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ABSTRACT: We present a computational study on the reaction
mechanisms for thermal alcohol oxidation at Co-oxo cubane
[Co4O4] complexes in acetonitrile solution, using hybrid DFT in
combination with DCOSMO-RS. These complexes serve as
molecularly well-defined models for the interfacial reactivity of
extended Co oxide surfaces. A key focus is placed on comparing
different possible reaction pathways to obtain a detailed mechanistic
picture. To this end, the alcohols iso-propanol and benzyl alcohol,
together with the oxidants O2, H2O2, and tert-butyl hydroperoxide,
are selected as model systems. Clear mechanistic differences are
observed between oxidation with O2 and the hydroperoxides
(ROOH). For ROOH, two catalytic cycles are identified: one for
ROOH decomposition, generating ROO•, and one for alcohol oxidation, consuming ROO•. In contrast, for O2, no efficient
activation via homolytic pathways with reasonable energy barriers is found, suggesting that alcohol oxidation with O2 may
additionally involve radical chain processes. Overall, the calculations indicate a strong preference for homolytic over heterolytic
pathways. For the cobalt atoms, we find that oxidation states higher than IV do not appear to play a significant role.

■ INTRODUCTION
Liquid-phase oxidation has emerged as a highly relevant area in
industrial chemistry for the production of fine chemicals under
mild conditions.1,2 To improve sustainability and reduce
production costs, so-called green oxidants such as molecular
oxygen (O2), hydrogen peroxide (H2O2), and tert-butyl
hydroperoxide (TBHP) are preferred over costly and toxic
inorganic oxidants that generate environmentally problematic
waste (e.g., containing Mn or Cr).3 Moreover, the develop-
ment of cost-efficient catalysts tailored to these liquid-phase
oxidations is essential, where oxides of the earth-abundant
transition metals iron or cobalt are promising.4 Among cobalt-
based materials, perovskites (e.g., LaCo1−xFexO3) and spinels
(e.g., Co3−xFexO4) have attracted considerable attention, as
they are widely used as catalysts in the selective thermal
oxidation of alcohols,5−11 as well as olefin epoxidation
reactions.12−16 While these materials are inexpensive and
readily available, they often exhibit low activity in their pristine
form without further modifications.17 Enhancing their catalytic
performance through rational design remains a key chal-
lenge,18,19 which requires a detailed mechanistic understanding
of their reactivity.
Despite numerous studies on the use of transition metal

oxides (TMOs) as oxidation catalysts, mechanistic insight
often remains elusive because important intermediates are
transient, which complicates their spectroscopic character-
ization and assignment. Most mechanistic studies are restricted
to conversion, yield, selectivity, and apparent reaction kinetics,

while only limited information on the individual elementary
steps and intermediates is available. In particular, the
identification of the active species, especially the oxidation
states of the metal centers, is of central importance. A notable
counterexample that provides detailed mechanistic insight is
the recent study by Hareendran et al. on the oxidation of
cyclohexane with O2 over LaCo1−xFexO3 perovskites.

20 In a
comprehensive approach combining kinetic experiments, EPR
spectroscopy, surface characterization, and theory, the
oxidative role of CoIII and its involvement in the decom-
position of a hydroperoxide intermediate via a Haber-Weiss
cycle were elucidated.
In the context of liquid-phase alcohol oxidation, iso-propanol

(i-PrOH), benzyl alcohol (BnOH), and cinnamyl alcohol
(CnOH) in combination with O2, H2O2, and TBHP are
commonly employed as model systems to investigate reaction
mechanisms.9−11,16,21 Most studies, however, are limited to
identifying general trends. For example, the oxidation of
CnOH with TBHP over LaCo1−xFexO3 involves reactive
oxygen species (ROS) in solution, along with an induction
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period associated with TBHP decomposition and ROS
formation.10 For the oxidation of i-PrOH with O2 over
Co3−xFexO4, ensembles of Co3+ have been identified as the
active species.9 In the case of BnOH, styrene, and CnOH
oxidation, Fe doping significantly affects the activity of
Co3−xFexO4, with distinct differences between the oxidants
O2 and TBHP.

11 In addition, both uncatalyzed and (transition-
metal) catalyzed thermal decomposition of TBHP have been
extensively investigated.22−27 These studies indicate that spin-
state changes are important for reactions with O2, which has a
triplet ground state, whereas for reactions with TBHP, partial
decomposition of the latter is rate-determining.
To obtain more detailed mechanistic information, molecular

model systems like Co-oxo heterocubane complexes
([Co4O4]) provide a promising approach, as they are
accessible to spectroscopic and analytical techniques that are
not readily applicable to nanoparticle surfaces. However, this
advantage comes at the trade-off that such systems are similar
to low-nuclear inorganic compounds and, thus, the trans-
ferability of insights to extended materials must be carefully
assessed. The complex [Co4O4(OAc)2(bpy)2] (OAc: acetate;
bpy: bipyridine), first isolated by Dimitrou et al.,28 resembles a
structural fragment of Co3O4 featuring CoIII centers in
octahedral coordination (cf. Figure 1). As such, these
complexes occupy a unique position between extended
TMOs and small mono- or dinuclear transition metal
complexes.

Co O4
III

4
4[ ] + has been extensively studied as a catalyst for

oxygen evolution in electrochemical water oxidation, e.g., by
the groups of Tilley29−31 and Nocera,32−34 as reviewed
recently in ref 35. Under these electrochemical conditions,
the singly Co Co O3

III IV
4

5[ ] + and doubly oxidized species,
formally Co Co O2

III
2
IV

4
6[ ] + or Co Co O3

III V
4

6[ ] +, have been

identified.32−34 Via a modification of the original procedure
by Beattie et al.,36 Chakrabarty and Das developed a more
controlled synthetic route to Co O (O CR) (L)4

III
4 2 4 4[ ], providing

facile access to derivatives that differ in the carboxylate
(O2CR) and pyridine (L) ligands.

37,38 The same authors also
investigated the use of these complexes in thermal catalysis for
liquid-phase oxidation of organic substrates, including the
systems α-pinene/O2,

37,39,40 styrene/TBHP,41 ethylbenzene/
O2 and p-xylene/O2,

38,40,42 benzylic and secondary alcohols
with TBHP,43,44 and diphenylmethane with TBHP, H2O2, and
NaOCl.41 Despite these numerous studies, only limited
mechanistic information�largely restricted to speculations
based on simple control experiments�is available.
Until recently, only two studies have investigated the

reaction mechanisms of oxidation reactions catalyzed by
[Co4O4], of which only one considered alcohol oxidation.

45,46

Lee et al. investigated olefin oxidation with meta-chloroperox-
ybenzoic acid at a related Co (OH)4

II
4

4[ ] + catalyst, which is
assumed to be initially oxidized to Co O4

III
4

4[ ] +.45 They
observed a competition between homolytic and heterolytic
pathways in the decomposition of a central (per)oxyl
intermediate that determines the product distribution:
heterolysis involving a CoV species leads to epoxidation
(80%), whereas homolysis involving a CoIV species results in
allylic oxidation (20%). For other lower-nuclear complexes
(e.g., mononuclear CrVIO3 and CuII or a heterobimetallic Co−
Al complex),47−49 it has been shown that the oxidation of
benzyl alcohol with TBHP proceeds heterolytically, involving
higher oxidation states via metal-oxo pathways, rather than
peroxyl metal pathways. Gutieŕrez-Tarriño et al. studied
cyclohexane oxidation with O2 and found a radical chain
mechanism with cyclohexyl hydroperoxide (CHHP) as a key
intermediate.46 The catalyst plays in this case a dual role,
assisting both in the activation of O2 and in the decomposition
of CHHP. Similar effects regarding hydroperoxide decom-
position have been observed for CHHP at LaCo1−xFexO3
perovskite materials by Hareendran et al.,20,50,51 and for
cyclohexenyl hydroperoxide involved in cyclohexene oxidation
at related transition metal oxides by Büker et al.12−16

