
peroxidation system.

inhibi-

many cases, the products of interest are the Q=0 and ROH
molecules (e.g., KA oil from the oxidation of cyclohexane;
6Mta') rather than ROOH.”' Industrial autoxidation
processes are therefore often followed by subsequent deper-
oxidation in the absence of oxygen, thus converting the (re-
maining) ROOH intermediate into additional ROH and
Q=0 species. In other cases, such as the Amoco process in
which p-xylene is oxidized to therephthalic acid (44 Mta™),
deperoxidation is carried out simultaneously with aerobic
autoxidation. Cobalt complexes that are soluble in the reac-
tion mixture are used for this purpose (i.e., homogeneous
catalysis).’! During this peroxide activation reaction, several
reactive oxidizing species (i.e., oxygen-centered radicals) are
generated, thus explaining why ROOH can also be used as
an oxidant in metal-catalyzed (ep)oxidations.""! The cobalt-
induced cleavage of ROOH is also an important step in the
(chemical) drying of alkyd paint.'? Indeed, the spontaneous
aerobic oxidation of binder molecules containing unsaturat-
ed C=C bonds (fatty acid chains) produces allylic hydroper-
oxides, the cobalt-induced decomposition and subsequent
chemistry of which causes cross-linking between the binder
molecules, thus shortening the drying time.
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According to previous reports, cobalt ions react with
ROOH in a so-called Haber-Weiss catalytic cycle [reactions
(1) and (2)], thus resulting in an overall conversion of two
ROOH molecules in alkoxyl (RO") and peroxyl (ROO") rad-
icals [reaction (3)].[1*!

Co" + ROOH — Co—OH + RO’ (1)
Co"-OH + ROOH — Co" + H,0 + ROO’ 2)
2ROOH — RO" + ROO" + H,0 3)

According to this two-step mechanism, the Co™ ion is first
oxidized by ROOH to a Co™—OH intermediate, which can
be regenerated back to the starting Co" ion upon reaction
with a second ROOH molecule. At the moment, there is
disagreement over which step [i.e., reaction (1) or (2)] is the
rate-determining step, and hence which cobalt species (i.e.,
Co" or Co™-OH) is the dominant in solution.'>!¥! Little in-
formation is available on the precise rate or temperature de-
pendence of the reactions. There is even controversy about
the active species, that is, the monomeric or p-oxo/p-hy-
droxo-bridged species.'”l The mechanism has not been un-
ambiguously clarified. A solid mechanistic understanding of
the chemistry would be useful to guide process optimization
and the development of more efficient (heterogeneous) cat-
alytic systems.!'52"

Herein, the deperoxidation of fert-butylhydroperoxide
(denoted below as ROOH) by the homogeneous model cat-
alyst cobalt(II) acetylacetonate ([Co(acac),]) is kinetically
characterized in a noninteracting solvent, namely, cyclohex-
ane. The main goal of this contribution is to quantify the ki-
netics and to gain insight into the fundamental chemistry of
this reaction.

Results and Discussion

Introduction to the experiments: fert-Butylhydroperoxide
(5.5M in decane, dried over molecular sieves (4 A)) was
used as a model hydroperoxide because of its lack of an a-
H atom, the abstraction of which could significantly compli-
cate the chemistry. Because hydroperoxides can form
double H-bonded dimers,? the ROOH concentration was
chosen to be low enough so that the population of the
dimers can be neglected in the studied temperature range.
Indeed, the dimers might have a different reactivity to the
monomers. In the case of fert-butylhydroperoxide, the
MPWI1B95/6-314+G(d,p)® predicted zero-point-energy
(ZPE)-corrected stability of the dimer at 0 K was 8 kcal
mol ' with respect to the separated monomers. This finding
implies that for the ROOH concentrations used in this study
(i.e., below 10 mm), the dimer fraction can be neglected,
even at a temperature as low as 323 K. For the same reason,
ROOH was diluted in a noninteracting solvent (i.e., cyclo-
hexane).
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Although the precise deperoxidation rate was unknown at
the start of this study, it can be anticipated that the reaction
must be fast, even at room temperature (compare with the
paint-drying process). Off-line analysis (e.g., by convention-
al gas chromatography) could therefore generate less-relia-
ble kinetic data; therefore, the reaction should preferably be
monitored in situ. Given the low catalyst and substrate con-
centrations, sensitive UV/Vis spectroscopy was selected to
follow the reaction (see the Experimental Section).

Spectral observations: The UV/Vis spectrum of [Co(acac),]

in cyclohexane shows a broad absorption band between A=
250 and 320 nm and a weak feature at A =225 nm (Figure 1).

1.0+

200 250 300 350 400
wavelength (nm)

Figure 1. UV/Vis spectra of a) 50 um [Co(acac),] and b) 10 mm ROOH in
cyclohexane at 343 K.

