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ABSTRACT: Macrocyclic metal complexes and p-benzoqui-
nones are commonly used as co-catalytic redox mediators in
aerobic oxidation reactions. In an effort to gain insight into the
mechanism and energetic efficiency of these reactions, we
investigated Co(salophen)-catalyzed aerobic oxidation of p-
hydroquinone. Kinetic and spectroscopic data suggest that the
catalyst resting-state consists of an equilibrium between a
CoII(salophen) complex, a CoIII-superoxide adduct, and a
hydrogen-bonded adduct between the hydroquinone and the
CoIII−O2 species. The kinetic data, together with density
functional theory computational results, reveal that the turn-
over-limiting step involves proton-coupled electron transfer from
a semi-hydroquinone species and a CoIII-hydroperoxide intermediate. Additional experimental and computational data suggest
that a coordinated H2O2 intermediate oxidizes a second equivalent of hydroquinone. Collectively, the results show how
Co(salophen) and p-hydroquinone operate synergistically to mediate O2 reduction and generate the reactive p-benzoquinone co-
catalyst.

■ INTRODUCTION

Homogeneous metal-catalyzed aerobic oxidation reactions are
the focus of extensive study.1 Many of these reactions proceed
via an “oxidase”-type mechanism1a involving two independent
half-reactions: (1) oxidation of the organic molecule mediated
by the oxidized catalyst and (2) oxidation of the reduced
catalyst by O2. Co-catalytic redox mediators are often used to
facilitate the use of O2 as the terminal oxidant. This approach is
commonly featured in Pd-catalyzed oxidation reactions, in
which benzoquinones and macrocyclic Co or Fe complexes
have been used as mediators in a wide range of organic
oxidation reactions (Scheme 1),1c,2,3 including Wacker-type
oxidation of alkenes,3a allylic acetoxylation,3b 1,4-oxidative
difunctionalization of conjugated dienes,3c and oxidative C−C
coupling reactions.3d Metal-macrocycle/quinone co-catalyst
systems have also been used in other reactions, such as Ru-
catalyzed alcohol and amine oxidations,4a,b and quinone-
catalyzed dehydrogenation and dehydrogenative coupling of
amines.4c,d

In spite of the widespread use of metal-macrocycle/quinone
co-catalyst systems, relatively little is known about the
mechanism of aerobic oxidation of hydroquinones mediated
by metal macrocycles (cf. shaded cycle in Scheme 1). Insights
into this process have implications not only for aerobic
oxidation of organic molecules, but also for biological energy
transduction,5 which commonly features quinone mediators,

and for energy-conversion technologies that require efficient
reduction of O2 to water.6

Co(salophen) is one of the most common co-catalysts used
in Pd-based and other catalytic aerobic oxidation reac-
tions.1c,3c,e,4d The mechanism of cobalt-catalyzed aerobic
oxidation of hydroquinones has been studied predominantly
with catechol substrates (i.e., o-hydroquinones), such as 3,5-di-
tert-butylcatechol,7,8 because of the relationship of this reaction
to catechol oxidase and related enzymatic reactions. The
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Scheme 1. Example of Coupled Redox Cycles Employing
Metal-Macrocycle and Hydroquinone Mediators in Pd-
Catalyzed Allylic Acetoxylation
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relevance of these studies to the oxidation of p-hydroquinone
(H2Q) to p-benzoquinone (BQ) is not clear, however, because
catechols commonly chelate the metal center, and this
coordination mode is not accessible to H2Q.

9 The studies of
Co(salophen)-catalyzed aerobic oxidation of H2Q presented in
eq 1 validate this distinction and provide kinetic, spectroscopic,

and computational insights into the mechanism of the reaction.
The results highlight the role of H-atom and proton-coupled
electron transfer (PCET)10 steps in the O2 reduction sequence
and suggest that hydroquinones could help to avoid unselective
side reactions in aerobic oxidation reactions by serving as “anti-
oxidants” that intercept reactive oxygen species.

■ RESULTS AND DISCUSSION
Kinetic Studies of H2Q Oxidation by Co(salophen).