Recently, some of us provided computational evidence for
t h e a s s i g nmen t o f c h a r a c t e r i s t i c f e a t u r e s o f
Co O (O CR) (py)4

III
4 2 4 4[ ] (py: pyridine) with R = Me (1), Et

(2), and i-Pr (3) in IR and UV/vis spectroscopy.52 Moreover,
in a collaboration combining kinetic analysis, EPR character-
ization, and theory, the oxidation mechanisms of i-PrOH,
BnOH, and CnOH with O2, H2O2, and TBHP at complexes 1
and 2 as catalysts were investigated.53 For the oxidations with
hydroperoxide (ROOH) oxidants, it was proposed that two
interrelated catalytic cycles are at play: (1) A Haber-Weiss
activation of ROOH involving homolytic bond cleavages and a
CoII intermediate, generating alkyl oxyl (RO•) and alkyl
peroxyl (ROO•) radicals; (2) Stepwise oxidation of the alcohol
by ROO• in a homolytic mechanism, close to that found by
Frija et al. at mononuclear CuII and CoII catalysts.54,55

However, no insight into how the electronic structure of the
catalyst affects the stability and reactivity of key intermediates
nor information on the reaction mechanisms for O2 activation
or on alcohol oxidation with O2 have been provided.
Moreover, a comparison to other possible reaction pathways
has not been made. To address these gaps, the present work
provides a computational study on the mechanistic details of
alcohol oxidation at the [Co4O4] complex 1 (see Figure 1). A

Figure 1. Molecular structure of complex 1, Co O (OAc) (py)4
III

4 4 4[ ]
(Ac = OCCH3), used in this work. (a−b) Orientations with either the
Py (a) or OAc (b) ligands pointing upward and the [Co4O4] core and
nearest coordination partners highlighted. (c−d) Corresponding
representations for the upper [Co2O2] facet in which the lower
facet and remaining ligands are omitted for clarity.
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key focus is placed on the comparison of different possible
reaction pathways and on the electronic structure of the
involved intermediates. We address key questions regarding (i)
ligand substitution (acetate vs pyridine), (ii) the reaction site
(in solution vs at the catalyst), (iii) the oxidation states, and
(iv) the nature of bond breaking (homolytic vs heterolytic).
Thereby, we elucidate the electronic structure and the
energetic and kinetic reasons behind the role of the catalyst
and for the differences in reactivity observed for O2, H2O2, and
TBHP as oxidants.

■ COMPUTATIONAL DETAILS

General Information
All DFT calculations were done with the TURBOMOLE
program package version 7.9,56,57 employing the resolution-of-
the-identity approximation for the Coulomb potential (RI-J).
Structures were optimized in solution using DFT (modules
ridft and rdgrad)58−60 with the PBE061−63 functional, the def2-
TZVP basis sets58,64 and the standard TURBOMOLE
numerical integration grid (gridsize 4), as defined by Treutler
and Ahlrichs,59 combined with the conductor-like screening

model (COSMO)65,66 as an implicit solvent model. COSMO
was used with settings for acetonitrile (relative dielectric
constant ϵr = 37.5), the Gaussian charge model,

67 and default
settings for the cavity construction. The augmented Roothaan-
Hall method was used for the MO optimization.68 Default
convergence thresholds were used for the MOs (SCF energy
convergence: 10−7; density matrix convergence: 10−6) and
during the structure optimization (energy convergence: 10−6;
Cartesian gradient convergence: 10−3). All molecular struc-
tures together with their DFT energies are available in a data
publication on Zenodo.69 Energy diagrams were plotted with
help of the Python application mechaSVG.70

Unrestricted Kohn−Sham (UKS) calculations were used for
all open-shell species. Organic radical species with a single
unpaired electron were calculated with MS = 1/2 for a doublet
(S = 1/2) configuration in UKS. For closed-shell structures
involving Co O4

III
4

4[ ] +, we exploited the known closed-shell low-
spin (S = 0) configuration of CoIII in these complexes.36,44

Complexes involving other Co oxidation states (cf. Figure
2(a)) were assumed to have high-spin configurations for CoII
and low-spin configurations for CoIV and CoV, in line with the

Figure 2. Electronic configurations of Co (a) and spin densities of relevant radical species (b−j) in this study.
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literature on Co Co O3
III V

4
6[ ] + (S = 1)29 and Co Co O3

III IV
4

5[ ] + (S
= 1/2).32 The validity of the high-spin assumption for
Co Co OII

3
III

4
3[ ] + has been confirmed by EPR spectroscopy.53

The possibility for spin changes during the chemical reactions
was accounted for by investigating multiple spin states where
meaningful. Unless stated explicitly, the reaction mechanisms
are based on pathways with lowest barriers. All calculations
were carefully checked for spin contamination based on the
⟨S2⟩ expectation values (see Table S1). Information on the
oxidation states of the relevant atoms (particularly Co) was
determined based on analysis of the intrinsic bond orbitals
(IBOs)71 and the UKS spin density (contour values of ± 0.01
au used in the plots). For reference, the spin density of the
most relevant organic radicals are shown in Figure 2(b−j). In
the following, we use for spin states the short hand notation S
(S = 0), D (S = 1/2), T (S = 1), and Q (S = 3/2). Higher spin
states are denoted by specifying the value of S.
Total Energies

Harmonic frequencies were calculated at the COSMO−DFT/
PBE0/def2-TZVP level using analytic Hessians (with the
aoforce module)72 and used in the calculation of zero-point
vibrational energy (ZPVE) corrections to the electronic
energies. Structure optimizations and frequency calculations
included the contributions from the derivatives of integration
weights. Final electronic energies were calculated at the
COSMO−DFT/PBE0/def2-TZVP geometries with the direct
COSMO-RS (DCOSMO-RS)73,74 method, i.e., a self-consis-
tent implementation of COSMO-RS (COSMO for real
solvents)66,75 that goes beyond the pure electrostatic picture,
using settings for acetonitrile (ϵr = 37.5) as the solvent from
the experiments in ref 53. The COSMO-RS σ potential of
acetonitrile needed for the DCOSMO-RS calculations was
taken from the TURBOMOLE version 7.9 release and had
been derived with the COSMOtherm program using the
BP_TZVP_C21_0111 parametrization at 25 ◦C and infinite
dilution of the solute.76

The effect of DCOSMO-RS on the structures is small and
was therefore neglected (cf. Table S2). DCOSMO-RS energies
used here do neither include outlying charge corrections nor
the combinatorial contribution of the solute. Unless stated
otherwise, all reported reaction and activation energies were
computed as the sum of the DCOSMO-RS electronic energies
and the COSMO−DFT/PBE0/def2-TZVP ZPVEs. As an
alternative to PBE0, single-point electronic energies were also
calculated at the existing geometries using the long-range
separated functional LC-wPBE77 combined with DCOSMO-
RS. The corresponding ZPVE-corrected LC-wPBE results are
given in Tables S3−S23 for all reaction paths discussed in the
main text. No qualitative differences between PBE0 and LC-
wPBE were observed, neither in the energies, nor regarding
spin contamination (cf. Table S1).

Free Energies
For a better comparison with the experimental kinetic studies
in ref 53., Helmholtz free reaction and activation energies

A U T S= (1)

were additionally calculated. ΔU are the ZPVE-corrected
DCOSMO-RS-DFT/def2-TZVP energies described above for
either PBE0 or LC-wPBE. The entropic contributions (ΔS)
were calculated using the rigid-rotor−harmonic-oscillator
model at temperature T and pressure p (using freeh) based
on the harmonic frequencies calculated at the COSMO−DFT/
PBE0/def2-TZVP level. In accordance with the experiments,
three conditions (T, p) were selected:

• 25 ◦C, 1 bar: Standard conditions
• 82 ◦C, 1 bar: Experimental conditions for H2O2 and
TBHP

• 150 ◦C, 10 bar: Experimental condition for O2

Free energies of solvation were not explicitly taken into
account since all quantities already refer to the results in
(implicit) solution.

