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ABSTRACT: Molecular oxygen is the quintessential oxidant for organic chemical synthesis, but many challenges continue to limit 
its utility and breadth of applications. Extensive historical research has focused on overcoming kinetic challenges presented by the 
ground-state-triplet electronic structure of O2 and the various reactivity and selectivity challenges associated with reactive oxygen 
species derived from O2 reduction. This Perspective will analyze thermodynamic principles underlying catalytic aerobic oxidation 
reactions, borrowing concepts from the study of the oxygen reduction reaction (ORR) in fuel cells. This analysis is especially 
important for "oxidase"-type liquid-phase catalytic aerobic oxidation reactions, which proceed by a mechanism that couples two 
sequential redox half-reactions: (1) substrate oxidation, and (2) oxygen reduction, typically affording H2O2 or H2O. The catalysts for 
these reactions feature redox potentials that lie between the potentials associated with the substrate oxidation and oxygen reduction 
reactions, and changes in the catalyst potential lead to variations in effective overpotentials for the two half reactions. Catalysts that 
operate at low ORR overpotential retain more thermodynamic driving force for the substrate oxidation step, enabling O2 to be used 
in more challenging oxidations. While catalysts that operate at high ORR overpotential have less driving force available for substrate 
oxidation, they often exhibit different or improved chemoselectivity relative to the high-potential catalysts. The concepts are 
elaborated in a series of case studies to highlight their implications for chemical synthesis. Examples include comparisons of (a) 
NOx/oxoammonium and Cu/nitroxyl catalysts, (b) high-potential quinones and amine oxidase biomimetic quinones, and (c) Pd 
aerobic oxidation catalysts, with or without NOx cocatalysts. In addition, we show how reductive activation of O2 provides a means 
to access potentials not accessible with conventional oxidase-type mechanisms. Overall, this analysis highlights the central role of 
catalyst overpotential in guiding the development of aerobic oxidation reactions. 

Introduction 
Molecular oxygen (O2) is the most abundant and least 

expensive chemical oxidant available, typically generating 
water as an environmentally benign byproduct. It is widely used 
in commodity-scale processes where it is often the only 
economically and environmentally viable oxidant available.1–4 
Nonetheless, use of O2 as a synthetically useful oxidant remains 
one of most daunting fundamental and practical challenges in 
the fields of chemical synthesis and catalysis. Our research 
group has been captivated by this topic for over two decades,5 
and has sought to understand mechanistic principles that could 
broaden the utility of aerobic oxidation reactions. Like others in 
the field, much of our effort has focused on the design and 
understanding of catalysts capable of addressing the kinetic 
challenges encountered in O2 activation and reduction.6  More 
recently, however, our research efforts focused on 
electrocatalytic oxygen reduction reaction (ORR) have 
illuminated thermodynamic considerations relevant to synthetic 
aerobic oxidation reactions. The present Perspective seeks to 
show how understanding the thermodynamic efficiency of O2 
reduction has important implications for controlling catalytic 
activity, reactivity, and selectivity in liquid-phase aerobic 
oxidations of organic molecules.  
Several prominent mechanisms have been established for O2 

activation and reactivity with organic molecules. Numerous 

large-scale industrial processes proceed through radical-chain 
autoxidation pathways involving well-established initiation, 
propagation, and termination steps (Figure 1A). Many of these 
reactions benefit from homogeneous catalysts that control the 
fate of the reactive intermediates and product selectivity, for 
example, converting hydroperoxide intermediates into 
carboxylic acids. Perhaps the most prominent example is the 
Amoco or Mid-Century process, which uses a Co-Mn-Br 
cocatalyst system to achieve selective oxidation of xylene to 
terephthalic acid. Despite their utility, autoxidation methods 
inherently feature substrates that undergo controlled radical 
chemistry and lead to oxygenated products.  
Other catalytic methods exist for aerobic oxidation of organic 

molecules that do not proceed via a radical chain pathway. 
Many of these may be classified as "oxygenase" and "oxidase" 
reactions, reflecting mechanisms associated with enzymes that 
catalyze aerobic oxidation. Oxygenases transfer oxygen atoms 
from O2 to the substrate, prominent examples of which include 
cytochrome P450 (Figure 1B) and methane monooxygenase. 
These enzymes typically require a sacrificial reductant to 
generate a metal-oxo or other reactive oxygen species 
responsible for substrate oxidation. Oxidases couple O2 
reduction to substrate oxidation, without oxygen-atom transfer, 
and they often proceed by a "ping-pong" mechanism that pairs 
the independent half-reactions (Figure 1C). The oxidase 
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mechanism provides an appealing platform for development of 
new aerobic oxidation catalysts because these methods do not 
need a sacrificial reductant and are formally compatible with 
any oxidative transformation, including dehydrogenation and 
dehydrogenative C–O, C–N, and C–C coupling reactions.  
Oxidase-type reactions rely on catalyst systems that can 