Co(salophen)-catalyzed aerobic oxidation of H2Q (eq 1)
proceeds effectively in a number of different solvents, including
MeOH, DMF, THF, CH3CN and AcOH (Figure 1); however,
the reaction in MeOH is particularly efficient, proceeding
approximately 40-fold faster than in DMF. Subsequent studies
therefore employed MeOH as the solvent. Analysis of the
reaction stoichiometry shows that H2Q and O2 are consumed
in a 2:1 ratio, as shown in eq 1, indicating that O2 is fully
reduced to water. Control experiments showed that oxidation
of hydroquinone does not occur in the absence of Co-
(salophen). A heterogeneous Co source (Co3O4) and simple
CoII salts [Co(acac)2, Co(OAc)2·4H2O] are not effective
catalysts for H2Q oxidation under similar conditions, while
Co(salen) shows similar activity to Co(salophen) (Figure S1).
Co(tetraphenylporphyrin) is not sufficiently soluble in MeOH
to assess its comparative reactivity.

The dependence of the reaction rate on each of the reaction
components [Co(salophen), H2Q, and O2] was then analyzed
by monitoring the rate of O2 consumption using a computer-
interfaced gas-uptake apparatus. The reactions exhibited well-
behaved time courses (Figures S2−S4) that enabled the
kinetics to be probed by initial-rate methods. The kinetic
data (Figure 2) reveal that the reaction exhibits a first-order
dependence on [Co(salophen)] at ≤2.7 mM. At higher
concentrations, the reaction rate is limited by the rate of O2
mass-transfer into solution. Control experiments, for example,
show that the rate is dependent on the stir-rate at high [Co],
while no stir-rate dependence is observed at low [Co] (see
Supporting Information, section V). To avoid complications
associated with O2 mass transfer, all other kinetic studies were
performed with 1.8 mM Co(salophen) to ensure that the rate
of BQ formation did not exceed 30 mM/min. Under these
conditions, the reaction exhibits a saturation kinetic depend-
ence on both the O2 pressure (pO2) and [H2Q]. A significant
deuterium kinetic isotope effect was observed upon comparison
of the rates of reactions performed in MeOH and MeOD: kH/
kD = 4.0 ± 0.5 (Figure S7).11

Spectroscopic Studies of H2Q Oxidation by Co-
(salophen). UV−visible and EPR spectroscopic studies were
performed to gain a better understanding of the interaction
between the different catalyst components and the identity of
the catalyst resting state.

EPR Spectroscopic Studies of CoI I (salophen) .
CoII(salophen) dissolved in MeOH under anaerobic conditions
(recorded at 10 K) exhibits a relatively complex EPR spectrum
(Figure 3A). Two low-spin CoII signals with hyperfine coupling
to Co are present, together with a broad high-spin CoII signal at
lower field (approximately 1500 G). Analogous mixtures of
high- and low-spin CoII species have been characterized
previously with CoII(salen) complexes in protic solvent
mixtures (e.g., AcOH/toluene),12 and density functional theory
(DFT) computations indicate that the S = 1/2 and 3/2 spin
states for CoII(salophen) complexes bearing one or two axial
methanol ligands are similar in free energy (see Supporting
Information, section XV). The two low-spin signals are
tentatively attributed to complexes with slight variations in
their axial ligands (e.g., one vs two methanol ligands).12,13 The
EPR spectrum simplifies for CoII(salophen) dissolved in a 1:1
mixture of MeOH:DMF, wherein a single low-spin CoII species
is dominant, although the high-spin species is still evident
(Figure 3B).

UV−Visible and EPR Spectroscopic Analysis of
CoII(salophen) in the Presence of O2. O2 gas was bubbled
through a MeOH solution of CoII(salophen) in an EPR tube
for 1−2 min at room temperature, after which the solution was
frozen in liquid N2. An EPR spectrum of this sample reveals
that the low-spin CoII signal is no longer present and is replaced
by a new signal consistent with a CoIII-superoxide species
(Figure 4A). The spectrum of this species resembles that of
similar complexes reported previously in the literature (for
comparisons, see Table S6).14 A high-spin CoII signal is still
present in this spectrum. If the experiment is performed in a 1:1
mixture of MeOH:DMF (Figure 4B), only the CoIII-superoxide
species is evident in the spectrum. When the solution of
CoII(salophen) in MeOH is exposed to O2 for extended
periods (e.g., >10 min) before freezing in liquid N2, no EPR
signal is observed. This outcome is consistent with autoxidation
of CoII to CoIII (eq 2), which has been studied previously for
Co(salen) and other CoII/Schiff base complexes in MeOH.15,16