■ RESULTS AND DISCUSSION

O2 Activation
The initial steps of a possible activation of O2 at the [Co4O4]
complex (see Figures 3 and S24 and Table 1) involve O2
binding to the complex, which requires free coordination sites
at the Co centers. Different pathways leading to complexes
with either two pyridine ligands removed (a), two acetate
ligands reduced in hapticity from η2 to η1 (b), or one acetate

Figure 3. Reaction scheme for the activation of O2 at [Co4O4] (cf. energies in Table 1) [L = Py (a), η1-OAc (b), η2-OAc (c)].

Table 1. Reaction Energies and Barriers (In Parentheses)
(In kJ/mol) for the Activation of O2 (Steps According to
Figure 3)

Step Description Energy

A1 End-on binding of O2via
A1a Elimination of one Py 67.6
A1b Hapticity reduction (η2 → η1) of one AcO− 71.4
A2 Conversion into side-on binding via
A2a Elimination of another Py 178.9a

A2b Hapticity reduction (η2 → η1) of another AcO− 125.5
A2c Elimination of η1-OAc− 145.6
A3 O−O Dissociation at
A3a [(η2-OAc)4(py)2(O2)] 148.6a (212.7)
A3b [(η2-OAc)2(η1-OAc)2(py)4(O2)] 216.1a (204.0)
A3c [(η2-OAc)3(py)4(O2)] 191.0 (210.1)
A4 ISC (Triplet → Quintet) in
A4a [(η2-OAc)4(py)2(μ1-O)2] −24.4
A4b [(η2-OAc)2(η1-OAc)2(py)4(μ1-O)2] −26.2a

A4c [(η2-OAc)3(py)4(μ1-O)2] −22.2

aEstimate based on constraint structures.
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ligand removed (c) are compared. Whereas the energy
required for removal of the first pyridine (Py) is essentially
identical to that for reduction of the hapticity of an acetate
(OAc) ligand (ca. 70 kJ/mol), removal of a second Py does
not yield a stable intermediate (3a) on the PBE0/def2-TZVP
triplet surface, only on the surface for the smaller def2-SVP
basis set. Instead, on the def2-TZVP triplet surface, the μ2-O2
in structure 3a changes into μ1-O2, leaving one coordination
site at Co open. The estimated def2-TZVP energy at the
constraint structures for substitution of a second Py is
significantly higher than for the first one, and higher than for
further changes on the acetate ligands. Because of charge
separation, elimination of the monodentate acetate (3c) is
slightly disfavored compared to reduction in hapticity of
another bidentate acetate (3b).
Minima for intermediates with a dissociated O−O bond

were found on the PBE0/def2-TZVP triplet and quintet
potential energy surfaces for complexes with either two Py
ligands (4a) or one OAc ligand removed (4c). Structure 4b
was identified as a minimum only at the PBE0/def2-SVP level.
As above, upper limits for the reaction energies were estimated
by def2-TZVP single-point energies at def2-SVP geometries.
The results indicate that formation of these structures would
require to overcome an overall activation energy of
approximately 400 kJ/mol. Following O−O bond dissociation,
an intersystem crossing (ISC) from the triplet (S = 1) to the
quintet (S = 2) state may occur, lowering the energy by
approximately 20−25 kJ/mol. Details on the electronic
structure of the O2 complexes is given in the Supporting
Information (Figures S1−S13).
Owing to the high barriers and largely endothermic reaction

energies, the formation of the activated O2 complexes 3 and 4
is highly unlikely under thermal conditions. In particular, the
associated free energies under the experimental conditions
(150 ◦C, 10 bar) in ref 53. are even slightly larger (cf. Table
S3). Since the electronic structure of 2 is almost identical with
O2, that species is expected to be no more reactive than O2,
suffering from the same kinetic limitations. This is in line with
a lack of experimental observations regarding thermal O2
activation by [Co4O4]. Its reported participation under
(photo)electrochemical condit ions (water oxida-
tion),31,35,78−85 is assumed to involve higher-oxidized cobalt
species.29,30,32−34

ROOH Activation
O−O Dissociation. For ROOH activation, we first

consider a pathway with O−O bond dissociation of a single
ROOH molecule at the catalyst (Figures 4 and S25, Table 2).

This mechanism consists of ROOH addition (1), the O−O
homolysis (2), and radical elimination (3). We restrict the
discussion of the addition and substitution steps to the OAc
ligands due their similar energetic costs (cf. Table 1). Details
on the electronic structure of the intermediates are given in the
SI (Figures S26 and S15−S17). Three binding modes are
considered (cf. Figure 4): binding via the OH group (in
configuration; case a), via the RO group (out configuration;
case b), and side-on binding via both O atoms (case c).
Binding is more exothermic for H2O2 (−17.9 kJ/mol) than for
TBHP (−2.0 kJ/mol), due to stronger hydrogen bonding
(HB) to a nearby OAc ligand. For TBHP, where the in and out
configurations differ significantly, a clear preference for the in
configuration is observed. In contrast, the energetic cost of
side-on binding is similar for both oxidants.
The above results show for TBHP a clear preference for

pathway a (or for H2O2 the equivalent pathway b) up to the
formation of intermediate 8-OH. Due to high energetic costs
of additional ca. 84 kJ/mol for the elimination of HO•, needed
to close the catalytic cycle, the reaction scheme in Figure 4
alone cannot explain the catalytic peroxide decomposition. To
become energetically feasible, it has to be combined with

Figure 4. ROOH dissociation at [Co4O4] (cf. energies in Table 2) involving η2 → η1 hapticity reduction of a single (paths a and b; black) or two
separate (path c; gray) OAc ligands.

Table 2. Reaction Energies (In kJ/mol) for the ROOH
Activation via O−O Dissociation (Steps According to
Figure 4 and Plotted in Figure S25)

Step Description H2O2 (R = H) TBHP (R = t-Bu)

B1 ROOH addition
B1a In −17.9 −2.0
B1b Out −17.9 57.5
B1c Side-on 113.5 123.3
B2 O−O Homolysis into
B2a [(HO)] and RO• 119.1 69.5
B2b [(RO)] and HO• 119.1 110.7
B2c [(RO)(HO)] 32.2 26.3
B3 Elimination of
B3a HO• 84.2 84.2
B3b RO• 84.2 −16.4
B3c HO• and RO• 39.7 2.1
B1−B3 ROOH → HO• + RO• 185.5 151.7
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reactions that regenerate the CoIII center and eliminate HO as
HO− or H2O (vide inf ra).

Haber-Weiss Mechanism. Besides dissociation of the
peroxo bond, ROOH can also be decomposed via hydrogen
abstraction to form ROO• radicals. Combining this step with
the first part of the mechanism discussed above such that one
HO• radical remains bound to the catalyst until it has been
reduced to H2O, leads to a sequence of reactions commonly
referred to in the literature as Haber-Weiss mecha-
nism,20,50,51,53 known, for example, for Cu or Fe ions as
catalysts (e.g., in the seminal works of Fenton86 or Haber and
Weiss,87 as well as detailed studies by Barton22,23 and
Kochi.88−90) Key features of this mechanism (Figure 5)
include homolytic bond cleavages and the formation of CoII or
CoIV as (transient) intermediates, as previously reported for
[Co4O4] at a lower level of theory (restricted to pure
COSMO).53 The new results with DCOSMO-RS additionally
include an oxidative path that had been not explored and an
extensive consideration of the spin states Table 3.
After addition of ROOH to [Co4O4] (C1), intermediate 7-