(Note that the band at =225 nm was probably underesti-
mated due to the decreased transparency of the sapphire
windows below 1=220 nm.) Although the latter signal from
[Co(acac),] interferes with the absorption by ROOH in this
wavelength region (Figure 1), the consumption of ROOH
can still be monitored by the absorbance signal at A=
225 nm, which is linear in [ROOH] (see the Supporting In-
formation). It can indeed be expected that the concentra-
tions of Co" ions and Co™-OH remain virtually constant
(quasi-steady-state) for the duration of the experiment so
that spectral changes at =225 nm can be mainly attributed
to the consumption of ROOH.

As the absorption cross-section of the alcohols is much
lower than that of ROOH and [Co(acac),], the ROH prod-
uct does not directly interfere in the spectroscopic measure-
ments. Nevertheless, alcohols such as cyclohexanol (CyOH)
seem to induce a significant blueshift when added to a solu-
tion of [Co(acac),] in cyclohexane (Figure 2). The appear-
ance of two isosbestic points (1=280 and 320 nm) demon-
strates that under the experimental conditions, alcohols can
coordinate to the cobalt ions. This behavior points either to
the presence of vacant coordination sites in the [Co(acac),]
species or to a very rapid ligand-exchange reaction taking
place. Given the high purity of the solvent and the hydro-
philicity of cobalt ions, the most likely other ligand is water.
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Figure 2. Effect of the addition of cyclohexanol (0, 20, 40, 60, 80, 100 mm)
on the spectrum of 85 um [Co(acac),] at room temperature. Note the iso-
sbestic points at A =280 and 320 nm.

However, attenuated total reflection infrared (ATR-IR)
measurements of the starting [Co(acac),] powder showed no
evidence for the presence of water. Moreover, the solubility
of H,O is very low in CyH, thus rendering the possibility of
additional water ligands (besides the acetylacetonate li-
gands) small. This hypothesis is supported by a similar and
gradual blueshift in the [Co(acac),] spectrum in CyH upon
the addition of small quantities of water (in total below
100 mm), thus also leading to an isosbestic point at A=
277 nm. These observations suggest that the [Co(acac),] spe-
cies present in CyH have unoccupied coordination sites.

The coordination of alcohol is probably one of the main
reasons why alcohols tend to inhibit cobalt-catalyzed autoxi-
dation and deperoxidation reactions. Therefore, the deper-
oxidation of ROOH has to be studied under initial kinetic
conditions, that is, at low conversions. The stability of the
[Co(acac),]/methanol complex is computationally predicted
to be 10.0 and 7.6 kcalmol™' at the UB3LYP/LANL2DZ
and UBPS86/LANL2DZ levels of theory, respectively. The
fact that both DFT functionals - each with its own shortcom-
ings - agree within a few kcalmol™' on the stability of the
complex is an indication that this prediction is rather relia-
ble. Moreover, the average stability of 9 kcalmol™ is in
qualitative agreement with the observed shift in Figure 2.

Time-resolved measurements after the addition of ROOH:
The addition of ROOH to [Co(acac),] in solution immedi-
ately induces similar spectroscopic changes as the addition
of alcohol, thus indicating that ROOH also coordinates to
the cobalt ions (Figure 3). Note that the initial strong in-
crease of the absorption signal at around A=230 nm upon
the addition of ROOH is caused by 1) ROOH itself and
2) coordination of ROOH to the Co" ion. Indeed, a compar-
ison of Figures 1 and 3 shows that the absorbance of [Co-
(acac),]/ROOH in solution is greater (especially at around
A=250 nm) than the algebraic sum of the absorbances of
the two separate solutions. The stability of the [Co(acac),]/
CH;00H complex is computationally predicted to be 6.5
and 6.3 kcalmol™ at the UB3LYP/LANL2DZ™! and
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Figure 3. a) Spectrum of 50 um [Co(acac),] in CyH at 343 K. b) Instanta-
neous spectral shift upon the addition of 10.0 mm fert-butylhydroperoxide
(t=0), in part due to the coordination of Co" ions by ROOH. c) The sub-
sequent decrease of absorbance as a function of time, which was uniform
over the spectral range and due to the chemical removal of ROOH
(spectra recorded every 60 s).

UBPS6/LANL2DZP levels of theory, respectively. This
finding is 2.5 kcalmol ™ weaker than for the alcohol com-
plex. This relative difference seems to be significant, given
the close agreement between the UB3LYP- and UBP86-pre-
dicted stabilities of both complexes. However, it was ob-
served that a significantly smaller amount of ROOH can
induce a similar spectroscopic shift than ROH. This observa-
tion could point towards the formation of other cobalt spe-
cies that induce a similar blueshift (see below).

