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Abstract

N-oxyl compounds represent a diverse group of reagents that find widespread use as catalysts for 

the selective oxidation of organic molecules in both laboratory and industrial applications. While 

turnover of N-oxyl catalysts in oxidation reactions may be accomplished with a variety of 

stoichiometric oxidants, N-oxyl reagents have also been extensively used as catalysts under 

electrochemical conditions in the absence of chemical oxidants. Several classes of N-oxyl 

compounds undergo facile redox reactions at electrode surfaces, enabling them to mediate a wide 

range of electrosynthetic reactions. Electrochemical studies also provide insights into the structural 

properties and mechanisms of chemical and electrochemical catalysis by N-oxyl compounds. This 

review provides a comprehensive survey of the electrochemical properties and electrocatalytic 

applications of aminoxyls, imidoxyls, and related reagents, of which the two prototypical and 

widely used examples are 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO) and phthalimide N-oxyl 

(PINO).
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1. Introduction

N-oxyl compounds represent a versatile class of organic radical reagents with unique 

properties and reactivity. The diverse chemistry of these compounds has enabled the use of 

N-oxyl species in applications ranging from use as spin labels in electron spin resonance 

(ESR) studies,1 antioxidants in biological studies,2–4 charge carriers for energy storage,5–10 

mediators in polymerization reactions,11 and catalysts in chemical and electrochemical 

oxidation reactions.12 In this review, we address the electrochemical properties and synthetic 

applications of several classes of N-oxyl compounds. The two most prominent classes of N-

oxyl compounds are aminoxyl and imidoxyl species, of which the two most widely used 

members are 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO) and phthalimide N-oxyl 

(PINO), respectively (Scheme 1). TEMPO is stable under ambient conditions, whereas 

PINO is generated via oxidation of the stable precursor, N-hydroxyphthalimide (NHPI).

The first reports of stable organic aminoxyl radicals appeared in the early-to-mid 1900s,13–15 

and during the subsequent century these species have emerged as versatile reagents and 

chemicals that continue to attract widespread research attention. Aminoxyl radicals are 

characterized by the general structure R2N–O• (R = alkyl). The stability of aminoxyl 

radicals is enhanced when the sites adjacent to the N-oxyl functional group are fully 

substituted or are incorporated into the bridgehead position of a bi- or polycyclic framework. 

These structural features prevent otherwise facile disproportionation of the aminoxyl into the 

corresponding nitrone and hydroxylamine (Scheme 2).16 Representative stable aminoxyl 

radicals include TEMPO and 9-azabicyclo[3.3.1]nonane N-oxyl (ABNO; cf. Scheme 1). The 

unusual stability observed with this class of organic radicals underlies the intensive 

investigations into their reactivity and applications.

Persistent aminoxyl radicals display unique redox properties that play a significant role in 

their reactivity (Scheme 3). Many aminoxyl radicals (1) undergo reversible 1 e− oxidation to 

the corresponding oxoammonium species (2), and the latter are relatively strong oxidants 
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(approx. 0.7–0.8 V vs. NHE).17–19 Aminoxyl radicals can also undergo a quasi-reversible 1 

e−/1 H+ reduction to hydroxylamines (3). These and related redox processes, structure-

property relationships associated with these steps, and the implications of these steps for 

catalysis are elaborated in this review.

The oxoammonium species 2 may be isolated as a stable salt, and it serves as a 2 e− oxidant 

in a number of organic oxidation reactions. In 1965, Golubev investigated various reactions 

of oxoammonium salts and observed the first stoichiometric oxidation of alcohols to ketones 

mediated by an oxoammonium species.20 Since then, many applications of aminoxyl 

radicals in organic oxidation reactions have focused on catalytic methods, in which the 

oxoammonium species is (re)generated by a stoichiometric secondary oxidant,11,12,21–23 

such as NaOCl,24 bromine,25 NOx/O2,26 or hypervalent iodide species.27 This approach has 

been especially widely used for alcohol oxidation (Scheme 4).11,12,21–23,28 For example, the 

Anelli-Montanari protocol and related methods that use aminoxyl and bromide co-catalysts 

with stoichiometric NaOCl have been widely implemented in industrial scale alcohol 

oxidation reactions.24,29,30 The oxoammonium also may be generated via electrochemical 

oxidation of the hydroxylamine or aminoxyl species, and these reactions will be elaborated 

in this review.