promote both of the independent half-reactions in a kinetically 
efficient manner. This pairing of half-reactions mirrors the 
electrochemical processes in a fuel cell, where O2 reduction at 
the cathode is coupled to H2 oxidation at the anode; however, 
there are also differences between these systems. The two half-
reactions in a fuel cell take place at two spatially separated 
electrodes. The difference between the operating electrode 
potentials (Ecell) provides the basis for electricity generation 
(Figure 2A). In oxidase reactions, an enzyme active site or 
molecular catalyst mediates both half-reactions. The driving 
force for each step is defined by the difference between the 
redox potentials of (a) O2 and the catalyst and (b) the catalyst 
and the substrate (Figure 2B).  
The thermodynamic efficiency of a fuel cell is strongly 

affected by the "overpotential" needed to overcome the kinetic 
barriers for 4 H+/4 e– reduction of O2 to water (ηORR; Figure 2A, 
red). The overpotential corresponds to the difference between 
the thermodynamic potential of the chemical reaction (in this 
case, E°O2/H2O = 1.23 V) and applied potential at the electrode. 
No current is observed if the cathode is positioned at the 
thermodynamic ORR potential, but lowering the cathode 
potential increases the driving force and promotes O2 reduction. 
Even the best catalysts require significant overpotential to 

achieve fast rates. For example, state-of-the-art Pt catalysts 
exhibit an onset potential of ~0.9 V vs NHE, and even lower 
potentials are needed to achieve practical current densities (i.e., 
faster rates).7 Kinetic barriers and overpotentials for the H2 
oxidation reaction (ηHOR; Figure 2A, blue) are much smaller 
than those encountered with the ORR, hence the smaller value 
for EHOR in Figure 2A. Higher fuel cell efficiency is achieved 
by reducing the two overpotentials, ηORR and ηHOR. 
In this Perspective, we seek to show how the concept of 

overpotential provides a valuable framework for analyzing 
oxidase-type aerobic oxidation reactions. As a starting point, 
there are two relevant overpotential values to be defined. The 
first corresponds to the effective ORR overpotential arising 
from the difference between the thermodynamic ORR potential 
and the catalyst redox potential (ηORR; Figure 2B, red).8,9 The 
latter value is analogous to the cathode potential in a fuel cell. 
The second corresponds to the substrate oxidation overpotential 
reflecting the difference between the catalyst potential and the 
thermodynamic potential for substrate oxidation (ηsub; Figure 
2B, blue). These values are analogous to the anode and HOR 
potentials in a fuel cell, respectively. As reflected by the energy 
diagram in Figure 2B, the overpotential for the two half-
reactions will be dictated by the redox potential of the catalyst: 
higher potential catalysts will exhibit lower ηORR and have more 
thermodynamic driving force available for substrate oxidation, 
while lower potential catalysts will have lower ηsub. This pairing 
of redox steps means that molecular oxygen can effectively 
serve as a strong or weak oxidant, with respect to the substrate, 
depending on the identity of the catalyst. 

 
Figure 2. Comparison of redox half-reactions and their overpotentials (h) for (A) an H2/O2 fuel cell with Pt-based electrocatalysts for the oxygen reduction 
and hydrogen oxidation reactions (ORR and HOR, respectively) and (B) homogeneous catalytic aerobic oxidation reactions that proceed via an oxidase-type 
mechanism. 
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Figure 1. Different classes of aerobic oxidation methods, including (A) radical chain autoxidation, highlighted by the Mid-Century Co-Mn-Br cocatalyzed 
oxidation of p-xylene to terephthalic acid, (B) monooxygenase reactions that feature reductive activation of O2 to achieve oxygen-atom transfer to organic 
molecules, exemplified by cytochrome P450 enzymes, and (C) oxidase reactions that couple O2 reduction and substrate oxidation redox half-reactions. 
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To conclude this preliminary discussion, we consider redox 
potentials associated with oxidants and organic substrates 
pertinent to this analysis (Figure 3). Three important redox 
potentials associated with molecular oxygen include 4 H+/4 e– 
reduction of O2 to H2O (1.23 V), 2 H+/2 e– reduction of O2 to 
H2O2 (0.695 V) and H2O2 reduction to H2O (1.76 V) (Figure 
3A).10 Redox potentials associated with other oxidants and 
organic substrate oxidations considered in the discussion below 
are summarized in Figures 3B and 3C, respectively.11 The 
O2/H2O potential provides adequate thermodynamic driving 
force to promote all the organic oxidation reactions in Figure 
3C. Most of the organic reactions have thermodynamic 
potentials < 0.5 V. An exception is alkene epoxidation (E° = 
0.76 V), but even this reaction has a thermodynamic potential 
well below the O2/H2O potential of 1.23 V.  
In the discussion below, we outline four different classes of 

reactions, which employ catalysts that operate at different 
overpotentials with respect to O2 and the organic substrate. We 
show how variations of the overpotentials in oxidase-type 
reactions influences their outcomes, including their 
chemoselectivity, substrate scope, and product identity. We 
further show how use of a sacrificial reductant has been used in 
homogeneous catalytic systems to access a higher-potential 
oxidant to support more-challenging oxidation reactions that 
are not yet accessible via a conventional oxidase mechanism.  
Note on (Over)Potential Values. The potential values 