Immediately after the instantaneous spectral shift, the ab-
sorbance starts to decrease with time over the entire range
A=220-350 nm due to consumption of ROOH (Figure 3).
Although the absolute ROOH decay can not be measured
due to the anticipated spectral interference of, for example,
the Co"/ROOH complex, the relative concentration of
ROOH can still be followed because [Co"/ROOH] is ex-
pected to be proportional to [ROOH]. The kinetic plots in
Figure 4 unambiguously demonstrate first-order kinetics for
ROOH. To avoid inhibition by coordination of the alcohol
product to the cobalt species (see above), the reaction was
monitored only until [ROOH](r)/[ROOH](0)~0.5 (i.e., ini-
tial kinetics). As an example, the pseudo-first-order rate
constant k'=—dIn {{[ROOH](¢)/[ROOH](0)}/d¢ at 343 K with
50 um [Co(acac),] equals 2.0x 107> s~'. Note that the absence
of an induction period indicates that the species initially
present are immediately active in the catalytic deperoxida-
tion. Fast and irreversible catalyst deactivation can be ex-
cluded in the studied conversion range because the pseudo-
first-order rate constants do not change as a function of
time, that is, the slope of the plot of
In{[ROOH](¢)/[ROOH](0)} versus time does not show any
measurable decrease.

Insight from quantum chemistry: To gain more insight into
the deperoxidation cycle, the potential-energy surfaces of re-
actions (1) and (2) were computationally characterized. It
has to be emphasized that both reactions are very compli-

Chem. Eur. J. 2010, 16, 13226 -13235
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Figure 4. a) First-order and b) second-order kinetic plots of the deperoxi-
dation of ROOH by 50 um [Co(acac),] at 343 K; [ROOH](0)=10.0 mm.
Determination of the pseudo-first-order rate constant k'=-—dln
{[ROOH](£)/[ROOH](0)}/dt=2.0x10">s7".

cated from a computational point of view. Indeed, reliable
calculations on transition-metal ions are very demanding,
and the best approaches (such as full configuration interac-
tion) are beyond our present computational resources for
species of this size. A fairly reliable method, still feasible for
the systems in hand, is the use of single-point UCCSD(T)®!
calculations on a preoptimized geometry. However, these
calculations are still very demanding and cannot be applied
to compute the energy of the involved transition states of
reactions (1) and (2), which contain over 20 heavy atoms
(i.e., C, O, and Co). Therefore, to decrease the computation-
al efforts but still describe the active cobalt site appropriate-
ly, cobalt species in which the methyl groups in the acetyla-
cetonate ligands were substituted by H atoms were used in
combination with CH;OOH, a smaller model hydroperox-
ide. In these preliminary calculations, it has moreover been
assumed that the cobalt species are present as monomers
without additional ligands (see above). The structure of the
UB3LYP/LANL2DZ-optimized transition states is shown in
Scheme 1 (Cartesian coordinates can be found in the Sup-
porting Information).

These predictions suggest that reaction (1) is slightly
slower than reaction (2), thus meaning that [Co™]>[Co™~
OH]. This behavior could perhaps explain the initially ob-
served spectral shift in the [Co(acac),] spectrum upon the

CH
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Scheme 1. Structure of the transition states of reactions (1) and (2), as
predicted by UB3LYP/LANL2DZ for CH;OOH (the methyl groups in
the acac ligands were substituted by H atoms; distances are given in A).
The unscaled imaginary frequencies equal 1313, and 1355#*cm ™!, respec-
tively.
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addition of ROOH. Indeed, despite the weaker interaction
of ROOH with [Co(acac),] than ROH (see above), the addi-
tion of ROOH affects the [Co(acac),] spectrum already at
much lower concentrations. It is therefore possible that the
initial spectroscopic changes observed after the addition of
ROOH to [Co(acac),] in solution is only partially due to the
coordination of ROOH to the Co" ion but mainly to the es-
tablishment of a quasi-steady-state concentration of Co"'—
OH.

Although the substitution of H atoms for methyl groups
seems justified in a first approximation, one should empha-
size that the activation energy predicted with this model
system (i.e., 19.9 kcalmol ™) is probably a significant overes-
timation. Indeed, at the same level of theory (i.e.,
UCCSD(T)/LANL2DZ//UB3LYP/LANL2DZ), the energy
of the reaction for the full acetylacetonate ligand system
(i.e., with the methyl groups) was calculated to be
—6.35 kcalmol ™, that is, 12 kcalmol ™! more exothermic than
predicted with the smaller model in Table 1. Based on the

Table 1. Relative energies (ZPE corrected) of stationary points along the
reaction coordinate of reactions (1) and (2) at the UCCSD(T)/
LANL2DZ//UB3LYP/LANL2DZ level of theory.!

Relative energies!

[ kcalmol ]
Co"+ROOH 0.0
TS, 19.9
Co'"-OH+RO’ 5.8
Co""-OH+ROOH 0.0
TS, 12.8¢
Co"-OH,+ROO" —15.3
Co"+H,0+ROO —14

[a] Calculations are based on the lowest spin states of [Co(acac),] and
[Co(acac),|-OH, namely, quartet and triplet, respectively. [b] Methyl
groups in the acac ligands have been substituted by H atoms. [c] Note
that in this calculation it was assumed that ROOH does not interact with
the cobalt ion. Such an interaction actually decreases the barrier, howev-
er, it also increases the entropy of activation due to a more rigid transi-
tion state. Such effects are currently under investigation.

correlation between the energy barrier and the energy of re-
action (i.e., the Hammond principle or Evans—Polanyi corre-
lations), the barrier of the rate-determining reaction (1) can
be estimated to be 1543 kcalmol . It should however be
emphasized that a more-thorough computational study of
the reaction-phase space is needed to understand the rich
coordination chemistry of the cobalt ions during their cata-
lytic cycle better. Such a study is however beyond the scope
of this report.