in can follow two competing routes: (I) Oxidation of CoIII to
CoIV or (II) reduction of CoIII to CoII. Along the oxidative
route (I), 7-in undergoes O−O bond dissociation (C2b-i) to
form the (formal) CoIV species 8-OH, as mentioned above.
Next, 8-OH can abstract an H atom from another ROOH
molecule, yielding 14 and ROO•. Finally, the catalyst (1) is
regenerated by elimination of H2O (C9a) or 7-in by
substitution of H2O against ROOH (C9b). In the competing
reductive route (II), adduct 7-in first undergoes proton
transfer from the OH group of ROOH to a μ3-O atom of
the cubane core. Subsequent homolytic CoO bond cleavage
reduces one Co(III) center to Co(II) and releases an ROO•

radical. The electronic structure of intermediate 11 is assigned
to Co Co OII

3
III

4
3[ ] + based on IBO analysis (cmp. Figures S20

and S21). We assume that 11 is initially formed in the doublet
state (11-D), but can relax to the quartet ground state (11-Q)

via ISC (C4) (cf. Figure S27). This opens two possible
pathways, starting either in the doublet or in the quartet state.
In both cases, a second ROOH molecule is added (C5a/C5b),
followed by homolytic O−O bond cleavage (C6a/C6b), which
reoxidizes CoII to CoIII and releases an RO• radical. Along the
high-spin path, a triplet species (13-T) is formed, which must
relax to the singlet ground state (13-S) via a second ISC step
(C7). Finally, a proton transfer in 13-S (from the μ3−OH to
the RO− ligand) yields 14 which eliminates H2O and
regenerates the catalyst (1), thereby closing the catalytic cycle.

Figure 5. Haber-Weiss mechanism for the decomposition of ROOH with CoIII in red, CoIV in brown, and CoII in blue (energies given in Table 3).
Oxidative pathway in brown, reductive low-spin (LS) pathway in light blue, and reductive high-spin (HS) pathway in dark blue.

Table 3. Reaction Energies (In kJ/mol) for the ROOH
Activation via Haber-Weiss Decomposition (Steps
According to Figure 5, Energies Plotted Figure 6)

Step Description H2O2 TBHP

C1 ROOH addition −17.9 −2.0
C2b Oxidative Route
C2b-i O−O dissociation, elim. of RO• 119.1 69.5
C2b-ii HATa from ROOH, elim. of ROO• −66.5 −74.9
C9b Subst. of H2O against ROOH −8.8 7.1

Reductive Route
C3 Co−O homolysis (Co+III → Co+II) 79.6 44.7
C2a Proton transfer 17.2 27.8

High-spin (HS) Path
C4 ISC (D → Q) −52.2 −52.2
C5a ROOH addition −24.1 13.3
C6a O−O dissociation (Co+II → Co+III) 103.0 31.8
C7 ISC (T → S) −24.9 −24.9

Low-spin (LS) Path
C5b ROOH addition −15.7 8.9
C6b O−O dissociation (Co+II → Co+III) 17.5 −40.9
C8 Proton transfer −46.0 −46.0
C9a Elimination of H2O 9.1 9.1
C1−C9a 2 ROOH → RO• + ROO• + H2O 43.8 1.7

aHAT: Hydrogen Atom Transfer.
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The energies for the different pathways are shown in Figure
6. The reductive high-spin pathways via 11-Q (solid lines)
exhibit two effective barriers based on the energy span: one
associated with the first homolysis via steps C1−C3 (H2O2:
≈100 kJ/mol; TBHP: ≈80 kJ/mol), and a second associated
with the O−O bond cleavage in step 6 (H2O2: ≈110 kJ/mol;
TBHP: ≈45 kJ/mol). The low-spin pathway via 11-D (dotted
lines between 11-D, 12-D, and 13(S)) substantially lowers the
second barrier to approximately 10 kJ/mol for TBHP by
bypassing the ISC steps. For H2O2, this effect is less
pronounced, reducing the second barrier only to about 20−
40 kJ/mol. The reason for this qualitative difference is that the
elimination of HO• from the complex is endothermic while
the elimination of RO• is exothermic. The oxidative pathway
via 8-OH (darker colors and dashed lines in Figure 6) exhibits
a higher barrier (relative to the previous minimum) for H2O2
(ca. 120 kJ/mol) and is therefore unlikely to be relevant. For
TBHP, however, the barrier (≈70 kJ/mol) is comparable to
that of the reductive pathway (via 11) and should be
considered competitive. Overall, TBHP reveals the lowest
energy span for the path via 8-OH, closely followed by the
paths via 12-D/13-S and 12-Q/13-T. For H2O2, the path via
12-D/13-S is most feasible, followed by the paths via 8-OH
and 12-Q/13-T.
Reactions starting from the triplet state of the catalyst 1 were

also considered (Table S24 and Figure 6). The initial ISC from
the singlet into the triplet state requires approximately 40 kJ/
mol (with a vertical transition energy of ca. 75 kJ/mol). While
the Haber-Weiss mechanism is certainly feasible starting from
1-T, the reaction barriers remain unaltered, given that the same
highest-lying intermediates (i.e., 11-D and 8-OH) are
involved. Only if 1-T, once formed, remains for several
catalytic cycles in the triplet state and, thus, the ISC energy can
be considered a one-time initial energetic cost, the total
effective barriers are reduced: Both for the reductive route
(H2O2: ∼ 45 kJ/mol; TBHP: ∼ 55 kJ/mol) and even more so
for the oxidative route (H2O2: ∼ 75 kJ/mol; TBHP: ∼ 30 kJ/
mol).
The Haber-Weiss mechanism describes a net decomposition

of ROOH into RO• and ROO• according to

2ROOH ROO RO H O2+ +• • (2)

with barriers that are significantly lower than those for direct
dissociation of the peroxides into RO• and HO• radicals.
Overall, the Haber-Weiss mechanism therefore represents the
most plausible activation pathway. Furthermore, the results
highlight differences between H2O2 and TBHP: the latter is
more readily activated, as its conversion along the Haber-Weiss
pathway does not require the formation of free HO• radicals
and, thus, has an activation barrier that is ≈ 10 kJ/mol lower
than for H2O2. According to the Arrhenius equation

( )( )k Aexp E
RT

a= , that difference in activation energy (Ea)

translates into ratios of the corresponding rate constants (k) of
ca. 60 at room temperature (25 ◦C) and ca. 30 at the
experimental condition in ref 53. (82 ◦C), assuming identical
pre-exponential factors (A) for H2O2 and TBHP.
This difference in ease of activation (or tendency of radical

formation) between H2O2 and TBHP is in line with
experimental observations (see refs 16,27 and those cited
therein): (i) H2O2 typically requires slightly higher temper-
atures, leading to rapid self-decomposition (vide inf ra, cf. Table
4) and lower selectivity, whereas, TBHP performs oxidation at
milder conditions, providing higher selectivities; (ii) When
reacting with allylic alcohols, TBHP favors the formation of
allylic oxidation products, while H2O2 favors epoxidation
products.

Involvement of a Potential CoV Species. Motivated by
literature reports on the involvement of cobalt oxidation states
higher than + III in alcohol oxidation with TBHP29,32,48,49,91

and by the observations made above for O2 activation, we
investigated the potential involvement of a CoV-oxo (CoV=O)
species92 for the [Co4O4] complex in the presence of TBHP. A
possible path for the formation of a CoV species on the triplet
surface is shown in Figure 7(a). In a pathway deviating from
the main Haber-Weiss mechanism, the adduct 7-in could
undergo a proton transfer to the second O atom in t-BuOOH,
associated with a reaction energy of 51.5 kJ/mol. Elimination
of t-BuOH (−26.1 kJ/mol) then yields species 16 in its triplet
ground state, formally featuring a CoV=O center. However,

Figure 6. Energy diagram for the Haber-Weiss activation of H2O2 and TBHP for low-spin (LS) and high-spin (HS) paths (cf. Figure 5 and Table
3); Reductive pathways shown as full lines, oxidative pathways as dashed lines, for H2O2 as oxidant in blue (LS) and dark blue (HS) and for TBHP
as oxidant in red (LS) and dark red (HS).