discussed herein are obtained from the literature or derived from 
thermochemical data (see reference 11 for a discussion of the 
derivations). These values will be used in a semi-quantitative 
way, recognizing that the precise values will depend on the 
reaction conditions, for example, the pH of an aqueous solution 
or the identity of an organic solvent. Nonetheless, because the 
half-reactions for both oxidants and organic substrates involve 
transfer of an equal number of protons and electrons, the 
relative redox potentials should remain constant. Even 
relatively large deviations from this assumption (e.g., 100-200 
mV) will not alter the conclusions drawn from the analysis 
outlined below.  
We separately note that many oxidase-type aerobic oxidation 

reactions employ cocatalysts or mediators (first presented in 

Figure 4A below). This feature introduces some ambiguity into 
the definition of the ORR overpotential, as ηORR could be 
defined with respect to the initial reaction of O2 with the 
catalyst/cocatalyst/mediator, or with respect to the catalyst that 
mediates substrate oxidation. The graphics below (e.g., Figure 
4A) illustrate the former, since the initial step formally 
corresponds to the ORR. The latter approach is also viable, 
however, because it conveys the net loss in driving force from 
O2 reduction that remains available to promote substrate 
oxidation. In short, both approaches are relevant to the analysis 
herein, and the potential ambiguity is acknowledged.  
Nitroxyl-catalyzed oxidations: Oxoammonium versus 
Cu/nitroxyl catalysts. 
Oxoammonium-based oxidants are widely used in organic 

synthesis for diverse transformations,12,13 including alcohol14–18 
and amine19–21 oxidation, oxidative cleavage of ethers,22,23 and 
C–H oxidation reactions (Figure 4A).24,25 Though they are often 
employed as stoichiometric oxidants, many catalytic variants 
have been developed using terminal oxidants such as NaOCl,26 
oxone,27 and hypervalent iodine,28 or using electrochemistry.13 
Oxoammonium-mediated alcohol oxidation can proceed by two 
different mechanisms, depending on the pH of the reaction 
mixture: under acidic conditions, the reaction involves 
bimolecular hydride transfer from the alcohol to the 
oxoammonium (Figure 4A), while basic conditions lead to 
formation of an alkoxide/oxoammonium adduct that undergoes 
intramolecular hydride transfer.15 
2,2,6,6-Tetramethyl-1-oxo-piperidinium (TEMPO+) is the 

prototypical example of an oxoammonium oxidant and has a 
standard potential of 0.95 V vs SHE for the 2 H+/2 e– reduction 
to TEMPOH2+.12,29 The high potential values of oxoammonium 
reagents have two important consequences for their synthetic 
and catalytic applications. First, oxoammonium reagents have 
inherently small ηORR values since the oxoammonium potential 
lies close to the O2/H2O potential. Consequently, regeneration 
of TEMPO+ from TEMPOH generally requires the use of a 
strong chemical oxidant, such as NaOCl or PhI(OAc)2. Kinetic 
limitations make the regeneration of TEMPO+ from TEMPOH 
(or TEMPOH2+, under acidic conditions) with O2 challenging, 
and a direct autoxidation process is not practically feasible. 

 
Figure 3. (A) Half-reactions related to oxygen reduction, (B) half-reactions of common oxidants used in organic oxidation reactions, and (C) common organic 
oxidation reactions as redox half-reactions, all presented with their reduction potentials vs SHE. The difference between the red and blue redox potentials 
reflects the driving force available for the organic oxidation reactions with the different oxidants (see ref. 11 for additional details and discussion, including 
derivation of the organic redox potentials).  
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Nonetheless, the NO2/NO 2 H+/2 e– standard potential is 1.05 V 
and NO undergoes efficient reaction with O2 to generate NO2. 
This reactivity provides the basis for NOx-based cocatalysts in 
TEMPO-catalyzed aerobic oxidation of organic molecules 
(Figure 4A). On the basis of standard reduction potentials, O2 
reduction at the NO2/NO potential means that only 0.18 V of 
driving force is lost in the redox cascade from O2 to NO2, and 
NO2 promotes efficient oxidation of TEMPO and TEMPOH to 
TEMPO+ with only 100 mV driving force (1.05 V – 0.95 V).  
We have independently used electrochemical studies to 

evaluate the thermodynamic efficiency of O2 reduction with a 
NOx/TEMPO cocatalyst system in acetonitrile (i.e., under non-
standard-state conditions).30 These studies revealed that ORR 
proceeds with an effective overpotential of only 300 mV, 
closely matching that predicted from the standard-state analysis 
and demonstrating that this system rivals the low overpotentials 
observed with state-of-the-art Pt ORR catalysts in fuel cells.  
The high reduction potentials of oxoammonium reagents 