Kinetic quantification at 323-343 K: A number of measure-
ments of the rate of ROOH removal was carried out at vari-
ous concentrations of the [Co(acac),] catalyst at three differ-
ent temperatures (i.e., 323, 333, and 343 K; Figure 5). This
plot demonstrates the first-order kinetics in the concentra-
tion of [Co(acac),]. The experiments were limited to 323-
343 K because ROOH dimers could become important at
lower T values, whereas the reaction becomes too fast for
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Figure 5. Pseudo-first-order rate constant for the deperoxidation of
ROOH k’'=—dIn{[ROOH](¢)/[ROOH](0)}/dt as a function of the [Co-
(acac),] catalyst concentration at different temperatures: a) 323, b) 333,
and c) 343 K. The insert shows the Arrhenius plot of the apparent overall
bimolecular rate coefficient k(7).

accurate monitoring with the applied setup at higher 7 val-
ues. However, this narrow T range is compensated by the
precision of the data. The apparent overall bimolecular rate
coefficient k(7) was obtained from the plots of k'=—dIn
{{[ROOH](¢)/[ROOH](0)}/dt versus [Co(acac),]. An Arrhe-
nius plot of Ink(7) versus 1/T is inserted in Figure 5; the
data can be fitted with excellent precision by the Arrhenius
expression k(T)=1.2x10"xexp (—13 kcalmol /RT) m 's™".

Although the measured Arrhenius activation energy of
13 kcalmol™' is in fair agreement with the predicted barrier
of the rate-determining step (i.e., 15+3 kcalmol ™), the Ar-
rhenius frequency factor (i.e., Apm=12x10"M"'s™") is
strikingly large. This outcome seems to indicate that the ex-
perimental findings are irreconcilable with the Haber—Weiss
mechanism as the sole sink of ROOH, even allowing for the
consumption of two additional ROOH molecules by the fast
subsequent reactions (1) and (5) (see below). One must
indeed conclude that the observed deperoxidation rate is ap-
proximately one order of magnitude higher than expected
for a pure Haber—Weiss mechanism. The most probable ra-
tionalization is a chain mechanism initiated by the Haber—
Weiss cycle.

Reaction mechanism: Rationalization of the experimental
observations start by examination of the fate of the alkoxyl
radicals produced in reaction (1). Radical RO’ can either
react with the cyclohexane solvent [reaction (4)] or with the
hydroperoxide [reaction (5)].

RO + CyH — ROH + Cy' (4)
RO’ + ROOH — ROH + ROO* (5)

The rate of reaction (4) was measured at 253-302 K;P
slight extrapolation predicts k,(333 K) to be as large as
(1.5£0.5)x10° m's™*. However, reactions of the type X'+
ROO-H—X-H+ROO' are also known to be surprisingly
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fast.”! Calculations at the UB3LYP/6-311++ G(df,pd)/
UB3LYP/6-31G(d,p) level, which are known to predict
quantitatively reliable barriers for H-transfer reactions,”
demonstrate that reaction (5) proceeds via a transition state
(TS) that is located 2.95 kcalmol ™! below the level of the re-
actants (a so-called submerged TS) due to the formation of
strong pre- and post-reactive H-bonded complexes. The rate
constant of reaction (5) predicted by TS theory (TST)
would therefore be approximately 3x10'°m~'s™, given the
average pre-exponential rate constant for H-transfer reac-
tions of 3x10° m~'s L. This estimation of ks is one order of
magnitude larger than the normal diffusion-controlled rate
constant. Therefore, one has to estimate the precise rate at
which the RO’ radical and ROOH diffuse towards each
other, rather than using this TST value. Based on the long-
range ROOH:--OR dipole—dipole interaction and by adopt-
ing as a “reactive distance”—the separation of the reactants
at which the interaction energy equals kz7—the diffusion-
limited rate constant ks(333 K) can be estimated to be 2x
10" m~'s~1.%) This rate is significantly faster than diffusion-
controlled reactions between nonpolar reactants in aqueous
solutions (i.e., usually ~3x10°m's™) but only slightly
faster than, for example, the measured recombination of
iodine atoms in hexane (i.e., 1.3x10" m~'s™),” in which no
long-range interactions are at play. The known or estimated
rate constants of reactions (4) and (5) imply that under the
experimental conditions (i.e., [CyH]=9.5M and initial
[ROOH]=10"*m) the majority of the RO" radicals react
rapidly (within ~3 ns) with ROOH to form ROO" radicals
and ROH. This conclusion is in line with Visser and co-
workers, who studied the consumption of tert-butylhydroper-
oxide by tert-butoxyl radicals generated by the thermal dis-
sociation of di-tert-butylperoxyoxalate at 318 K.