A second class of organic N-oxyl species, denoted imidoxyl radicals, features carbonyl 

groups in the positions adjacent to the N-oxyl functional group. The imidoxyl radical PINO 

(Scheme 1) is the most prominent member of this class. Unlike aminoxyl radicals, such as 

TEMPO and ABNO, imidoxyl radicals are not isolable at room temperature and are 

generally accessed via in situ oxidation of the corresponding N-hydroxyimides (Scheme 5). 

Imidoxyl radicals have been shown to mediate effective hydrogen-atom transfer (HAT) from 

weak C-H bonds, such as those in allylic and benzylic positions.21,31–33 In contrast, 

aminoxyl radical species are generally unreactive with organic molecules, while their 

corresponding oxoammonium species mediate hydride transfer. The difference in reactivity 

between aminoxyl and imidoxyl species reflects the much higher O-H bond strength of N-

hydroxyimides (~88 kcal/mol for NHPI)34 relative to hydroxylamines (~69–71 kcal/mol for 

TEMPOH).35,36 The strength of the O-H bonds in N-hydroxyimides is attributed, in part, to 

intramolecular hydrogen bonding and resonance stabilization of the hydroxylamine by the 

α-carbonyl pi system.34

NHPI-catalyzed oxidation reactions are commonly utilized for the oxygenation of activated 

C-H bonds. The first synthetic application of PINO as a HAT catalyst was reported in 1977 

by Grochowski.37 Reports from Masui in the 1980s demonstrated the ability to access PINO 

from NHPI using electrochemical methods.38–44 Ishii demonstrated in 1995 that PINO could 

also be thermally accessed via autoxidation of NHPI,45 and subsequent studies showed that 

metal cocatalysts, such as CoII and MnII, improve aerobic NHPI-catalyzed oxidation 

reactions.21,31,32,46,47

Electrochemical oxidation of aminoxyls to oxoammonium species and N-hydroxyimides to 

imidoxyl species provides the basis for mediated, or indirect, electrochemical processes for 

selective oxidation of organic molecules (Scheme 6a). In such processes, the mediator 

undergoes the electron transfer at the electrode surface and then diffuses away from the 
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electrode surface where it promotes a redox reaction with the organic substrate. 

Electrochemical mediators have been used extensively in the long history of electroorganic 

synthesis, and their use complements direct electrolysis methods (Scheme 6b), in which the 

organic substrate undergoes direct electron transfer at the electrode surface. The theory, 

application, and potential advantages of mediated electrolysis have been the subject of a 

number of reviews.48–51

Several reviews and books have addressed the chemical properties of aminoxyl radicals and 

their use as reagents in chemical synthesis.11,12,21–23,28,30,31 Additionally, recent mini-

reviews have highlighted alcohol oxidation methods employing electrode-supported 

aminoxyl radicals52 and the potential use of aminoxyl mediators in industrial-scale 

reactions.53 This review provides the first comprehensive survey of the electrochemical 

properties of N-oxyl radicals and the use of these species as electrochemical mediators in 

synthetic organic transformations.

2. Electrochemistry of TEMPO and Other Aliphatic Cyclic Aminoxyl 

Derivatives

2.1. Electrochemical Properties of TEMPO

The first electrochemical study of TEMPO by cyclic voltammetric techniques was reported 

in 1973 by Tamura and co-workers (Scheme 7).54 The cyclic voltammogram (CV) of 

TEMPO displays an anodic peak corresponding to the oxidation of TEMPO to the 

oxoammonium species, TEMPO+, and a cathodic peak corresponding to the reduction of the 

electrochemically generated TEMPO+ to TEMPO (Scheme 7a). A cathodic-to-anodic peak 

current ratio (ipc/ipa) of unity and a 60 mV peak-to-peak separation (Epa-Epc) satisfies the 

diagnostic criteria for a reversible electron transfer process. Controlled potential coulometry 

experiments and monitoring of the reaction by electron spin resonance (ESR) confirmed that 

the anodic oxidation of TEMPO to TEMPO+ is a 1 e− process. Conversely, in the CV of di-

tert-butyl nitroxide (DTBO), a stable open-chain radical, no cathodic peak is observed, 

suggesting a chemically irreversible reaction or decomposition of DTBO+ that prevents 

reduction of DTBO+ to DTBO in the cathodic scan (Scheme 7b). Coulometric studies 

indicate the passage of 0.33 e−/DTBO molecule, consistent with the involvement of non-

electrochemical consumption of DTBO, such as side-reactions between DTBO+ and DTBO. 