mean that they are good oxidants for organic substrates. 
According to the analysis in Figure 2B, their high potential 
corresponds to a large overpotential for substrate oxidation, ηsub. 
For instance, the ηsub values for the oxidation of ethanol (1o 
alcohol) to acetaldehyde, and isopropanol (2o alcohol) to 
acetone with TEMPO+ are 0.67 V and 0.83 V, respectively. 
These large values make relatively high-energy hydride-
transfer mechanisms possible and account for the diverse 
reactivity depicted in Figure 4A).31,32 Another consequence of 
the large driving force, however, is relatively limited 
chemoselectivity that can lead to poor discrimination between 
alcohols and other functional groups that can undergo hydride 
or electron transfer. The aerobic NOx-based cocatalyst systems, 
which feature reactive NO2 and NO radicals, further limit the 
scope and functional group compatibility of oxoammonium-

based oxidation methods due to the incompatibility of NOx 
species with oxidatively sensitive functionalities, such as 
amines. 
Cu/nitroxyl catalyst systems also feature TEMPO or another 

nitroxyl cocatalyst, but these aerobic oxidation reactions often 
show exquisite selectivity for alcohol oxidation in the presence 
of other oxidatively sensitive functional groups, such as amines 
and activated C–H bonds (Figure 4B).33 Mechanistic studies of 
alcohol oxidation with (bpy)Cu/nitroxyl catalysts (bpy = 2,2'-
bipyridine) implicate the formation of a 
(bpy)Cu(alkoxide)(nitroxyl) intermediate. Net hydride transfer 
occurs from this intermediate through a six-membered 
transition-state structure, shown in Figure 4B, to generate the 
carbonyl product, (bpy)CuI, and TEMPOH.34–36 The oxidized 
(bpy)CuII and TEMPO species are then regenerated by O2.  
Comparison of the oxoammonium and Cu/nitroxyl-mediated 

oxidation reactions highlights a key mechanistic difference: the 
Cu/TEMPO-catalyzed alcohol oxidation reactions do not 
involve the high-potential oxoammonium species. CuII and 
TEMPO serve as cooperative one-electron oxidants in the two-
electron hydride-transfer step. This mechanistic difference, 
which manifests itself in different overpotentials for the two 
half-reactions (ηORR and ηsub), rationalizes the high 
chemoselectivity observed for Cu/nitroxyl-catalyzed alcohol 
oxidation. Electrochemical studies show that the Cu/nitroxyl 
catalyst promotes alcohol oxidation at the CuII/I potential, which 
is 0.4–0.5 V below the TEMPO/TEMPO+ potential.37,38 Briefly, 
by operating with a relatively large overpotential for O2 
reduction, the Cu/TEMPO catalyst system serves as a mild 
oxidant that operates with a comparatively low overpotential for 
alcohol oxidation, which allows it to tolerate other oxidatively 
sensitive functional groups. Kinetic analysis has further shown 
that, in spite of the significantly lower driving force for alcohol 

 
Figure 4. Comparison of (A) NOx/oxoammonium-catalyzed aerobic oxidation of organic molecules and (B) Cu/TEMPO-catalyzed alcohol oxidation 
reactions. Cu/TEMPO features a mechanism in which CuII and TEMPO serve as cooperative one-electron oxidants, avoiding formation of the high-potential 
oxoammonium species. This mechanistic difference results in a lower overpotential for substrate oxidation (hsub) and rationalizes the high chemoselectivity 
for alcohol oxidation in the presence of other oxidatively sensitive functional groups.  
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oxidation, Cu/TEMPO exhibits turnover frequencies 4-5-fold 
higher than TEMPO+.37 This inverted overpotential/rate 
correlation suggests the cooperative Cu/TEMPO mechanism is 
especially well tuned for alcohol oxidation. An important 
implication of this study is that catalysts that operate efficiently 
with a low ηsub increase prospects to achieve high 
chemoselectivity.  
Quinone-catalyzed oxidations: DDQ versus amine 
oxidase mimics 
The effect of ηORR and ηsub on chemoselectivity is also evident 

in quinone-mediated oxidations. Like nitroxyl-based oxidants, 
quinones have widespread utility in chemical synthesis.39 2,3-
Dichloro-5,6-dicyano-p-benzoquinone (DDQ) is a prominent 
high-potential quinone that has a 2 H+/2 e– standard reduction 
potential of 0.89 V vs RHE.40 DDQ is used in a wide range of 
organic oxidation reactions, including alcohol and amine 
oxidations, oxidative deprotection of alcohols, dehydrogenation 
of saturated heterocycles, and oxidative C–C coupling.39 The 
high DDQ/DDQH2 redox potential provides the driving force to 
promote direct electron- and hydride-transfer from diverse 
organic molecules,41,42 but this feature makes it difficult to use 
DDQ as a catalyst, owing the difficulty in oxidizing DDQH2. 
DDQ is typically used as a stoichiometric reagent; however, 
NOx-based cocatalysts support aerobic oxidation of DDQH2 
and provide the basis for DDQ-catalyzed aerobic oxidation of 
organic molecules (Figure 5A).  
DDQ exhibits a high overpotential (ηsub) for organic 

oxidation reactions that can create chemoselectivity challenges 
with substrates that have multiple oxidatively sensitive 
functional groups. The reactivity and properties of DDQ may 
be compared to a different family of quinones that resemble the 

active-site cofactor in Cu-amine oxidases and promote the 
oxidative dehydrogenation of amines.39,43–46 Different 
mechanisms are possible for these reactions, but studies 
generally support formation of a covalent adduct between the 
amine and the quinone, either as an imine or hemiaminal, 
followed by electrocyclic hydride transfer. Various synthetic 
quinones, including 4-tert-butyl-2-hydroxybenzoquinone 
(TBHBQ),47 (phd)ZnX2 (phd = 1,10-phenanthroline-5,6-
dione),48 and [Ru(phd)3]2+,49,50 have been used to support 
aerobic oxidative dehydrogenation of 1°, 2°, and 3° amines.  
The dehydrogenation of 3° indolines using a [Ru(phd)3]2+/ 