We will return to the fate of the 5-10% Cy’ radicals
formed in reaction (4). Furthermore, 3-scission of the tert-
butoxyl radical can be neglected in the experimental T
range.”?

Note that when reaction (4) is neglected (see above), the
rate-controlling reaction (1) and the two (fast) subsequent
reactions (2) and (5) can be combined into one overall cata-
lytic initiation reaction controlled by k; (i.e., Co"+ROOH-
(+2ROOH)—Co"+ROH+H,0+2R0O0"), with the rate
of chain initiation (i.e., R;,;;=k[Co"][ROOH]; as a single
chain involves two ROO" radicals; see below), but with the
rate of ROOH removal due to the initiation [Eq. (A)]:

(~d[ROOH]/dt);y, = 3K, [Co"J[ROOH] (A)
For ROO' radicals, two competing pathways are possible:

the self-reactions (6a) and (6b) and the H-abstraction reac-
tion with the solvent [reaction (7)].

ROO" + ROO" — RO’ + RO’ + O, (6a)
ROO" + ROO" — ROOR + O, (6b)
ROO’ + CyH — ROOH + Cy’ (7)

Chem. Eur. J. 2010, 16, 13226 -13235
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The self-reaction of tert-butylperoxyl radicals—as is the
case with all tertiary peroxyl radicals—produces mainly RO’
radicals, whereas termination to form ROOR is only a
minor channel, relative to the reactions of primary and sec-
ondary peroxyl radicals in which a-H atoms can be trans-
ferred.!! Indeed, for tertiary peroxyl radicals, termination
only occurs for a small fraction as a result of in-cage recom-
bination of the nascent RO" radicals prior to their diffusive
separation.””! The total rate constant for the mutual reaction
of two tert-butylperoxyl radicals in the gas phase is known
t0 be Kkqe(333K)=8x10*m"'s7 P!l In a noninteracting
liquid, TST predicts the bimolecular rate constants to be ap-
proximately three times larger due to smaller translation
partition functions of all the involved species in the liquid
phase.®? Therefore, a reasonable estimate of k(333 K) is
approximately 3x10° M~'s™!. This quantity is important be-
cause reaction (6a) becomes the rate-controlling propaga-
tion step in the overall mechanism of ROOH removal be-
cause each resulting RO’ radical rapidly attacks an ROOH
molecule through reaction (5). By attributing the observed
deperoxidation rate (i.e., 1.1x107°> Ms™" at 50 um [Co(acac),]
and 333 K; see above) mostly to the chain propagation (i.e.,
neglect the initiation as a sink for ROOH) and using the
value of ky,~k, (see above), [ROO’] can be estimated to be
approximately 4 x 10™°m. The competing ROO" sink, namely,
reaction (7), is characterized by the rate constant k,(333 K)
~3x1072m s B! Given the estimated [ROO] of approx-
imately 4 x10°° m, the rate of reaction (7) should be close to
1.2x107% ms™'. This value is approximately ten times smaller
than the observed deperoxidation rate (i.e., 1.1x107° ms™),
thus indicating that reaction (7) is only a minor sink for
ROO' radicals (approximately 10%). Therefore, the rate-
limiting propagation reaction (6a) can be, in a good approx-
imation, combined with two times the subsequent reaction
(5) into a single overall chain-propagation reaction (i.e.,
ROO'+ROO(+2ROOH)—2ROH+ 0,4+ 2R0O0O") with
chain-propagation rate (i.e., R, =ks[ROOT; a single
chain involving two ROO’ chain propagators), but giving an
rate of the ROOH removal by chain propagation (B):

(_d[ROOH]/dt)Prop =2 kéa[ROO.]z (B)

According to this proposed mechanism (Scheme 2), the
radical chain is not only propagated but also terminated by
two ROO’ radicals. Application of the radical quasi-steady-
state, that is, equating the rate of chain initiation Rj;=
k,[Co"][ROOH], to that of chain termination R ,=
ke, [ROOT? leads to the expression (C) for the total ROOH
removal rate: —d[ROOH]/dt = (—d[ROOH]/d¢);; +
(—d[ROOH]/d?) yr0p:

—d[ROOH]/dt = (3 + 2 kg, /kep) % ki x [Co"] x [ROOH]
(©)

Thus, according to this chain mechanism, the experimen-

tally observed rate coefficient k(7) above is in fact (3+
2 kg /ke,) x k. The chain length, defined as the ratio of the
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_

2 ROO® ROOR + 0,

Scheme 2. The radical-chain mechanism responsible for the Co"-induced
decomposition of ROOH.

chain-propagation and chain-termination rates, simply
equals kq./ke,. This ratio has been experimentally deter-
mined to be (7—10):1 for tert-butylperoxyl radicals in ben-
zene at 318 K.Y A chain length on the order of 10, thus
yielding k(T)~20x k;, appears reasonable, given that most
of the nascent RO’ radicals produced in the mutual reaction
of ROO" will diffuse away from each other rather than com-
bine. The temperature dependence of the kq,/kg, ratio is ex-
pected to be small as it is controlled by diffusion, thus
meaning that the experimentally observed activation energy
of 13 kcalmol ! is a reasonable estimate for the energy bar-
rier E, of reaction (1).