The difference in the redox behavior of these aminoxyl radical species is attributed to 

structural features that provide the basis for higher stability of TEMPO+ relative to DTBO+.

It is important to note that use of the term “reversibility” is different in an electrochemical 

context relative to its usage in traditional chemical reactions. In electrochemistry, 

“reversibility” or “reversible electron transfer” is associated with the rate of heterogeneous 

electron transfer at the electrode surface (k0), and electrochemical reversibility is achieved 

when electron transfer between the electrode and the analyte is fast on the time scale of mass 

transfer.55 For “reversible” electron transfers, k0 is typically greater than 0.05 cm s−1, and 

mass transfer of the analyte to the electrode (i.e., diffusion, for voltammetric studies) is the 

rate-limiting step. When k0 is less than ~10−5 cm·s−1, electrochemically generated species 

can diffuse away from the electrode surface and will not undergo electron transfer reaction 
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in the reverse scan, yielding an “irreversible” electron transfer process. In some cases, a peak 

can be observed in the reverse scan for a slow electron transfer process and exhibits a large 

peak-to-peak separation.56 Intermediate kinetic regimes, where k0 ranges from ~10−5 to 

~0.05 cm·s−1 and rates of electron transfer are comparable to mass transfer kinetics, are 

defined as “quasi-reversible”. Disappearance of the return peak in a CV due to a chemical 

reaction of the electrogenerated species is different from irreversible electron transfer and is 

classified as a coupled chemical electrochemical reaction. These distinctions and full 

discussion of these concepts are elaborated elsewhere.57 Effort will be made to distinguish 

between electrochemical and chemical reversibility in the discussion throughout this review.

Motivated by interest in the interaction of aminoxyl radical species with biomolecules and 

biomembranes, Malinski and co-workers investigated the redox properties of TEMPO under 

aqueous conditions in 1988.58 Under neutral conditions, a reversible, 1 e− redox feature is 

observed at 0.49 V vs. SCE (~0.73 V vs. NHE) for the TEMPO/TEMPO+ couple (Scheme 

8a). The product of the electrooxidation of TEMPO was monitored in situ by thin-layer 

spectroelectrochemistry (Scheme 8b). After generating TEMPO+ from TEMPO 

electrochemically, no spectral changes occurred over a period of 3 h. Upon applying a 

potential of +0.35 V to the solution of TEMPO+, the original spectrum of TEMPO was 

obtained. The apparent chemical stability of TEMPO+ and chemical reversibility of the 

TEMPO/TEMPO+ electron-transfer process observed here complements the electrochemical 

and chemical reversibility observed previously by Tamura.54

In the same report, voltammetric and spectroelectrochemical techniques were used to 

demonstrate the electrochemical reduction of TEMPO to the corresponding hydroxylamine 

(TEMPOH) at −0.62 V vs. SCE (−0.38 V vs. NHE).58 The reduction of TEMPO was found 

to be irreversible under these conditions, with no anodic peak observed for oxidation of 

TEMPOH to TEMPO in the reverse scan (Scheme 8a). Bulk electroreduction of TEMPO at 

−0.8 V vs. SCE yielded significant spectral changes due to the conversion of TEMPO to 

TEMPOH (Scheme 8c). However, application of an oxidative potential (0.35 V vs. SCE) to 

the solution of TEMPOH yielded no spectral change and no TEMPO was generated. This 

“irreversible” redox behavior was later shown by Kato and co-workers to arise from sluggish 

electron transfer for the proton-coupled TEMPOH/TEMPO redox couple.59 Voltammetric 

studies revealed that oxidation of TEMPOH to TEMPO exhibits an anodic peak at potentials 

more positive than the peak associated with the TEMPO/TEMPO+ redox couple (Scheme 9, 

data are shown for 4-OH-TEMPO; similar results for TEMPO and other derivatives are also 

reported), thus reflecting “quasi-reversible” behavior with a very large anodic-to-cathodic 

peak separation. A recent study by Sigman and Minteer tracked the pH-dependence of the 

anodic peak potential of the TEMPOH/TEMPO redox couple, Ea2, relative to the anodic 

peak potential of the TEMPO/TEMPO+ couple, Ea1 (Scheme 10).60 The trend highlights the 

shift of the TEMPOH/TEMPO anodic peak potential from a value positive relative to the 