Figure 1. Time course data for the catalytic oxidation of hydroquinone
with Co(salophen) measured by gas uptake. Reaction conditions:
[Co(salophen)], 6.7 mM; [H2Q], 133 mM; pO2, 530 Torr; T = 27 °C;
solution volume, 2.25 mL; solvent, methanol (blue), DMF (green),
THF (orange), CH3CN (red), or AcOH (black).
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Figure 2. Kinetic data for Co(salophen)-catalyzed aerobic oxidation of hydroquinone: dependencies on [Co(salophen)] (A), [H2Q] (B), and pO2
(C) measured via initial rates. Standard conditions: [Co(salophen)], 1.7 mM; [H2Q], 86 mM; pO2, 530 Torr O2; T = 27 °C; solution volume, 3.5
mL MeOH.

Figure 3. (A) EPR spectrum and simulation of a frozen solution of CoII(salophen) in MeOH under N2, revealing a high-spin CoII signal and two
low-spin CoII signals. Parameters for the major low-spin species: g = 3.053, 2.35, 2.025; A = 125, 110, 360 MHz. The asterisks (*) denote the signals
associated with the minor low-spin species. (B) EPR spectrum and simulation of a frozen solution of CoII(salophen) in a 1:1 mixture of DMF and
MeOH under N2. The signal due to the high-spin species is substantially reduced relative to the spectrum in MeOH, with the main signal arising
from a low-spin CoII species, which has the following EPR parameters: g = 2.455, 2.272, 2.061; A = 10, 20, 300 MHz. Comparison of g and A values
for CoII(salophen) under these conditions to literature examples is given in Table S5.

Figure 4. (A) EPR spectrum and simulation of a frozen solution of CoII(salophen) in MeOH under O2 (1 atm), revealing Co
III-superoxide and high-

spin CoII signals. Parameters for the CoIII-superoxide species: g = 2.095, 2.016, 1.995; A = 50, 60, 50 MHz. (B) EPR spectrum and simulation of a
frozen solution of CoII(salophen) dissolved in a 1:1 mixture of DMF and MeOH under O2 (1 atm). A CoIII-superoxide is the only species observed
and has the following EPR parameters: g = 2.023, 2.023, 2.115; A = 48, 33, 72 MHz. Comparison of g and A values for related CoIII-superoxide
species is given in Table S6.
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Autoxidation of CoII(salophen) under aerobic conditions is
evident by UV−visible spectroscopy. Bubbling O2 through a
MeOH solution of CoII(salophen) results in a new absorption
band that appears at 490 nm (Figure 5A). Negligible change is
observed upon sparging the solution with N2, consistent with
irreversible formation of CoIII (Figure 5A; cf. solid red vs
dashed black spectra). If CoII(salophen) is exposed to O2 at
−45 °C, reversible O2 binding is observed (Figure 5B). The
spectrum observed following addition of O2 is different from
that observed in the autoxidation reaction and exhibits a
shoulder at 475 nm. Regeneration of CoII(salophen) is
observed upon sparging the solution with N2, consistent with
reversible formation of a CoIII-superoxide species.
UV−Visible and EPR Analysis of CoII(salophen) under

Aerobic Catalytic Conditions for H2Q Oxidation. The Co
speciation during catalytic turnover was probed by EPR and
UV−visible spectroscopic methods. An aliquot of a catalytic
reaction mixture under 1 atm O2 was withdrawn and rapidly
transferred to an EPR tube and frozen in liquid nitrogen. The

resulting EPR spectrum reveals a CoIII-superoxide signal
identical to that described above (cf. Figure 4A), together
with a high-spin CoII signal (Figure 6A). The catalytic reaction
was also monitored in situ by UV−visible spectroscopy at
different partial pressures of O2 (Figure 6B). Under N2, the
spectrum of the catalytic reaction mixture matches the
spectrum of CoII(salophen). Under O2, an absorbance feature
is observed at 475 nm, consistent with the CoIII-superoxide
species (dashed black spectrum, Figure 6B), and its intensity
increases for catalytic reactions performed at higher pO2.