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.6c03033
Inorg. Chem. XXXX, XXX, XXX−XXX

G

D
ow

nloaded from
 pubs.​acs.​org/​inocaj/​article-pdf/​doi/​10.​1021/​acs.​inorgchem

.​6c03033/​68283556/​acs.​inorgchem
.​6c03033.​pdf by R

U
H

R
 U

N
IVER

SITAET BO
C

H
U

M
 user on 03 Septem

ber 2026

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c03033/suppl_file/ic6c03033_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03033?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03033?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03033?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c03033?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


intermediate 15 lies energetically approximately 25−30 kJ/mol
above the highest intermediates along the Haber-Weiss
pathways discussed above (8-OH, 12-D, and 13-T). On the
singlet potential energy surface, the proton transfer step (C2c-
i) is even more endothermic (115 kJ/mol), and no minimum
could be located for intermediate 16.
The electronic structure of 16-T deserves special attention.

It is best represented as a resonance hybrid between (I) O
bound to CoIII, (II) O− bound to CoIV, and (III) O2− bound
to CoV, as illustrated schematically in Figure 7(a). Similarly
large spin densities at Co and O (Figure 7(b)) indicate a large
weight of resonance structure II since the spin density would
be exclusively localized at either O or CoV in I and III,
respectively. The IBOs (Figures S22−S23) suggest an
interpretation of the bonding as a strongly polarized σ bond
and half of a π bond between Co and O. Thus, a predominant
CoIV-oxyl (i.e., CoIV−O) character, instead of a genuine CoV-
oxo (i.e., CoV=O) is assigned to 16-T. In fact, the bonding in
16 resembles that of a single Co−O pair in structure 4
obtained after O2 dissociation at [Co4O4]4+ (cf. Figure S1 and
its discussion in the SI). This observation is consistent with the
so-called oxo wall, which states that cobalt oxidation states
above + III are generally unstable in an octahedral environ-
ment.93,94

Follow-Up Reactions. Once formed, the reactive RO•

(i.e., HO• or t-BuO•) radicals can undergo follow-up reactions
prior to alcohol oxidation (cf. Table 4). Most importantly, RO•

can react exothermically and nearly barrierlessly with ROOH
to form ROH and ROO• for both, R = H (rx. 1) and R = t-Bu
(rx. 3). Due to their higher stability, the ROO• radicals, in
particular t-BuOO•, are expected to have longer lifetimes,
which is why they are considered the key species responsible
for the alcohol oxidation. H2O2 is experimentally known to be
an inactive oxidant for alcohol (i-PrOH, BnOH, CnOH)

oxidations with [Co4O4],
53 consistent with efficient recombi-

nation of HOO• with HO• or HOO• via a barrierless H atom
transfer (HAT), leading to the formation of O2 and H2O (rx.
4) or H2O2 (rx. 6), respectively. In contrast, the analogous
reactions between RO• and ROO• with R ≠ H (e.g., rx. 5)
would involve attack at sp3-hybridized carbon atoms with
inversion, which is kinetically unfavorable for R = t-Bu due to a
very high barrier associated with the steric demands of the t-Bu
group. This explains the superior performance of TBHP
compared to H2O2.
Alcohol Oxidation with O2

Because of the high energetic costs associated with the
formation of side-on bound superoxide 3 and the Co-oxyl
intermediates 4 and 5, we consider for the alcohol oxidation
with O2 only pathways in which O2 is either weakly
coordinated to [Co4O4] or reacts as free O2 with the alcohol.

Bound-Species Mechanisms. We begin with a mecha-
nism in which both the alcohol (ROH) and the oxidant (O2)
coordinate to the catalyst (Figure 8, Table 5) with i-PrOH as a
representative alcohol. As before, acetate (OAc) is chosen for
ligand substitution. The first two steps involve the binding of i-
PrOH (D1) and O2 (D2a) via ligand substitution, accom-
panied by elimination of an OAc ligand. Together, these steps
are strongly endothermic (ca. 120 kJ/mol). From this point,
two pathways were identified:

• Proton-coupled electron transfer (PCET) from the
alcoholic O−H to the O−O moiety (D3a), followed
by a second PCET from the Cα−H bond (D4);

• Proton transfer from the alcohol OH to a cage oxygen
atom (D3b), followed by PCET from the Cα−H bond in
the coordinated alkoxide (D8), and a subsequent proton
transfer. [A sub-branch of this route, where acetone is
eliminated from 24 (competing with step D10a) is
discussed in the SI (Figure S29 and Table S26).]

Along pathway (a), the first PCET (D3a) is significantly
endothermic (126.3 kJ/mol), and associated with a higher
barrier. In contrast, the initial proton transfer step (D3b) along
pathway (b) is slightly endothermic (ca. 40 kJ/mol) and
expected to be nearly barrierless due to solvent mediation in
the protic environment. The subsequent PCET from the Cα−
H bond (D8) is strongly exothermic (−113.2 kJ/mol) with a
moderate barrier of ca. 50 kJ/mol.
The calculated barriers (Figure 9) do not indicate a clear

preference between the O−H and deprotonation pathways for
i-PrOH, based on barriers around 200 kJ/mol. In contrast, a
clear preference for the deprotonation over the O−H pathway
is seen for BnOH, with barriers of ca. 190 and 275 kJ/mol,
respectively. The order of the subsequent product substitution
steps (D5 and D6) does not significantly affect the kinetics of
the alcohol oxidation. Note that a difference of 50 kJ/mol in

Table 4. Reaction Energies and Barriers (In kJ/mol) for
Competing Radical Reactions

Reaction Description Energya

Reactions of RO• with HOOR
1 HO• + H2O2 → H2O + HOO• −141.7 (�)
2 HO• + t-BuOOH → H2O + t-BuOO• −150.0 (�)
3 tBuO• + t-BuOOH → t-BuOH + t-BuOO• −92.5 (20.8)

Reactions of RO• with ROO•

4 HO• + HOO• → H2O + O2 −261.1 (�)
5 tBuO• + t-BuOO• → t-Bu2O + O2 −136.5 (≫ 100)b

Reactions of ROO• with ROO•

6 HOO• + HOO• → H2O2 + O2 −119.5 (3.8)
aReaction barriers given in parentheses (if applicable). Barrierless
(�). bEstimate based on a constraint geometry obtained from the
optimized TS of the corresponding reaction with R = CH3 and
substitution of R with t-Bu.

Figure 7. Formation with resonance structures (a) and spin density in the triplet ground state (b) of intermediate 16 involving higher oxidation
states.
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Figure 8. Mechanisms involving bound species and mixed bound-and-free species for the oxidation of i-PrOH (R1 = R2 = CH3) and BnOH (R1 =
H, R2 = Ph) and O2 under formation of the ketone or aldehyde (energies and barriers given in Table 5); Colors: H atoms originating from the O−
H (red) and Cα−H (blue); Path a (purple), b (pink) and Frija mechanism (orange).