TEMPO/TEMPO+ couple at low pH, to a value lower than that of the TEMPO/TEMPO+ 

couple at higher pH. The downward shift of this peak potential at higher pH values reflects 

both thermodynamic and kinetic effects: the proton-coupled redox process is both more 

favorable and more facile at higher pH.
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Several efforts have been made to obtain a more rigorous assessment of the pH dependence 

of the TEMPOH/TEMPO redox couple. Kato showed that as the pH of the solution 

increased, the anodic-to-cathodic peak separation of the TEMPOH/TEMPO redox couple 

decreased.59 Additionally, the E1/2 of the TEMPOH/TEMPO couple showed a stronger pH 

dependence under acidic conditions, which was rationalized by the formation of 

hydroxylammonium ion (TEMPOH2
+), rather than the neutral hydroxylamine, at sufficiently 

acidic pH. This behavior was later elaborated by Samuni and co-workers, who examined the 

redox behavior of the hydroxylamine/aminoxyl couple from pH 2–12 (Scheme 11a, data are 

shown for 4-OH-TEMPO).61 Under basic conditions (pH 7.5–12), the pH dependence of the 

potential for 4-OH-TEMPO exhibits a slope of −54 mV/pH, reflecting a 1 e−/1 H+ redox 

process (Scheme 11b). Consistent with earlier observations of Kato,59 the pH dependence of 

the 4-OH-TEMPO/4-OH-TEMPOH redox potential under acidic conditions changes and 

displays a slope of −144 mV/pH, roughly corresponding to a 1 e−/2 H+ redox process 

(Scheme 11b). This change in pH dependence arises from protonation of the nitrogen atom 

of 4-OH-TEMPO under acidic conditions to afford the hydroxylammonium species, and the 

solution pH at which the change in pH dependence occurs corresponds to the pKa of the 

nitrogen atom. This CV analysis provides a pKa value of 7.1 for the 4-OH-TEMPO 

hydroxylammonium.61,62 The pKa value of TEMPOH2
+, which lacks the electron-

withdrawing 4-OH, group, is slightly higher, and measured values range from 7.34–

7.96.59,61,63 The aminoxyl species is significantly less basic, with the corresponding 

oxylammonium reported to have a pKa of −5.8.64

Stahl and co-workers recently reported a full Pourbaix analysis of TEMPO and other 

aminoxyl derivatives across a wide pH range (Scheme 12).63 Voltammetric studies were 

complemented by independent UV-visible and NMR spectroscopic studies to determine pKa 

values. The TEMPO/TEMPO+ redox potential is pH insensitive, as expected, and the 

potential of the 1 e−/1 H+ TEMPOH/TEMPO redox couple exhibits the expected slope of 

−59 mV/pH. At lower pH values, the slope shifts to −118 mV/pH, reflecting a 1 e−/2 H+ 

process associated with the TEMPOH2
+/TEMPO redox couple. A pKa value of 7.34 was 

determined for the hydroxylammonium species, similar to previously reported values.59,61

Differences in the basicity of the different TEMPO redox partners can lead to 

disproportionation-comproportionation equilibria. For example, the basicity of TEMPOH 

leads to the disproportionation of TEMPO under acidic conditions (Scheme 13).61 As noted 

above, cyclic voltammetry studies often reveal the oxidation wave for conversion of 

TEMPOH2
+ to TEMPO+ at potentials higher than the TEMPO/TEMPO+ potential (cf. 

Schames 10 and 1a), indicating that the comproportionation of hydroxylammonium and 

oxoammonium under acidie conditions is slow on the CV timescale. This kinetic behavior 

accounts for the presence of data for the TEMPO/TEMPO+ potential in the Pourbaix 

diagram (Scheme 12, black circles) at pH < 3, where TEMPO is unstable with respect to 

disproportionation into TEMPOH2
+ and TEMPO+.