Co(salophen) cocatalyst system (Figure 5B)50 is particularly 
relevant to the present discussion because this chemical reaction 
is commonly achieved with stoichiometric DDQ.51 Mechanistic 
data suggest [Ru(phd)3]2+ promotes this reaction via adduct 
formation and electrocyclic hydride transfer, and the 
Co(salophen) cocatalyst is proposed to mediate hydroquinone 
reoxidation by O2. The distinction between this catalyst system 
and DDQ is evident from a comparison of their respective 
functional group compatibility, evaluated by testing the 
dehydrogenation of 5-bromo-1-methylindoline in the presence 
of oxidatively sensitive molecules, including diphenylmethane, 
dihydrobenzofuran, dihydrobenzopyran, an allylic alcohol, a 3° 
lactam, and N-Boc-pyrrolidine (Figure 5B).50 The [Ru(phd)3]2+ 
catalyst system retained excellent yield of the indole in all cases 
and near-quantitative recovery of the additive. In contrast, DDQ 
led to significantly reduced yield of the indole and significant 
consumption of the additive. 
These results may be rationalized by analyzing the relative 

overpotentials of the two systems. Aerobic oxidation reactions 
employing the DDQ/NOx/O2 catalyst system feature a relatively 
low ηORR, stepping down from 1.23 V (O2/H2O) to 1.05 V 

 
Figure 5. Comparison of (A) DDQ/NOx-catalyzed oxidation of organic molecules and (B) [Ru(phd)3]2+/Co(salophen)-catalyzed aerobic dehydrogenation of 
amines (including 1°, 2°, and 3° amines). DDQ is a much stronger oxidant (high hsub) than [Ru(phd)3]2+ and shows a broader scope of reactivity, while 
[Ru(phd)3]2+ has a lower hsub and mediates highly chemoselective dehydrogenation of amines and tolerates diverse oxidatively sensitive functional groups. 
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(NO2/NO) to 0.89 V (DDQ/DDQH2). On the other hand, 
Co(N2O2) complexes, including Co(salophen), have been 
studied as molecular electrocatalysts for ORR, and they 
generate H2O2 as the initial product.52 Although ORR product 
selectivity and the precise redox potential can vary with the 
reaction conditions, these observations implicate a relatively 
large ηORR (Figure 5, right side of the Overpotential Analysis 
inset). The 2 H+/2 e– reduction potential of [Ru(phd)3]2+ has not 
been reported; however, the one-electron reduction potential of 
[Ru(phd)3]2+ is 0.73 V lower than DDQ under identical 
conditions (E1/2 = –0.59 V vs 0.14 V, respectively, vs Fc+/0).50 
These data reveal that the [Ru(phd)3]2+ catalyst operates with a 
much lower overpotential for substrate oxidation (i.e., ηsub) 
relative to DDQ.  
Collectively, these considerations resemble the comparison 

of oxoammonium and Cu/nitroxyl catalyst system. In both 
cases, a NOx-based cocatalyst system allows O2 to be used as 
terminal oxidant with a high-potential reagent (oxoammonium 
or DDQ). This reactivity is made possible by the low ηORR for 
NOx-mediated ORR. On the other hand, the Cu/nitroxyl and 
[Ru(phd)3]2+/Co(salophen) catalyst systems operate at lower 
potential, reflecting higher ηORR but lower ηsub. This feature 
enables these catalysts to mediate aerobic oxidation of alcohols 
and amines, respectively, with high chemoselectivity and broad 
tolerance of other oxidatively sensitive functional groups.  
Pd-catalyzed aerobic oxidations: Tuning overpotential to 
access different products. 
Palladium-catalyzed oxidation reactions are widely used in 

organic chemistry to achieve dehydrogenation and 
dehydrogenative coupling of organic molecules. The majority 
of these reactions proceed via an oxidase-type mechanism with 
two half reactions: substrate oxidation by PdII and reoxidation 

of Pd0 by an oxidant, such as O2, benzoquinone (BQ), and CuII 
and AgI salts.53–58 A complementary class of reactions features 
a PdII/IV cycle, in which a strong oxidant such as PhI(OAc)2, 
peroxides, or another reagent intercepts an organopalladium(II) 
intermediate to generate a PdIV species that undergoes more 
facile reductive elimination.59–63 The PdII/0 and PdII/IV reaction 
classes support different reactions, and both are now commonly 
used in organic synthesis. Pd-catalyzed oxidative coupling of 
benzene to biphenyl and phenyl acetate64 are prototypical 
examples of these reaction classes and provide excellent case 
studies for the consideration of overpotential. 
The oxidative coupling of benzene to biphenyl and the 