Preliminary Mechanistic Proposal and Consideration
of Unanswered Questions. The kinetic and spectroscopic
data described above provide the basis for a preliminary
catalytic mechanism, depicted in Scheme 2. The kinetic data
show that all three reaction components, Co(salophen), O2,
and H2Q, come together in the turnover-limiting step. Step 1
involves reversible binding of O2 to the Co center and is
supported by the saturation kinetic dependence of the rate on
pO2, EPR spectroscopic evidence for formation of a CoIII−
superoxide species, and UV−visible spectroscopic data showing
that the steady-state concentration of the CoIII−superoxide
intermediate varies with pO2 under catalytic conditions.17−19

Figure 5. (A) UV−visible spectra of CoII(salophen) dissolved in MeOH at room temperature under N2 (solid black), after bubbling O2 through the
solution (solid red), and then after sparging the solution with N2 (dashed black line). (B) UV−visible spectra of CoII(salophen) dissolved in MeOH
at −45 °C under N2 (solid black), after bubbling O2 through the solution (solid red), and then after sparging the solution with N2 (dashed black
line). Conditions: 0.1 mM Co, 1 atm O2 or N2, MeOH, room temperature or −45 °C.

Figure 6. (A) EPR spectrum and simulation of a frozen solution of the catalytic reaction mixture [CoII(salophen) + H2Q + O2] in MeOH, revealing
CoIII-superoxide and high-spin CoII signals. Conditions: 86 mM H2Q, 2 mol% Co(salophen) (1.7 mM), 1 atm O2, MeOH. (B) UV−visible spectra
of catalytic reaction mixtures under various pressures of O2 (solid lines) and a reference spectrum for the CoIII-superoxide species generated at low
temperature (dashed line). Conditions: 86 mM H2Q, 1 mol% Co(salophen) (0.8 mM), 1 atm O2, MeOH.
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Step 2 features formation of a hydrogen-bonded adduct
between H2Q and the CoIII-superoxide species, which is
invoked to explain the saturation kinetic dependence on
[H2Q].

20 Efforts to obtain direct spectroscopic evidence for this
hydrogen-bonding interaction were unsuccessful, probably
reflecting the difficulty in distinguishing between a hydrogen
bond from MeOH vs H2Q. The large kinetic isotope effect is
consistent with turnover-limiting H-atom transfer, which
ultimately leads to formation of BQ as the product in Step 3.
Steps 1−3 account for formation of the first equivalent of BQ,
while another series of steps, collected in Step 4, account for
oxidation of the second equivalent of H2Q to account for the
net four-electron reduction of O2 to H2O. These steps are fast
relative to the initial activation of O2 and oxidation of the first
H2Q molecule, and therefore are kinetically and spectroscopi-
cally invisible. According to this mechanistic proposal, the
beneficial effect of MeOH as a solvent (cf. Figure 1) could be
attributed to its ability to stabilize the CoIII−superoxide
intermediate via hydrogen-bonding.21 Multiple other roles of
solvent are also possible, however (e.g., solvent ligation to Co,
solvent involvement in proton-transfer steps).
Several possibilities may be considered for (i) the fate of O2

during oxidation of the first equivalent of H2Q and (ii) the
mechanism of oxidation of the second equivalent of H2Q. In
Scheme 3, pathway A features activation of O2 by [CoII] and
H2Q to afford a [CoIII]−oxyl (or [CoIV]−oxo), which is
expected to be a highly reactive species capable of oxidizing the
second equivalent of H2Q. In pathway B, O2 undergoes two-
electron reduction to H2O2, either as a [Co

II]−(O2H2) adduct
or as a free intermediate, and then H2O2 oxidizes the second
equivalent of H2Q. Finally, in pathway C, H2O2 forms as an
intermediate and then undergoes rapid (Co-catalyzed)
disproportionation into 1/2 O2 and H2O.