Table 5. Reaction Energies and Barriers (In Parentheses) (In kJ/mol) for the Oxidation of i-PrOh with O2 According to the
Scheme Shown in Figure 8

Step Description i-PrOH BnOH

D1 Alcohol (i-PrOH) addition 1.3 −8.3
D2a Substitution of AcO− against O2 119.2 126.8

O−H Pathway (a)
D3a PCET from O−H 36.5 (76.5) 113.7 (149.3)
D4 PCET from Cα−H −79.5 (2.0) −154.9 (34.0)
D5 ISC (T → S) −91.7 −55.7

Deprotonation Pathway (b)
D3b Deprotonation of OH and protonation of μ3-O 39.8 34.2
D8 PCET from Cα−H −152.5 (49.5) −129.3 (34.4)
D9 ISC (T → S) −30.0 −13.0
D10a Deprotonation of μ3−OH and protonation of ROO− 8.0 11.2
D10b Competing elimination of acetone under side-on binding of OOH 11.7 12.7

Release of products
D6 Substitution of f irst product against AcO−

D6a Aldehyde/Ketone −94.1 −119.9
D6b H2O2 17.9 17.9
D7 Substitution of second product against AcO−

D7a H2O2 −45.7 −83.0
D7b Aldehyde/Ketone −30.5 −19.0

Mixed Bound-and-Free-Species (Frija) Mechanism
D2b Proton transfer in 17 66.5 40.0
D11a HAT from Cα−H by O2 −61.3 (87.7) −23.9 (67.1)
D12 Aldehyde/ketone elimination in 26 −18.1 (22.4) −9.4 (31.0)
D13 Reoxidation of 11 by HOO• according to steps C4−C1 −78.9 −78.9
Total R1R2CHOH + O2 → R1R2CO + H2O2 −90.4 −80.4
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activation energy corresponds to a rate constant ratio of ∼ 1.5
× 106 at 150 ◦C, i.e., the temperature for the experiments with
O2 in ref 53.

Mixed Bound-And-Free-Species (Frija) Mechanism.
An alternative to the pathways described above, in which both
O2 and the alcohol are coordinated to [Co4O4], is a mixed
bound-and-free pathway, in which the alcohol is bound to the
catalyst while O2 reacts as a free species. This pathway is also
included in Figure 9 and will be referred to as Frija mechanism
in the following. It involves a proton transfer in adduct 17
(step D2b), followed by a PCET from the Cα−H bond to O2,
accompanied by reduction of one CoIII center to CoII (D11a),
similar to the Haber-Weiss mechanism. After product
elimination (D12) from intermediate 26, the reduced form
of the catalyst 11 is reoxidized by HOO•. The energy profile
indicates that this pathway is clearly preferred over
mechanisms in which both reactants are coordinated to the
catalyst: It exhibits significantly lower barriers of approximately
155 kJ/mol (i-PrOH) and 105 kJ/mol (BnOH). As for step
D3b in the bound deprotonation pathway, the transition state
for the HAT (step D11a) is 15−20 kJ/mol lower in energy for
the more reactive BnOH compared to the less reactive i-PrOH.

Radical Chain Mechanism. Denisov and Denisova
reported a radical chain mechanism involving the radicals
R1R2COH•, R1R2C(OH)OO•, and HOO• as intermediates for
liquid-phase alcohol oxidations with O2.

95 Based on their work,
a mechanism with the steps listed in Table 6 has been studied
(see Table S27 for further details). A possible initiation step
(I) could be the reaction of the alcohol with O2, where via
HAT from Cα−H would be preferred over HAT from O−H
due to a less endothermic reaction energy and lower barrier.
However, due to the high barrier, radicals that are more
reactive are most likely needed to initiate the radical chains.
Anyway, in the subsequent propagation steps, O2 and the

O2-derived HOO• radical are assumed to carry on the
oxidation reaction. H abstraction from Cα−H of an alcohol
by HOO• (P1) generates R1R2COH•, slightly endothermic for
i-PrOH and slightly exothermic for BnOH, with comparable
barriers of ca. 40 kJ/mol. This hydroxyalkyl radical can react
with O2 (P2) to the ketone in a second exothermic and
effectively barrierless HAT. In total, this mechanism also
describes a net reduction of O2 to H2O2.
Based on the mechanisms for alcohol oxidation with O2

discussed so far, it can be summarized that the direct reactions

between O2 and the alcohols are associated with relatively high
barriers, particularly for the initiation reactions. Here, we
consider a barrier of 200 kJ/mol as a threshold for thermally
accessible pathways with respect to the experimental
conditions in ref 53. (150 ◦C, 10 bar). However, O2 might
react very well with R1R2COH• and could thus potentially
support the oxidations with O2 or ROOH. In particular, the
barriers for the free-radical reactions are ca. 100 kJ/mol lower
compared to both the bound and mixed bound-and-free
mechanisms, resulting in a clear preference based on enormous
ratios of the corresponding rate constants (∼ 2.2 × 1012).
Experimentally, such reactions between O2 and organic radicals
in alcohol oxidations have been postulated and kinetically
modeled.95−97 Other experimental studies on liquid-phase
alcohol oxidations with O2 typically involve harsher conditions
(i.e., elevated temperature and pressure),9,11 as it was also the
case in ref 53. Moreover, for the related hydrocarbon
oxidations, radical-chain reactions with O2 are largely
established.13−16,20,50,51

Alcohol Oxidation with ROOH
As discussed above, ROOH activation via the Haber-Weiss
mechanism generates HOO• and ROO• as reactive species. In
the following, HOO• and t-BuOO• are considered to be the
radicals formed from H2O2 and TBHP, respectively. Results for

Figure 9. Energy diagram for the bound-species and mixed bound-and-free-species (Frija) reactions between i-PrOH (in blue) or BnOH (in red)
and O2 (cf. Figure 8 and Table 5).

Table 6. Reaction Energies and Barriers (In kJ/mol) for the
Alcohol Oxidations with O2 Based on a Radical Chain
Mechanisma

Step Reaction i-PrOH BnOH

Initiation
I R1R2CHOH + O2 → R1R2COH•

+ HOO•
143.6 (�) 98.3 (�)

Propagation
P1 R1R2CHOH + HOO• →

R1R2COH• + HOOH
24.2 (42.9) −21.1 (38.7)

P2 R1R2COH• + O2 → R1R2CO +
HOO•

−114.6 (�) −59.3 (�)

Termination
T R1R2COH + HOO• → R1R2CO +

HOOH
−234.1 (�) −178.7 (�)

P1+P2 R1R2CHOH + O2 → R1R2CO +
HOOH

−90.4 −80.4

aReaction barriers given in parentheses (if applicable). Barrierless
reactions (�).
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the HO• radical, as an example of a highly reactive species, are
given in the SI (Table S28). Analogous to the oxidation with
O2, we have investigated several possible mechanisms, differing
in the binding of the reacting species and the sequence of
PCET or HAT steps.

Free Radicals. First, we consider the simplest case, namely
reactions between free species in solution that do not involve
the [Co4O4] complex (Figure 10). Two successive hydrogen
atom transfer (HAT) steps at the alcohol (ROH), required to
oxidize it to the corresponding ketone, are examined. Table 7
summarizes the reaction energies and barriers for the

individual steps shown in Figure 10 for the alcohols i-PrOH
and BnOH.
Hydrogen atom transfer from the Cα−H bond (step E1a) is

favored, with activation barriers that are 30−40 kJ/mol lower
than those for HAT from the O−H bond (step E1b). The
second HAT is strongly exothermic for both the O−H (step
E2a) and Cα−H (step E2b) pathways and effectively
barrierless. The results highlight the different reactivity of the
two oxidizing radicals:

Figure 10. Free-radical reactions between a secondary alcohol and ROO• radicals under formation of the ketone (energies given in Table 7).

Table 7. Reaction Energies and Barriers for the Free-Radical Alcohol Oxidation Mechanism (Steps According to Figure 10)a

i-PrOH BnOH

Step Description HOO• t-BuOO• HOO• t-BuOO•

E1a HAT from Cα−H 24.2 (42.9) 32.6 (51.5) −17.6 (38.7) −9.2 (46.0)
E1b HAT from O−H 82.9 (79.3)b 91.3 (86.6)b 76.7 (72.2)b 85.1 (80.4)b

E2a HAT from O−H −234.1 (�) −225.7 (�) −178.7 (�) −170.4 (�)
E2b HAT from Cα−H −292.8 (�) −284.4 (�) −272.6 (�) −264.2 (�)

aReaction barriers given in parentheses. Barrierless reactions (�). bBarrier for the reaction to a weakly bound complex of the products. The
backward reaction from the separated products is effectively barrierless.