oxygenation of benzene to phenol have significantly different 
standard potentials: 0.01 V and 0.32 V, respectively, vs SHE 
(Figure 3C, entries f and g; phenol is used as a surrogate for 
PhOAc65). Despite the >300 mV difference, both values are 
well below the thermodynamic potential for O2 reduction to 
H2O (1.23 V). But, the oxidation of Pd0 by O2 typically 
generates H2O2 as an initial product,66-68 indicating that O2 
reduction to H2O2 is the relevant ORR potential (0.695 V) for 
reactions involving a PdII/0 cycle. Reactions of PdII complexes 
with O2 are exceedingly rare, with a prominent exception 
reported by Mirica and coworkers, who used a tetradentate 
ligand to promote the oxidation of a dimethyl-PdII species to 
PdIV with O2 via an intermediate superoxide adduct.69 
Consideration of the Pd/O2 reactivity associated with the ORR 
step is complemented by assessment of Pd-based redox 
potentials that establish the overpotentials for both half-
reactions. PdII/0 and PdII/IV redox steps for catalytically relevant 
Pd complexes are generally not well-behaved electrochemically 
because significant changes take place in the Pd coordination 
environment upon oxidation and reduction. Nonetheless, we 
recently established PdII/0 redox equilibria with BQ/BQH2 that 

 
Figure 6. Comparison of aerobic (A) Pd/NOx-catalyzed acetoxylation of benzene and (B) Pd-catalyzed biaryl coupling. Both pathways share a common 
LnPdII(OAc)(Ph) intermediate, but the low hORR NOx cocatalyst supports oxidation of PdII to PdIV (lower left inset) to enable C–O reductive elimination. In the 
absence of NOx, the O2 is kinetically inert toward PdII (the O2/HO2• redox potential is too low; lower right inset) and, therefore, transmetalation between two 
LnPdII(OAc)(Ph) species affords a LnPd(Ph)2 species (not shown) that undergoes C–C reductive elimination to yield biphenyl. 
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provided reliable values for PdII/0 redox potentials.70 PdII(OAc)2 
with various nitrogen-based ligands (e.g., pyridine, bpy, and 
phenanthroline derivatives) exhibit redox potentials of 
approximately 350-650 mV vs SHE, based on experimental and 
computational analysis of their equilibria with BQ/BQH2 
derivatives. Although these values will depend on specific 
reaction conditions, this range of values suggests that PdII may 
not be a strong enough oxidant to promote oxidative coupling 
of benzene to phenyl acetate. The lack of suitable experimental 
PdII/0 and PdII/IV redox potentials limits more thorough 
assessment of this issue; however, catalytic studies of oxidative 
coupling provide clear insights into role of overpotential in Pd-
catalyzed aerobic oxidation reactions.  
Pd-catalyzed oxidative coupling of benzene to biphenyl is 

initiated by C–H activation of Ph–H by the LnPd(OAc)2 catalyst 
to generate LnPd(OAc)(Ph) (Figure 6B).54,71 A recent 
mechanistic study showed that biaryl homocoupling proceeds 
via transmetalation between two LnPd(OAc)(Ar) species to 
form a LnPd(Ar)2 intermediate.72 This intermediate can undergo 
C–C reductive elimination to afford biaryl and Pd0, which can 
undergo oxidation by O2. As noted above, the formation of 
H2O2 in the Pd0 oxidation step limits the driving force available 
from O2, establishing the O2/H2O2 potential as an upper limit 
(0.695 V vs SHE). This feature, which imposes a rather large 
ηORR on the reaction, is not necessarily problematic for 
thermodynamically and kinetically facile reactions, and many 
examples of PdII/0-catalyzed oxidation reactions exist that use 
O2 as a terminal oxidant through a similar reaction pathway.53-
58 
Pd-catalyzed oxidative coupling of benzene to PhOAc is 

initiated by the same LnPd(OAc)2-mediated C–H activation step 
to afford LnPd(OAc)(Ph). A strong oxidant, such as 
PhI(OAc)2,73 can intercept this intermediate before it undergoes 
transmetalation to generate a high-valent Pd(Ph)(OAc) species, 
and the latter species undergoes facile reductive elimination to 
afford PhOAc. There are now many examples of Pd-catalyzed 
oxidative coupling reactions involving PdIII or PdIV 
intermediates.59–63 While precise redox potentials are not 
known, the PdIII/PdIV intermediates are expected to have higher 
potentials than PdII species and should thereby facilitate more 
challenging substrate oxidations.  
Relatively few Pd-catalyzed reactions with high-valent Pd 

intermediates use O2 as the oxidant. The majority of examples 
employ NOx-based cocatalysts,64,74–80 similar to the high-
potential aerobic oxidation reactions involving oxoammonium 
and quinone catalysts.  
The reaction of O2 with PdII is initiated by formation of a 