Malinski and co-workers noted an additional pH-dependent equilibrium for TEMPO+ at pH 

values greater than 12 during the course of electrochemical and spectroelectrochemical 

studies.58 They attributed this process to the formation of TEMP(OH)O, a hydroxide adduct 
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of TEMPO+ (Scheme 14). The resulting electrochemically inert zwitterionic TEMP(OH)O 

adduct had been identified in an earlier pulse-radiolysis study.65

In 2004, Grzeszczuk and co-workers examined the thermodynamic and kinetic parameters of 

TEMPO disproportionation and comproportionation (cf. Scheme 13) using cyclic and 

steady-state voltammetry in neutral to strongly acidic aqueous solutions.66 A steady-state 

voltammogram was obtained using a rotating disc electrode (RDE). The limiting currents 

obtained from the steady-state plateau provided insight into the bulk concentration of redox-

active species.57 At pH 7, the steady-state voltammogram shows an anodic plateau due to 

TEMPO oxidation, and the current of this plateau is proportional to the concentration of 

TEMPO (Scheme 15). Upon addition of HClO4, the anodic current decreases, reflecting 

depletion of TEMPO in the solution, and a cathodic plateau appears. At pH 0, the anodic 

plateau is absent (i.e., I ~ 0), and the cathodic current reaches a maximum value that is 

approximately half of the initial anodic current, indicating that the concentration of TEMPO
+ is half of the original TEMPO concentration. These results provide direct insights into the 

disproportionation of TEMPO into TEMPO+ and TEMPOH2
+ that occurs under acidic 

conditions. The TEMPOH2
+ species is not electrochemically active in this potential range.

Grzeszczuk and co-workers employed digital simulation methods to determine kinetic 

parameters and the equilibrium constant for the disproportionation reaction at pH 0. There 

was good agreement between the simulated and experimental CVs, and the 

disproportionation rate was calculated to be 104 M−1 s−1. A hydrogen-bonded dimer 

resulting from interaction of TEMPO and TEMPOH2
+ was also proposed on the basis of CV 

simulations.

The disproportionation of TEMPO was later examined under acidic conditions in organic 

solvent by Kishioka and co-workers.67 Steady-state voltammetry data revealed that 50% of 

the TEMPO converts to TEMPO+ upon addition of acid (Scheme 16). Addition of 2,6-

lutidine to a solution of TEMPO+ and TEMPOH2
+ generated from disproportionation of 

TEMPO resulted in regeneration of TEMPO. Titration of TEMPO with p-toluenesulfonic 

acid (p-TSA) indicates 1 H+ is consumed for each molecule of TEMPO, again highlighting 

the formation of TEMPOH2
+ under acidic conditions.

To complement studies examining the disproportionation of TEMPO under acidic 

conditions, Samuni and co-workers investigated the comproportionation reaction of 

TEMPOH and TEMPO+ under basic conditions.61 The reaction of TEMPOH with TEMPO+ 

in aqueous solution was studied at various pH values using rapid-mixing stopped-flow 

methods and EPR spectrometry. Taking into account the acid dissociation constant for 

TEMPOH2
+ (pKa1 = 7.5) and assuming TEMPOH has a pKa value similar to that of NH2OH 

(pKa2 = 13.7), Samuni and co-workers evaluated the three relevant comproportionation 

reactions and derived the rate constants for each (Scheme 17). Rate constants for the 

comproportionation between TEMPO+ and the various protonation states of TEMPOH 

varied by several orders of magnitude. The faster comproportionation reactions at higher pH 

is consistent with the greater driving force for these reactions, evident in the pH-dependent 

shift in the TEMPO redox potentials (cf. Scheme 11).
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The electrochemical kinetics of the TEMPOH/TEMPO redox couple are dependent on the 

identity of the electrode. Samuni and co-workers showed that a smaller cathodic-to-anodic 

peak separation is observed with a graphite electrode relative to that observed with a glassy 

carbon electrode.61,68,69 In a separate study by Kishioka, nearly reversible redox behavior, 

with 70 mV peak-to-peak separation, was reported at the surface of a mercury drop electrode 

under acidic and basic conditions (Scheme 18).70 Similar behavior is observed at an 

oxidized carbon electrode.63 Although the origin of these changes in redox behavior are not 

well understood, the results show the ability of the electrode material to affect the rate of this 

proton-coupled electron transfer step.71

The electron transfer of TEMPOH and the comproportionation reaction of TEMPO+ and 

TEMPOH are important factors for electrocatalytic applications of TEMPO, which are 

discussed in section 3 below. Oxidation reactions mediated by TEMPO often yield 

TEMPOH, and the regeneration of TEMPO+ can proceed by two possible pathways 

(Scheme 19): (a) direct 2 e−/1 H+ oxidation of TEMPOH to TEMPO+ at the electrode 

surface, and (b) comproportionation of TEMPOH and TEMPO+ in solution, followed by 1 e
− oxidation of TEMPO to TEMPO+ at the electrode.