Figure 11. Bound-radical reactions between a primary or secondary alcohol (R1R2CHOH) and ROO• radicals under formation of the aldehyde or
ketone with H atoms originating from the O−H in red and Cα−H in blue (energies and barriers given in Table 8); Pathway colors: O−H path
(purple), Cα−H path (blue), and deprotonation path (pink). Substitution at the OAc ligand assumed; ISC steps F6a, F6b, and F11 are not
explicitly shown.
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• For HOO•, the first HAT has activation barriers of
approximately 50 and 80 kJ/mol for the Cα−H and the
O−H bonds, respectively.

• t-BuOO• is less reactive than HOO• with both reaction
energies and activation barriers that are approximately
10 kJ/mol higher.

Bound Radicals. An alternative to the above free-radical
mechanism (Figure 10) is provided by bound-radical
mechanisms, as summarized in Figure 11. Pathways which
start with either cleavage of the O−H (a) or of the Cα−H (b)
bond or with a proton transfer (c) from the alcoholic OH
group to an oxygen atom of the [Co4O4] cage are considered.
Similar as with O2 as oxidant, the Cα−H (and O−H) pathways
involve the transient species 28b (28a) that are no
intermediates (i.e., minima on the PES), but undergo a second
PCET directly Table 8.

The energy diagrams for the three different pathways are
shown for i-PrOH/HOO•, i-PrOH/t-BuOO•, and BnOH/t-
BuOO• in Figure 12. Step F3 is rate-determining for the Cα−H
and O−H pathways with, respectively, 27 or 28 as the
energetically highest intermediates, while step F9 leads to the
highest intermediate 30 for the deprotonation pathway.
Importantly, for i-PrOH, 30 (Figure 13(d)) is energetically
more stable compared to 27a (Figure 13(c)) or 27b (Figure

13(b)) because the radical center is stabilized via interaction
with a Co center, as visible in the spin densities (Figure 13). A
similar interaction is possible in 27a, but not in 27b. After
PCET in 30, this stabilization even leads to an effective
oxidation of the formal radical anion under reduction of CoIII
to CoII in 31 (Figure 13(e)).
The O−H pathways involve medium energy spans of 130−

140 kJ/mol for all three combinations, whereas, the Cα−H
pathways reveal a similar span of ca. 130 kJ/mol for i-PrOH/
HOO•, but tend toward higher spans of 150−170 kJ/mol for t-
BuOO•. In contrast, the deprotonation pathways tend toward
lower spans of 140 kJ/mol for i-PrOH/HOO• and only ca. 110
kJ/mol for both alcohols with t-BuOO•. Additional compar-
isons for the alcohols and the oxidants are given in the SI (Sec.
S10.2.2). Thus, the following pathways are identified as most
favored:

• i-PrOH/HOO•: Cα−H pathway, closely followed by the
deprotonation pathway

• i-PrOH/t-BuOO•: deprotonation pathway
• BnOH/t-BuOO•: O−H pathway.

Mixed Bound-And-Free Radical (Frija-Style) Mecha-
nism. Motivated by the interactions observed for the O2/
alcohol systems and above between the [Co4O4] cluster and
the radicals formed from the alcohols after the first hydrogen
abstraction, we investigated also for the oxidation with ROO• a
mixed bound-free mechanism. The idea is that not both
reactive species need to coordinate to [Co4O4], thereby
retaining a larger structural flexibility for the hydrogen transfer
steps. This lead to the mechanism shown in Figure 14 (with
the energies given in Table 9) which is similar to a mechanism
described by Frija et al.for the oxidation of secondary alcohols
with TBHP at mononuclear CuII and CoII catalysts.54,55

In this mechanism, the alcohol is activated via addition to
[Co4O4] (step G1) and a proton transfer (PT) (step G2a)
followed by a HAT from Cα−H to a ROO• radical (step G3a).
Alternatively, the HAT (step G2b) can take place prior to the
proton transfer (step G3b). Eventually, the alcohol is oxidized
to the ketone, while one Co center is reduced from CoIII to
CoII (step G4). This step has been studied in the doublet state
(S = 1/2) and the ISC into the quartet (S = 3/2) ground state
as an optional subsequent step (see SI for further details). We
focus on the doublet pathway since the spin does not affect the
kinetics significantly, as these are downhill steps without
additional barriers that occur after the rate-determing HAT (cf.
Table S31). From intermediate 33, the product can be
eliminated, accompanied by an hapticity increase for OAc from
η1 to η2 (step G4). Finally, the catalyst is reoxidized by another
HAT to a ROO• radical.
The energies in Table 9 reflect that BnOH is more easily

deprotonated than i-PrOH. For the pathway with PT before
HAT, the proton transfer (G2a) is the only strongly
endothermic step for both alcohols. On the doublet potential
energy surface, reaction barriers of 15−30 kJ/mol for the HAT
from Cα−H are found, which are ca. 20 kJ/mol lower than
those for the free-radical reactions (Table 7). For the reaction
route with a HAT (G2b) before the PT (G3b), the HAT is
endothermic and has activation energies of ca. 50 and 60 kJ/
mol for, respectively, HOO• and t-BuOO•. The subsequent
proton transfer is largely exothermic and barrierless. Interest-
ingly, intermediate 34 obtained in this step (G2b) has a spin
density that is centered at the C atom and not at Co (Figure
15(a)), in difference to what would be expected for a

Table 8. Reaction Energies and Barriers (In kJ/mol) for the
Bound-Radical Reactions (Steps According to Figure 11)a

i-PrOH BnOH

Step Description HOO• t-BuOO• t-BuOO•

F1 Alcohol addition 1.3 1.3 −8.3
F2a Substitution of AcO−

against oxidant
59.0 76.4 81.0

O−H Pathway
F3a PCET from O−H 36.9 (44.5) 34.1 (31.7) 40.9 (56.8)
F4a Substitution of ROOH

against oxidant
34.9b,c 27.7b,c 5.3b,c

F5a PCET from Cα−H −174.0b,c

(n.a.)
−201.1b,c

(n.a.)
−153.0b,c

(n.a.)
F6a ISC −91.7 −53.7 −83.2

Cα−H Pathway
F3b PCET from Cα−H 66.6 (54.2) 59.6 (74.0) 22.0 (95.3)
F4b Substitution of ROOH

against oxidant
−89.3b,d −105.3b,d −14.6b,d

F5b PCET from O−H −79.5b,d

(n.a.)
−93.6b,d

(n.a.)
−114.3b,d

(n.a.)
F6b ISC −91.7 −53.7 −78.9

Deprotonation Pathway
F3c Deprotonation of OH

and protonation of
μ3-O

39.4 31.0 18.5

F9 PCET from Cα−H −147.4 (28.1) −143.0 (8.6) −71.9 (49.3)
F10 Substitution of R1R2CO

against oxidant
−63.9 −41.8 −64.7

F11 ISC −30.0 −20.4 −54.2
F12 Deprotonation of μ3−

OH and protonation
of ROO−

8.0 −18.8 −13.5

F7 Substitution of products
against new reagents

−15.9 −0.2 2.6

3−5 R1R2CHOH + 2 ROO•
→ R1R2CO + 2
ROOH

−209.9 −193.2 −183.1

aReaction barriers given in parentheses (if applicable). Barrierless
reactions (�). Not available (n.a.). bEstimated based on constraint
geometries. cSpecies 27a unstable. dSpecies 27b unstable.
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Figure 12. Energy diagram for the bound-radical reactions for the combinations i-PrOH/HOO• (black), i-PrOH/t-BuOO• (blue), and BnOH/t-
BuOO• (red) (cf. Figure 11 and Table 8).

Figure 13. Spin densities of complexes with i-PrOH and HOO• differing in the order of the PCET and deprotonation: 26 (a), 27a (b), 27b (c) 30
(d), 31 (e).