PdIII-superoxide species;69 however, O2 is a very poor one-
electron oxidant (E°O2/HO2 = -0.05 V). In contrast, NO2 is a very 
strong one-electron oxidant (E°NO2/HNO2 = 1.06 V). NO2 is also 
a strong two-electron oxidant relative to O2 (E°O2/H2O2 = 0.695 
V vs E°NO2/NO = 1.05 V). Thus, the introduction of NOx 
cocatalysts into Pd-catalyzed aerobic oxidation reactions 
provides a means to access high-valent organopalladium 
intermediates and leverage PdII/IV reaction pathways, rather than 
the more conventional PdII/0 aerobic oxidation pathways. This 
feature is exemplified by the Pd-catalyzed oxidative coupling 
of benzene and acetic acid in the presence of O2 and fuming 
HNO3 (one of several precursors used to generate NO2/NO in 
situ) to form phenyl acetate (Figure 6A).  
The influence of NOx cocatalysis can again be analyzed 

according to the overpotentials associated with the two half-

reactions. NOx cocatalysts support O2 reduction at low ηORR, 
thus preserving more of the thermodynamic potential from O2 
to be used for the substrate oxidation half-reaction. The 
generation of higher oxidation state Pd species increases the 
ηsub, allowing more challenging substrate oxidation reactions to 
be achieved.  
In situ generation of organic peroxides: Accessing higher 
potential oxidants via reductive activation of O2 
The case studies outlined above show how NOx cocatalysts 

generate high-potential catalysts from O2, taking advantage of 
the low ORR overpotential available from the NO2/NO redox 
couple. Nonetheless, some synthetic oxidation reactions require 
an oxidant that is even stronger than that accessible from 
NOx/O2. The monooxygenase mechanism depicted in Figure 1B 
shows how nature addresses this limitation in biological 
oxidations. A sacrificial reductant, such as NADH, is used by 
monooxygenases to convert O2 from a four-electron oxidant 
with a standard potential of 1.23 V into a two-electron oxidant 
that leverages the higher redox potential of hydrogen peroxide 
with a standard potential of 1.76 V (E°H2O2/H2O). Metal-oxo 
intermediates, such as those featured in cytochrome P450, are 
often generated by protonation/dehydration of a hydroperoxide 
intermediate, and the same intermediates often may be 
generated by direct reaction of hydrogen peroxide with FeIII or 
related catalyst precursors.81,82 Integrating reductive activation 
of O2 into synthetic oxidation reactions is complicated by the 
requisite inclusion of both an oxidant (O2) and a reductant into 
the same reaction mixture; however, several successful 
examples have been achieved. Some of the most synthetically 
relevant examples have used aldehydes as the sacrificial 
reductant (Sac–H), using in situ generation of an acyl peroxide 
(Figure 7), which represents a high-potential oxidant that 
supports alkene epoxidation,83,84 C–H amination,85 and 
generation of hypervalent iodine reagents.86,87 

 
Figure 7. Energy diagrams highlighting the use of a sacrificial reductant 
(Sac–H), such as an aldehyde, to promote 2 e– reduction of O2 to generate a 
peroxide or other strong oxidant, capable of promoting challenging 
oxidation reactions, such as C–H oxidation or alkene epoxidation. The 
precise values of the high-potential oxidants and organic oxidation reactions 
can vary. 

Aldehyde-promoted aerobic epoxidation of alkenes 
(Mukaiyama Epoxidation). The epoxidation of alkenes is one 
of the most thermodynamically challenging organic oxidation 
reactions. For example, the propylene/propylene oxide redox 
reaction has a standard potential of 0.76 V vs SHE (cf. Figure 
3B).11 Strongly oxidizing reagents such as NaOCl, oxone, and 
organic peroxides are typically employed in their synthesis, 
often in the presence of a transition metal catalyst.88,89  
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In the early 1990s, Mukaiyama and coworkers reported Ni-
catalyzed epoxidation of substituted alkenes with O2, using an 
aldehyde as a sacrificial reductant (Figure 8A),83,84 and 
analogous reactivity was reported with Mn and Fe-based 
catalysts.90,91 Subsequent mechanistic studies showed that the 
Ni catalyst initiates aldehyde autoxidation to generate an 
acylperoxyl radical, which adds to the alkene and then 
undergoes O-atom transfer from the alkylated peracyl 
intermediate.92 A peracid can also form under the reaction 
conditions and mediate epoxidation of the alkene substrate 
(Prilezhaev reaction).92 Other studies show that epoxidation in 
the absence of a metal cocatalyst can take place via parallel 
acylperoxyl radical and peracid-mediated epoxidation 
pathways.93–95 Conditions can be biased to promote the peracid-
mediated epoxidation pathway (e.g. by using excess aldehyde), 
benefiting from the coarctate transition state to retain the olefin 
stereochemistry in the epoxide (Figure 8B).96,97 Mukaiyama 
epoxidation reactions are prototypical chemical examples of 
monooxygenase reactivity, wherein reductive activation of O2 
generates a higher-potential oxidant capable of promoting a 
thermodynamically challenging oxidation reaction. 