22 In this case,
oxidation of the second equivalent of H2Q proceeds via the
same aerobic pathway as the first equivalent.
Assessing the Potential Involvement of H2O2 Dis-

proportionation (Scheme 3, Pathway C). It was possible to
test pathway C in Scheme 3 experimentally. H2O2·urea was
used as a convenient source of anhydrous H2O2. Control
experiments revealed that urea has minimal effect on catalytic
aerobic oxidation of H2Q

23 and that H2O2 is not an effective
oxidant of H2Q in the absence of Co(salophen). H2O2 was

found to undergo disproportionation in the presence of
Co(salophen) under anaerobic conditions in the absence of
H2Q. The rate of this process, however, was more than 2-fold
slower than the rate of catalytic H2Q oxidation under otherwise
identical conditions (Figure 7, blue vs black trace). Separate

experiments showed that H2O2 served as an effective terminal
oxidant in Co(salophen)-catalyzed oxidation of H2Q to BQ
(i.e., in the absence of O2). Only small amounts of O2 evolution
were observed under these conditions (Figure 7, red trace).
Together, these results provide evidence against pathway C in
Scheme 3 and suggest that, if hydrogen peroxide forms, it will
oxidize H2Q in preference to undergoing disproportionation.

DFT Analysis of Likely Pathway for Co(salophen)-
Catalyzed H2Q Oxidation. DFT computational studies
provided a means to compare pathways A and B, specifically
to assess the relative free energies of formation of a Co-oxo/
oxyl species versus hydrogen peroxide. In addition to probing
this specific question, a full sequence of intermediates and key
transition states involved in the oxidation of 2 equiv of H2Q
was analyzed (Scheme 4). The experimental data provided

Scheme 2. Initial Proposal for Mechanism Based on Kinetic
and Spectroscopic Techniquesa

a[Co] = Co(salophen). The numbering of the intermediates reflects
the compound numbers used in the DFT computational studies
described below (Scheme 4).

Scheme 3. Possible Fates of O2 during Oxidation of the First
Equivalent of H2Q (i) and Possible Pathways for Oxidation
of the Second Equivalent of H2Q (ii)

Figure 7. Comparison of Co(salophen)-catalyzed aerobic oxidation of
H2Q (black) to the rate of Co(salophen)-catalyzed disproportionation
of H2O2 in the absence and presence of H2Q (blue and red,
respectively). Conditions: 2.5 mM Co(salophen), 86 mM H2Q, 0.3
mmol H2O2·urea injected over 5 min via syringe pump.
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important benchmarks, especially for oxidation of the first
equivalent of H2Q.
Dioxygen binding is calculated to be 1.5 kcal/mol uphill in

free energy from the bis-methanol adduct of CoII(salophen)
and features significant charge transfer from the metal center to
dioxygen. Mulliken Spin Density analysis suggests that this
complex (2) is best represented as a CoIII−superoxo species.
Hydrogen bonding of H2Q decreases the overall free energy by
1.8 kcal/mol (cf. complex 3).21 The similar free energies
calculated for structures 1−3 align with the experimental data
described above, which provided evidence for each of these
species prior to the rate-limiting step in the oxidation of H2Q.
H-atom transfer from H2Q to the terminal oxygen of

CoIII(O2
•) forms the protonated semiquinone (SQH•) adduct

4. This step is endergonic by 4.3 kcal/mol and exhibits an
activation free energy barrier of 8.3 kcal/mol (3-TS). The free
energy diagram in Scheme 4 then branches at structure 4 into
the two pathways, one leading to cleavage of the O−O bond of
dioxygen (pathway A via 5a-TS in Scheme 4) and the other
forming hydrogen peroxide (pathway B via 5-TS in Scheme 4).
Both pathways require rearrangement of the H-bonding
network between SQH• and CoIII(O2H). In pathway A, a H-
bonded complex (5a) forms between SQH• and the distal
oxygen of the CoIII(O2H) species, followed by exergonic PCET
to afford water and the CoIII(O•) species 6a. Pathway B is
initiated by formation of a different H-bonded complex (5), in
which the SQH• interacts with the proximal oxygen of the
CoIII(O2H) species, and subsequent PCET affords the
coordinated H2O2 adduct 6. Though formation of CoIII(O•)
6a is thermodynamically favored by >14 kcal/mol relative to 6,
the free energy of the transition state en route to 6a is 10.4
kcal/mol higher than that leading to 6. Moreover, the
calculated free energy of 5a-TS relative to the initial reactants
(22.4 kcal/mol) is significantly higher than the effective
activation barrier for the catalytic reaction estimated from the
experimental reaction rate (∼13.6 kcal/mol, see Supporting
Information for details). In contrast, the transition state for

formation of the H2O2 adduct 6 exhibits a calculated free
energy of 12.0 kcal/mol relative to the initial reactants, which is
quite similar to the experimental estimate.
According to the calculations, the transition state associated

with transfer of the second hydrogen atom via 5-TS has the
highest free energy along reaction pathway B. The KIE for this
pathway was calculated from the differences in the H versus D
zero point energies for 5-TS/methanol and 1/H2Q.