It is important to emphasize that Equation (C) correctly
predicts the observed reaction orders for both cobalt and
hydroperoxide. Many other mechanisms were considered,
but all of them had to be rejected because they could either
not explain the observed kinetics and/or the products ob-
served in post-reaction analysis with gas chromatography
(GO).

Under our conditions, the lifetime of ROOR is on the
order of several days, that is, much longer than the timescale
of the experiments. ROOR can thus be considered a true
termination product. Experimental quantification of this
compound, for example with GC, is very difficult given its
low concentration and low stability in the GC injector (its
lifetime at 473 K is only ~1 s).

Although the general picture is clear and consistent, we
have to return to the fate of the Cy" radicals formed in reac-
tions (4) and (7). Despite our precautions to avoid O, in the
system (by flushing the reactor with N,), the formation of
O, in situ cannot be avoided: about 0.50, is formed per
ROOH consumed through reaction (6). Given that only ap-
proximately 0.15-0.2 Cy" radicals are expected to be generat-
ed per ROOH molecule removed, all Cy" radicals will be
able to react with O,, thus yielding the CyOO" radical.
Indeed, with a diffusion-controlled rate constant of 3x
10° m~'s™!, the rate of Cy" loss, even at [O,] as low as 107> m,
will still be as high as 3x10*s™!, far higher than any other
Cy' radical reaction. Initially, at low ROOH conversions, the
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CyOO’ peroxyl radicals will react mainly with ROOH and
vice versa [reaction (8)]. This reaction is known to proceed
with a rate constant of approximately 10> m™'s™" at 303 K in
both directions.*”!

CyOO" + ROOH = CyOOH + ROO’ (8)

So, after a short time the two types of peroxyl radicals
will be in (pre-)equilibrium with [CyOO]<[ROO] given
that [ROOH]>[CyOOH]. Nevertheless, as the reaction
proceeds, both CyOO" and CyOOH will also start to react
with the ROO" radical and eventually also with cobalt, thus
yielding cyclohexanol and cyclohexanone. However, the ef-
fective rate of CyOOH loss remains rather low due to its
low concentration relative to ROOH, thus explaining why it
can be detected by using GC. Significantly, the total amount
of cyclohexane oxidation products observed with GC (i.e.,
+15% with respect to tert-butyl alcohol) is in good agree-
ment with the mechanism detailed above. This mechanism
therefore also explains why the yield of the industrial deper-
oxidation of cyclohexylhydroperoxide in cyclohexane ex-
ceeds 100 % as one co-oxidizes a fraction of the cyclohexane
solvent.

In summary, the mechanism shown in Scheme 2 is based
on well-characterized reactions (experimentally and/or com-
putationally) and can not only explain the observed reaction
rate and reaction orders but also the minor fraction of cyclo-
hexane oxidation products relative to the major product
tert-butyl alcohol

Mechanism at higher cobalt concentrations: Although we
seem to understand the chemistry at low cobalt concentra-
tions, we are still faced with the challenge of rationalizing
the very sudden decrease of the deperoxidation rate ob-
served once [Co(acac),] > 100 um (Figure 6).

Inhibition at higher cobalt concentrations has been known
for a long time and was often ascribed to the high oxidizing
power of ROO" radicals, assumed to form a stable complex
with the Co" catalyst:["

1.6x10°

1.2x10° %

8.0x10° »

Rate (M s™)

4.0x10°

X

0.0

0 50 100 150 200 250 300
[Co(acac),] (UM)

Figure 6. The observed rate of the decomposition of ROOH as a function
of the total [Co(acac),] concentration; 7=333 K.
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Co" + ROO" = Co~OOR 9)

Therefore, excessive Co" ions would efficiently trap per-
oxyl radicals and hence interrupt the radical chain."*3 Al-
though similar complexes have been synthesized,*’ the sta-
bility of the [Co(acac),]"OOR complex is probably insuffi-
cient to cause an irreversible removal of ROO" radicals.
Indeed, although the complex is predicted to be stable for
19.7 kcalmol ™ at the UBP86/LANL2DZ level of theory, it
is unstable at the UB3LYP/LANL2DZ level of theory.
Given the opposite shortcomings of both consulted DFT
functionals (i.e., BBLYP and BP86), a moderate stability
should be concluded (i.e., between 0 and 20 kcalmol™).
This peroxyl-trapping mechanism can therefore only cause a
leveling of the overall rate at increasing cobalt concentra-
tions, but it cannot cause inhibition, that is, a net decrease
of the rate. Instead, one would approach a constant reaction
rate, independent of the total cobalt concentration. Note
that in case such a Co™-OOR complex would be infinitely
strong (i.e., even significantly stronger than predicted by
UBP86/LANL2DZ), the catalyst would be irreversibly deac-
tivated, which is in disagreement with the experimental ob-
servations (see above).