2.3. Structural Effects on the Electrochemical Properties of Cyclic Aminoxyl Radicals

The well-characterized electrochemical reactivity of TEMPO has enabled the use of 

electrochemical methods to study structural effects on the redox behavior of other cyclic 

aminoxyl radicals. Modification of the structural and electronic properties of the aminoxyl 

radical can significantly alter the redox potentials of aminoxyl radicals and provide the basis 

for the design of new compounds with defined electrochemical properties.

The substantial effects of structural modifications on the redox chemistry of cyclic aminoxyl 

radicals are highlighted in the Pourbaix diagram for 4-NH2-TEMPOH (Scheme 20).63 4-

NH2-TEMPO possesses a basic functional group. Protonation of the amino group strongly 

modulates the effect of the substituent on the redox properties of the aminoxyl radical. At 

low pH, a strong inductive effect from the protonated amine increases the redox potential of 

the aminoxyl/oxoammonium couple to 0.926 V vs. NHE (cf. 0.745 V vs. NHE for TEMPO 

in Scheme 12). Under more basic conditions (pH > 9), 4-NH2-TEMPO is neutral, and it 

displays chemically irreversible oxidation by voltammetric analysis, probably arising from 

oxidation of the free amino group. The pKa of the hydroxylamine bearing a 4-NH3
+ group is 

5.6, considerably lower than the value of 7.34 determined for TEMPO by similar methods 

(Scheme 11b). Changes in the pH-dependence of the redox potentials for this species result 

in no disproportionation of the 4-NH2-TEMPO aminoxyl radical under acidic conditions.

Efforts to probe the effects of structural modifications on electrochemical properties of 

aminoxyl radicals were reported as early as 1975.72 However, the majority of data focuses 

only on the aminoxyl/oxoammonium redox couple. As expected, substitution of electron-

donating groups lowers the redox potentials, while electron-withdrawing moieties lead to an 

increase.60,73–80 The experimental aminoxyl/oxoammonium redox potentials of a wide 

range of stable cyclic aminoxyl radical species are shown in Table 1. Where available, the 

redox potentials of aminoxyl species in different solvents have been included. Redox 

potentials in aqueous and non-aqueous (i.e., CH3CN) solvents are difficult to compare 
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precisely; however, the redox potentials for the aminoxyl/oxoammonium couple of TEMPO, 

ABNO, and AZADO is somewhat more positive under non-aqueous conditions.17

As noted above, the oxoammonium redox state is susceptible to formation of an 

electrochemically inactive hydroxide adduct at high pH (cf. Scheme 14). Less hindered bi- 

and polycyclic oxoammonium species, such as ABNO+ and 2-azaadamantane-2-

oxoammonium (AZADO+), exhibit greater affinity for hydroxide, relative to TEMPO+. This 

behavior was characterized recently for ABNO,63,73 and is manifested as a pH-dependence 

in the oxidation of ABNO to the ABNO+ species (Scheme 21). Oxoammonium species are 

also susceptible to base-induced decomposition at high pH, arising from an elimination 

reaction that leads to cleavage of a C-N bond and opening of the ring (Scheme 22).81–83 This 

reactivity is especially problematic for the most electron-deficient aminoxyl derivatives (e.g., 

X = O in Scheme 22), and is evident in voltammetric studies by the presence of irreversible 

CVs under basic conditions.73

Further differences between the redox chemistry of ABNO and more sterically hindered 

aminoxyls are apparent in the respective Pourbaix diagrams of these species (cf. Scheme 12 

and Scheme 21). While the redox potential for the aminoxyl/oxoammonium couple of 

ABNO and TEMPO were found to differ by < 5 mV, the redox potential for the 

hydroxylamine/aminoxyl of ABNO (0.80 V) is 150 mV more positive than that of TEMPO 

(0.65 V, cf. Scheme 12). This difference may be ascribed to the greater acidity of ABNOH2
+ 

relative to TEMPOH2
+ arising from decreased inductive stabilization of the cation in 

ABNOH2
+. The relatively more positive redox potential of the ABNOH/ABNO couple 

results in a narrower region of stability for ABNO compared to TEMPO. Additionally, 

ABNO demonstrates a kinetically facile 2 e−/2 H+ equilibrium for the ABNOH2
+/ABNO+ 

couple at pH < 3.