24 The
calculated KIE of 4.1 is nearly identical to the experimental
KIE.25,26 This agreement between the calculated and
experimental KIE aligns with the good agreement between
the calculated and experimental reaction barriers noted above,
and together they provide strong support for pathway B.
Pathways A and B exhibit different types of transition states

following intermediate 4. In pathway A, transition state 5a-TS
exhibits a significant increase in the O−O bond length relative
to 5a (from 1.44 Å in 5a to 1.76 Å in 5a-TS), and the spin
density on the SQH• decreases from 1.0 to 0.7, while the spin
density on the proximal oxygen atom increases from 0.0 to 0.2.
These changes reflect a significant charge redistribution in the
TS. In pathway B, formation of the CoII-(O2H2) adduct 6 from
5 is best described as a PCET step, with proton delivery to the
proximal oxygen of the CoIII(O2H) species and electron
transfer to CoIII. Mulliken Spin Density analysis at the TS
indicates that the distribution of electron density is reactant-
like, with the O−O bond lengthening only from 1.43 Å in 5 to
1.44 Å in 5-TS [cf. dO−O(6) = 1.46 Å].
All steps beyond 5-TS in Scheme 4 are lower in free energy

than this transition state, and a viable pathway for Co-
(salophen)-catalyzed oxidation of the second equivalent of H2Q
by H2O2 was identified (cf. species 7−12 in Scheme 4). The
computations suggest that this second oxidation step is
necessary to drive the reaction because the oxidation of
hydroquinone to benzoquinone with O2 reduction to H2O2 is
slightly uphill thermodynamically. Hydrogen peroxide is not
expected to be a good ligand (cf. 6 and 7),27 but involvement of
a Co−(O2H2) adduct in H2Q oxidation is consistent with the

Scheme 4. Free-Energy Diagram of CoII(salophen)-Catalyzed Aerobic Oxidation of H2Q in Methanol Involving a CoIII−Oxyl
(6a, Pathway A) or CoII−(O2H2) (6, Pathway B) Intermediatea

a[Co] = Co(salophen), L = MeOH (see Supporting Information for full details).
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control experiments showing that kinetically competent
oxidation of H2Q by H2O2 requires Co(salophen).

■ CONCLUSIONS
In summary, the experimental and computational results
presented above illuminate the pathway for Co(salophen)-
catalyzed aerobic oxidation of p-hydroquinone. Molecular
oxygen is unreactive with H2Q in the absence of
CoII(salophen); however, reductive activation of O2 by CoII

leads to formation of a CoIII-superoxide species that promotes
facile H-atom abstraction from H2Q. Proton-coupled electron-
transfer between the resulting semiquinone (SQH•) and CoIII-
OOH intermediates is the turnover-limiting step of the overall
catalytic reaction and completes the oxidation of the first
equivalent of H2Q. CoII(salophen) then catalyzes rapid
oxidation of a second equivalent of H2Q using the H2O2
generated in the first oxidation process.
Co(salophen)-catalyzed aerobic oxidation of H2Q involves

efficient four-electron reduction of O2 to H2O without the
accumulation of partially reduced oxygen intermediates, such as
superoxide or hydrogen peroxide. The avoidance of such
reactive oxygen species in the four-electron reduction of O2
potentially accounts for the importance of the Co(salophen)/
BQ co-catalyst system in Pd- and other metal-catalyzed aerobic
oxidation reactions. In effect, H2Q serves as an “anti-oxidant” to
prevent deleterious side reactions from O2-derived species, and
BQ is generated as an effective oxidant for the metal-catalyzed
oxidation of the organic substrate (cf. Scheme 1).
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