The sudden reversal of the dependence of the reaction
rate on the cobalt concentration from a linear increase up to
a value of [Co(acac),]<10™*M to an abrupt decrease once
[Co(acac),] >107* m is reached can only be explained by an
additional and more efficient termination mechanism with
the rate proportional to [Co]*? but independent of [ROO.
The latter condition is obvious: a dependence of the rate of
the additional, faster termination mechanism on [ROO’
would induce negative feedback because enhanced termina-
tion necessarily decreases [ROO’]. As already pointed out,
irreversible deactivation of the catalyst on the timescale of
our experiments can also be excluded because this behavior
would cause a decrease of the observed rate constant as a
function of time, which is not observed up to 50% conver-
sion. This outcome implies that the cobalt species responsi-
ble for the enhanced termination must somehow be in
steady state with the catalytically active cobalt species on
the timescale of the experiments.

A hypothetical inhibition mechanism that is in line with
the kinetic requirements above is now proposed. Its rate-
controlling step is the association of two Co™-OH species
to form a strong dimer presumably the bis(pu-hydroxo) com-
plex Co-(OH),-Co in which both cobalt species have an oc-
tahedral coordination [reaction (10) and Scheme 3].P® Note
that this proposition implies the assumption that the Co™-
OH species have a sufficient lifetime; that is, reaction (2) is
not controlled by diffusion.

Co™—OH + Co™~OH — Co-(OH),-Co (10)

The UB3LYP/LANL2DZ and UBP86/LANL2DZ stabili-
ties of this bis(u-hydroxo) complex equal 46.9 and 43.3 kcal
mol ™!, respectively. As a consequence, thermal dissociation
of this complex is very slow under the given conditions. Ac-
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Scheme 3. Proposed structure of the bis(p-hydroxo) dimer formed upon
the combination of two Co"'—OH species.

tually, the most likely fate of this complex is its reaction
with the chain-propagating ROO" radicals, present at a high
concentration. One possibility is, for example, that ROO*
radicals would abstract the H atoms of the bridging hydroxo
ligands [reactions (11) and (12)].

Co-(OH),-Co + ROO" — Co-(OH)(0)-Co + ROOH  (11)
Co-(OH)(0)-Co + ROO" — Co-(0,)-Co + ROOH  (12)

The resulting Co-(0,)-Co peroxo complex is likely to dis-
sociate spontaneously into two Co" ions plus molecular

oxygen,’”! driven by the bond strength in O, of
119 kcalmol
Co-(0,)-Co — 2Co'" + O, (13)

To regenerate the Co™ species on the timescale of the ex-
periments, the barriers of reactions (11) and (12) should be
smaller than 7 kcalmol™ given [ROO]~4x10"°M (see
above) and an estimated pre-exponential rate factor of ap-
proximately 10 m~'s™". At the UB3LYP/LANL2DZ level of
theory, the barrier of reaction (11) is predicted to be
12.2 kcalmol™'. However, this prediction is probably an
overestimation of the true barrier as a scan along the reac-
tion coordinate at the UBP86/LANL2DZ level of theory re-
mains energetically below the reactants level.

The sequence that consists of reactions (11) and (12) re-
moves two ROO" radicals, thus canceling the effect of the
fast initiation (i.e., Co"4+3ROOH—Co"+ROH+H,0+
2ROO0O). However, the rate of this additional chain-termina-
tion mechanism is kinetically independent of [ROO’] be-
cause its rate is solely controlled by the second-order Co™-
OH association reaction (10). Note that reaction (10) is in
direct competition with the chain-initiation reaction (2), that
is, first order in the concentration of [Co™—OH]. It is readi-
ly shown that under the assumptions made, the rate of radi-
cal chain propagation (—d[ROOH]/df),,,, will show a maxi-
mum as a function of the Co™-OH concentration, and the
peak rate will occur according to Equation (D):

k,[Co"][ROOH] = 2 k,[Co™ —OH][Co™~OH] (D)

Further experimental support for the proposed inhibition
mechanism was found in the study of the analogous, though
sterically hindered bis(2,2,6,6-tetramethyl-3,5-heptanediona-
to)cobalt(I) complex (Scheme 4). The UBP86/LANL2DZ
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Scheme 4. Structure of bis(acetylacetonato)cobalt(Il) (left) and the anal-
ogous, though sterically hindered, bis(2,2,6,6-tetramethyl-3,5-heptanedio-
nato)cobalt(II) species (right).

-computed stability of the analogous bis(p-hydroxo) com-
plex was 36.6 kcalmol ™, that is, only 6.7 kcalmol™ less than
for the [Co(acac),] system. Nevertheless, bis(2,2,6,6-tetra-
methyl-3,5-heptanedionato)cobalt(I) behaves totally differ-
ent in the deperoxidation of ROOH: irreversible catalyst
deactivation is observed. Indeed, the activity slows down to
zero after a few turnovers. This observation can readily be
explained by the above mechanism. The bridging hydroxyl
groups in the bis-(p-hydroxo) complex of bis(2,2,6,6-tetra-
methyl-3,5-heptanedionato)cobalt(II) are not accessible for
peroxyl radicals, thus meaning that the active form of the
catalyst cannot be regenerated. Every time two Co™OH
species combine, the active catalyst concentration decreases
irreversibly.