A few studies have examined the effect of structure on the redox potential of the 

hydroxylamine/aminoxyl couple. In 1991, Morris, Swartz and co-workers measured the 

redox potentials of the hydroxylamine/aminoxyl couple of substituted piperdine-, 

pyrrolidine-, and pyrroline-derived aminoxyls using voltammetric techniques (Scheme 23).
84 Among aminoxyl derivatives with the same backbone structure, the redox potentials of 

the hydroxylamine/aminoxyl couples correlate with substituent inductive effects: more 

electron-withdrawing substituents result in less negative redox potentials whereas electron-

donating substituents give more negative redox potentials. Pyrroline derivatives display the 

lowest response to substituent inductive effects, and the 5-membered-ring aminoxyl species 

were generally reduced at lower potentials compared to the 6-membered-ring aminoxyls.

Anzai and co-workers later demonstrated in 2007 that substitution at the β-position of 

2,2,5,5-tetramethylpyrrolidine N-oxyl (PROXYL) derivatives with electron-withdrawing and 

donating groups alters the potential of the hydroxylamine/aminoxyl redox couple.74 A linear 

relationship was demonstrated between the Pauling group electronegativity of the substituent 

and this redox potential (Scheme 24). A 1 e− reduction process was invoked in this report; 

however, the use of protic solvents (H2O, MeOH) in this study suggests that the reaction 

likely corresponds to a 1 e−/1 H+ reduction process.
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The Pourbaix analysis of different aminoxyls, reported by Stahl and coworkers, showed that 

ancillary substituents more strongly affect the aminoxyl/oxoammonium couple than the 

hydroxylamine/aminoxyl couple (Table 2).63 For the aminoxyl series consisting of TEMPO, 

4-AcNH-TEMPO (ACT) and 4-NH3
+-TEMPO, the aminoxyl/oxoammonium couples vary 

by 180 mV, while the standard hydroxylamine/aminoxyl potentials exhibit a range of only 

60 mV. This effect is further illustrated by the relative uniformity of the R2NO-H BDEs. The 

different response evident in the two redox processes may be rationalized by a “redox 

leveling effect” of proton-coupled electron transfer (PCET) processes85 (i.e., the 

hydroxylamine/aminoxyl redox process), whereby substituent electronic effects have an 

opposite influence on electron- and proton-transfer steps.

Various computational studies have analyzed substituent effects on aminoxyl redox 

potentials within several different aminoxyl structural classes.87,88 In 2008, Bottle and co-

workers computed the oxidation potentials of over 20 aminoxyl radical species with 

piperidine, pyrrolidine, azaphenalene and isoindoline core structures.78 The results were 

correlated with experimental oxidation potentials to benchmark the computational studies. 

Using the same computational methods, earlier studies had calculated the redox potential for 

over 50 different hydroxylamine/aminoxyl and aminoxyl/oxoammonium couples, but these 

computed values were not validated with experimental results.88 Determination of the gas 

phase and solvation free energies of the aminoxyl radical and the corresponding closed shell 

oxoammonium species provided the basis for computed oxidation potentials. Good 

agreement between computed and experimental oxidation potentials (ΔEo < 0.05 V) was 

observed for pyrrolidine, piperidine, and isoindoline derivatives (Table 3). Azaphenalene 

derivatives, however, displayed much higher experimental oxidation potentials compared to 

the computed values (ΔEo up to 0.5 V), which was tentatively attributed to pi-stacking 

effects that are not accounted for in the computations.

3. Electrochemical Reactions Mediated by TEMPO and Related Cyclic 

Aminoxyl Radicals

3.1. Alcohol Oxidation

3.1.1. Mechanism of Aminoxyl-Mediated Alcohol Oxidation—In 1965, Golubev 

reported the first stoichiometric reactions between TEMPO-derived oxoammonium salts and 

alcohols.20 Since then, cyclic aminoxyls species have found extensive use as reagents for the 

oxidation of alcohols to the corresponding aldehydes, ketones, and carboxylic acids.
11,12,21–23,28 Electrochemical conditions may be used as an alternative to chemical oxidants 

to promote the formation of oxoammonium species from the corresponding aminoxyls, and 

the electrochemical properties and redox reactions of aminoxyls described in section 2 

underlie aminoxyl-mediated electrochemical oxidation of alcohols.