 
Figure 8. (A) Ni-catalyzed Mukaiyama epoxidation of alkenes, and the 
proposed mechanism, highlighting in situ generation of an acylperoxyl 
species as a high-potential oxidant capable of promoting oxygen-atom 
transfer. (B) Catalyst-free Mukaiyama epoxidation of alkenes, showing the 
peracid-mediated epoxidation pathway. 

Glycolic acid/1,4-dioxane-promoted aerobic Pd-catalyzed 
aryl C–H amination. Pd-catalyzed aerobic oxidative coupling 
of C–H bonds with heteroatom nucleophiles is challenging, as 
discussed above for the coupling of benzene and acetic acid. 
Similar issues are encountered with C–N coupling reactions. In 
this context, we serendipitously discovered that autoxidation of 
glycolic acid and dioxane in situ generates an organic peroxide 
capable of promoting Pd-catalyzed C–N coupling via a PdII/IV 
pathway (Figure 9).85 The reaction employs (DAF)Pd(OAc)2 
(DAF = 4,5-diazafluoren-9-one) as the catalyst and promotes 
intramolecular oxidative C–H amination of N-benzenesulfonyl-
2-aminobiphenyl 1 to afford N-benzenesulfonylcarbazole 2. 

Control experiments showed that 2 could be formed in 
comparable yields through the intentional addition of peroxides 
such as tert-butylhydroperoxide. The results resemble those 
from earlier studies showing that autoxidation of 
tetrahydrofuran (THF) solvent generates a peroxide species in 
situ that promotes Wacker-type oxidation of alkenes and other 
reactions.98,99 Toluene autoxidation has been shown to support 
the directed hydroxylation of 2-phenylpyridine and related 
substrates via a PdII/IV mechanism.100 These examples show how 
O2 may be used in combination with a sacrificial reductant to 
access peroxides that support Pd-catalyzed oxidation reactions. 
In many cases, direct use of a peroxide-based oxidant (e.g., 
tBuOOH) will be a more practical approach to conduct these 
reactions.101 

 

Figure 9. PdII/IV–mediated aerobic intramolecular C-N bond formation 
enabled by dioxane autoxidation and in situ peroxide formation. 

Aldehyde-promoted aerobic generation of hypervalent 
iodine reagents. Hypervalent iodine reagents are strong 
oxidants and see widespread use in synthetic chemistry.102 They 
are typified by PhI(OAc)2 (0.91 V vs SHE)103 and are 
commonly generated by oxidation of iodobenzene with strong 
oxidants such as persulfate, periodate, and permanganate, with 
potentials at 2.08, 1.59, and 1.49 V vs SHE, respectively.11,104 
O2 theoretically has sufficient driving force to generate 
hypervalent iodine reagents, but effective methods were not 
reported until recently. Successful reactivity is achieved by 
leveraging reductive activation of O2 to access a higher 
potential oxidant. 
Powers and coworkers demonstrated the use of acetaldehyde as 
a sacrificial reductant to support aerobic oxidation of 
iodoarenes to various IIII reagents, such as PhI(OAc)2 and PhIO 
(Figure 10).86,87,105 This in situ generation of hypervalent iodine 
reagents with O2 as the stoichiometric oxidant has been applied 
to a variety of organic oxidation reactions, including oxidative 
difunctionalization of alkenes, alpha-C–H oxygenation and 
bromination of ketones, and amidation of arene C–H bonds 
(Figure 10).  
Conclusions 
Overpotential is a metric that has been primarily used in the 
field of electrocatalysis to assess the thermodynamic efficiency 
of an electrochemical catalyst and/or catalytic reaction. In this 
Perspective, we show how this metric may be used to evaluate 
thermal catalyst systems, specifically those used in 
homogeneous aerobic oxidation reactions.  Homogeneous 
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Figure 10. High-potential acyl hydroperoxides may be generated via 
autoxidation of acetaldehyde as a means to generate iodine(III) reagents 
with O2. 

catalysts and cocatalyst systems of the type elaborated herein 
feature redox potentials that lie between the thermodynamic 
potentials for the O2 reduction and substrate oxidation half- 
reactions. The data show that the different overpotentials have 
implications for reactivity and chemoselectivity, with the latter 
manifested in different ways, including functional group 
compatibility and/or product identity. Cocatalysts that activate 
O2 at low overpotential, such as NOx species, enable the aerobic 
generation of high-potential catalysts, including oxoammonium 
species, DDQ, and PdIV, that have widespread utility in organic 
synthesis. The NO2 and NO cocatalyst species generated from 
various NOx precursors are reactive gases and can be difficult 
to handle. This consideration provides motivation to develop 
new cocatalysts that operate at low ηORR. Such reagents could 
significantly expand the scope of aerobic oxidation reactions. 
The analysis herein, however, also shows that low ηORR is not 
always optimal in homogeneous catalytic oxidation reactions. 
In some cases, it is preferable to have catalysts that operate at 
high ηORR, with a correspondingly lower ηsub. Catalysts with this 
property can exhibit exquisite chemoselectivity, as revealed by 
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