Although the proposed mechanism predicts the net de-
crease of the reaction rate and the observed first-order ki-
netics of ROOH, the observed changeover from an increase
to a decrease of the reaction rate as a function of the cobalt
concentration is more abrupt than solely predicted by this
mechanism. Probably there is a synergic effect of an increas-
ing fraction of the chain-propagating ROO" radicals that oxi-
dize Co" ions to Co™—OOR [reaction (9)]. Another effect
that likely decreases the deperoxidation rate at higher
cobalt concentrations further is the association of the [Co-
(acac),] species. Experimental evidence for the formation of
cobalt dimers can be found in the shift of the absorption
maximum in UV/Vis spectra to higher wavelengths at
higher cobalt concentrations (i.e., >75 um). At the UBP86/
LANL2DZ level of theory, the formation of such [{Co-
(acac),),] dimers is predicted to be favored by 6.6 kcalmol .
In these dimers, one Co center is surrounded by six oxygen
atoms from the acac ligands, whereas the other Co center is
surrounded by only five oxygen atoms, thus leaving one co-
ordination site available (see the Supporting Information).
Although it is likely that these cobalt dimers can still react
with ROOH and initiate the radical chain, dimerization
causes a decrease of the available active sites.

In summary, the Co™-OH species can probably either
cause first-order chain initiation upon reaction with ROOH
or second-order chain termination upon their mutual reac-
tion at increasing cobalt concentrations (Scheme 5). Which
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ROOR + O,
slow

2 ROO* chain-termination

&_}
2 Col'+ O, + 2 ROCH

Co-(OH),-Co

Scheme 5. Different termination mechanisms during the catalytic decom-
position of ROOH. Upper: normal mutual termination reaction between
two ROOQO' radicals; lower: termination catalyzed by Co dimers at high
catalyst concentrations.

of these two mechanisms dominates is determined by the
overall catalyst concentration.

Conclusion

Herein, the catalytic deperoxidation of tert-butylhydroper-
oxide with [Co(acac),] was studied by in situ UV/Vis spec-
troscopic analysis at 323-343 K. It is proposed that a Haber—
Weiss mechanism is responsible for the initiation of a radi-
cal-chain mechanism propagated by alkoxyl and peroxyl
radicals. The absence of an efficient termination channel in
the mutual reaction of tertiary peroxyl radicals results in a
chain length on the order of 10. The majority of the hydro-
peroxide radicals are therefore destroyed by propagation re-
actions rather than the Haber-Weiss cycle. At higher [Co-
(acac),] concentrations, strong inhibition of the radical chain
is observed, thus causing a net decrease of the deperoxida-
tion rate. This behavior is kinetically in line with a proposed
mutual termination reaction of the Co™—OH species at high
catalyst concentrations, thus leading to a stable bis(u-hy-
droxo) dimer. This complex is proposed to react exclusively
with chain-carrying peroxyl radicals, thus leading to a pro-
nounced reduction in the net deperoxidation rate. Although
this additional termination mechanism slows down the net
deperoxidation rate even in a drastic way, it does not cause
an irreversible deactivation because it regenerates the cata-
lytically active Co" species. It is our aim to further charac-
terize this reaction (both experimentally and computational-
ly) and to investigate the influence of the ligands and addi-
tives. Also the performance of heterogeneous catalytic sys-
tems will be compared and rationalized in the light of the
proposed mechanism.

Experimental Section

In the experimental setup, the light of a deuterium-halogen source was
guided by optical fibers to a magnetically stirred high-pressure reactor
(10 mL). The light was passed through the reactor (optical path length:
~1cm) through sapphire windows and guided to an Ocean Optics
USB2000 spectrometer through a second optical fiber. The integration
time of the CCD detector was set at 5 ms, thus averaging out 100 spectra
to improve the signal-to-noise ratio. A dark spectrum was recorded with
a closed light shutter, while reference spectra were recorded with only cy-
clohexane in the reactor. The reaction was initiated by adding a known
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quantity of a prediluted ROOH in cyclohexane (0.275m) to an N,-flushed
solution of [Co(acac),] in CyH (5 mL) in the reactor, after which the re-
action was monitored under an N, atmosphere. All the studied cobalt sol-
utions were obtained from the same mother solution (1.0 mm [Co(acac),]
in cyclohexane) through dilution with N,-flushed cyclohexane. Note that
the sapphire windows of the high-pressure reactor absorb light below A <
220 nm, thus deforming the far-UV range of the spectrum.

Quantum-chemical calculations were performed with the Gaussian03
softwarel®! at the indicated level of theory. The reported relative energies
of the stationary points on the potential-energy surfaces (ie., energy bar-
riers E, and reaction energies AE) were corrected for ZPE differences.
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