Figure 14. Frija-style mechanism for alcohol oxidation with H atoms originating from the O−H in red and Cα−H in blue (energies given in Table
9).
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protonated ketone. In contrast, the spin density is delocalized
also over the Co if the proton transfer takes place before the
PCET (Figure 15(b)).
The energy profiles for the four combinations of i-PrOH and

BnOH with HOO• and t-BuOO• are shown in Figure 16. The
first three steps, including the relevant transition states, are
rate-determining because most subsequent steps are exother-
mic and barrierless. In the three cases except BnOH/t-BuOO•,
the pathway with PCET before the proton transfer (G2b and
G3b; blue) is found to be kinetically preferred over the
pathway with PCET after a proton transfer (G2a and G3a;
black). The difference in barriers is more pronounced for the

more reactive HOO• than for t-BuOO• and for i-PrOH
(HOO•: ≈40 kJ/mol; t-BuOO•: ∼ 30 kJ/mol) compared to
BnOH (HOO•: ≈10 kJ/mol; t-BuOO•: ≈ − 5 kJ/mol). Also a
third pathway has been considered, involving a second PCET
instead of a PT after the first PCET (cf. Figure S31, Table
S31), similar to the free and bound radical mechanisms
discussed above. This pathway shares the effective barriers with
the pathway where the PCET occurs before the PT, with the
first PCET being rate-determining.
In summary, the mixed bound-and-free radical mechanisms

appear similarly plausible as the free mechanisms, but hints
toward the importance of activating the alcohol via
deprotonation. Further evidence for this is given by free-
radical mechanisms that involve an initial deprotonation,
where deprotonation of the isolated alcohol is largely
disfavored (see Sec. S10.4 in the SI for details). Yet, both
free and mixed bound-and-free mechanisms appear more
plausible than the mechanisms that involve binding of both the
alcohol and the oxidant at the catalyst.

■ CONCLUSIONS
For [Co4O4] complexes as catalysts and hydroperoxides
(ROOH) as oxidants, the Haber-Weiss mechanism, which
ultimately generates ROO• radicals, is identified as the
kinetically preferred pathway for oxidant activation. DFT
calculations at the level of PBE0/def2-TZVP predict activation

Table 9. Energies and Barriers (In Parentheses) (In kJ/mol) for the Frija-Style Alcohol Oxidation Mechanism (Steps
According to Figure 14)

i-PrOH BnOH

Step Description HOO• t-BuOO• HOO•• t-BuOO•

G1 Alcohol addition 1.3 1.3 −8.3 −8.3
Proton transfer before HAT

G2a Deprotonation of OH and protonation of μ3-O 66.5 66.5 40.0 40.0
G3a HAT from Cα−H by ROO• while Co+III → Co+II −180.8 (25.9) −172.4 (23.0) −143.3 (15.2) −135.0 (31.9)

HAT before Proton transfer
G2b HAT from Cα−H by ROO• while Co+III → Co+II 20.9 (51.9) 29.3 (61.4) −13.1 (50.5) −4.8 (60.5)
G3b Deprotonation of OH and protonation of μ3-O −135.2 −135.2 −90.2 −90.2
G4 Elimination of carbonyl under cage closing −18.1 −18.1 −9.4 −9.4
G5 PCET −78.9 −70.5 −78.9 −70.5

Figure 15. Spin densities of the complexes 34 and 33 involving
PCETs prior to (a) or after PT (b), respectively.

Figure 16. Energy diagrams for the Frija-style alcohol oxidations of i-PrOH and BnOH with HOO• and t-BuOO• following paths with either PT
before (dashed lines) or after (dotted lines) HAT (cf. Figure 14 and Table 9).
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barriers of 80−90 kJ/mol for the activation of TBHP and
approximately 120 kJ/mol for the activation of H2O2.
Alternative reaction pathways involving cleavage of the RO−
OH bond with formation of free HO• radicals are associated
with significantly higher barriers due to the strong endothermic
nature of these processes. The ROO• radicals act as the active
oxidants in the alcohol oxidation, preferentially either in free-
radical pathways or in catalytic cycles involving binding of the
alcohol to the catalyst.
The finding that the most important pathways identified in

the current work for [Co4O4] under thermal conditions do not
involve higher oxidation states differs from observations made
under electrochemical conditions,35 but appears to reflect the
behavior of bulk cobalt oxide materials like spinels or
perovskites.20,50,51 In the Haber−Weiss mechanism, CoIII acts
as an oxidant and CoII as a reductant. Accordingly, the CoIII/
CoII redox cycle appears to be crucial, and lowering the barriers
for the associated redox steps should facilitate ROOH
activation further. An alternative Haber-Weiss pathway
involving the oxidized catalyst, i.e., the CoIII/CoIV redox pair,
is also conceivable, but exhibits higher activation energies for
the systems studied here. Stabilization of either the CoII or the
CoIV intermediates may therefore provide a strategy to reduce
these barriers and accelerate alcohol oxidation.
In contrast to ROOH, no significant O2 activation is

observed. While Gutieŕrez-Tarriño et al. proposed dissociation
into O adatoms or hydrogen abstraction for O2 coordinated to
Co4O4,

46 we find these processes to be highly endothermic and
associated with high barriers. Therefore, we conclude that
radical chain mechanisms are more likely operative in alcohol
oxidation with O2. Experimentally, it has been observed for
catalyst 1 that O2 can oxidize BnOH, but not i-PrOH.53 This
suggests a mechanism involving free radicals, which requires
sufficiently stable alcohol-derived radical intermediates, con-
sistent with the higher stability of benzyl compared to
isopropyl radicals.
Opposing previous studies in the literature, we do not

observe any competition between homolytic and heterolytic
pathways (e.g., as reported by Lee et al. for olefin oxidation
with peracids at [Co4O4])

45 and no involvement of higher
oxidation states (e.g., as reported for BnOH oxidation with
TBHP at lower-nuclear complexes).47−49 Instead, a clear
preference for homolytic reactions is found for alcohol
oxidations at [Co4O4]. In particular, a heterolytic mechanism
involving a Co-oxo species and a concerted hydride shift, as
reported by Thompson et al. for an immobilized hetero-
bimetallic Co−Al complex, could not be identified.49 Rather,
the lowest barriers for alcohol oxidation at [Co4O4] are found
for a mechanism that closely resembles a mechanism proposed
by Frija et al. for alcohol oxidation with TBHP at CoII and CuII
complexes.54,55 This preference is supported by the exper-
imental results reported in ref 53. from EPR spectroscopy for
the oxidation of BnOH with TBHP catalyzed by [Co4O4]
which indicate that (i) CoII is the only spin-active Co species,
(ii) alkyl peroxyl (ROO•) is the dominant radical species, and
(iii) alkyl oxyl (RO•) or other radicals are present only in trace
amounts. These observations argue against the involvement of
higher oxidation states of Co, which would be the case for the
bound-radical mechanisms (involving CoIV), or the active
participation of alcohol-derived radicals (R1R2CHO or
R1R2COH) in free solution, as in the case of free-radical
reactions. Importantly, we identify in this work Co alkyl
peroxyl species as intermediates in the catalytic alcohol

oxidation with [Co4O4]. The involvement of such species as
central intermediates had only been postulated before, e.g., by
Chakrabarty et al.44 for oxidation catalysis at [Co4O4]4+ or in
the context of stoichiometric peroxide decomposition and
alcohol oxidation.98−100

The current mechanistic study also elucidates alcohol
oxidation with O2, assessing the reasons for their difficult
thermal accessibility. Moreover, insights into the electronic
structure of the central intermediates reveal important factors
that govern the success of the alcohol oxidation with [Co4O4],
rooting in stabilization effects: (1) For alcohol oxidation,
[Co4O4] provides stabilization for the alcohol-centered radicals
obtained after the first PCET step; (2) For oxidant activation,
[Co4O4] provides stabilization for the highly reactive HO•

radical. Thus, in both cases, the generation of high-energy
species is avoided, which opens reaction channels that involve
much lower kinetic barriers compared with the uncatalyzed
reactions in free solution.
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