In 1983, Semmelhack and co-workers reported the first use of an aminoxyl radical as an 

electrocatalyst for alcohol electrooxidation and examined certain mechanistic aspects of this 

reactivity.89 The reaction between electrogenerated TEMPO+ with primary alcohols in the 

presence of base (here, 2,6-lutidine) was found to be fast, even at −60 °C, and up to 40 

catalytic turnovers were achieved. The TEMPO+-mediated oxidation of primary alcohols 
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was found to be relatively insensitive to substrate electronic effects, but secondary alcohols 

were oxidized at significantly slower rates. In the absence of base, alcohol oxidation was 

sluggish.

In a subsequent study, Semmelhack and co-workers investigated the mechanism of TEMPO
+-catalyzed alcohol oxidation.90 Four potential routes were considered (Scheme 25): (a) 

direct hydride abstraction from the alcohol by the oxoammonium to afford hydroxylamine 

and an oxocarbenium ion that undergoes subsequent deprotonation; (b) H+/e− transfer from 

alcohol to oxoammonium, generating TEMPO, H+, and an alkoxyl radical; (c) nucleophilic 

attack of an alkoxide at the nitrogen atom of TEMPO+ to generate a reactive N-O adduct; 

and (d) nucleophilic attack of the alkoxide at the oxygen atom of TEMPO+ to generate a 

reactive O-O adduct. Hammett studies and deuterium kinetic isotope effects were interpreted 

in favor of path (c), with alcohol oxidation arising from a cyclic transition state involving the 

N-O TEMPO+/alkoxide adduct.

Later work by Tokuda and co-workers in 1998 further probed the potential formation of an 

intermediate oxoammonium-alcohol adduct.91 Using UV-visible spectroelectrochemical 

methods, they obtained evidence for the formation of an adduct over the course of the 

TEMPO-mediated electrooxidation of 4-methoxybenzyl alcohol in CH3CN containing 0.2 

M NaClO4 under N2. In the absence of alcohol, only TEMPO and TEMPO+ were observed 

during the electrochemical oxidation of TEMPO. In a solution of 4-methoxybenzyl alcohol 

and TEMPO, application of the same range of potentials led to a significant increase in the 

absorbance at 265 nm, supporting the formation of a new species during the electrolysis. The 

authors proposed this new species to be the N-O oxoammonium-alkoxide adduct proposed 

by Semmelhack (Scheme 25, path c). This was the first experimental evidence for the 

formation of an adduct between TEMPO+ and alcohol.

Although other mechanisms are sometimes proposed in the literature,28,92 a preponderance 

of experimental and computational evidence suggests that, under basic conditions, the 

alcohol substrate forms an adduct at the nitrogen atom of the oxoammonium species, 

followed by intramolecular hydride transfer to provide TEMPOH and the organic carbonyl 

(Scheme 26a). Much of this evidence comes from studies of non-electrochemical aminoxyl-

mediated alcohol oxidation reactions, including stoichiometric reactions of oxoammonium 

species with alcohols or catalytic alcohol oxidation reactions with chemical oxidants.93–95 

Primary alcohols have lower pKa values and smaller steric demands than secondary 

alcohols, and both properties account for their preferential oxidation under basic conditions 

(selected data will be elaborated below).12,93 The mechanism and selectivity of the reaction 

between alcohols and TEMPO+ has been shown to change at lower pH. Golubev and co-

workers were the first to show that, under acidic conditions (i.e., pH ≤ 4), secondary alcohols 

react faster than primary alcohols.96 Computational studies by Bailey, Wiberg, and co-

workers attribute this change in selectivity under acidic conditions to a bimolecular hydride-

transfer mechanism (Scheme 26b).93 This mechanism is consistent with the better hydride-

donor ability of secondary alcohols, relative to primary alcohols.

In 1996, Ohmori and co-workers reported a CV study of TEMPO under basic conditions in 

the presence of alcohol substrates (Scheme 27).97 The reactivity of the electrochemically 
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generated TEMPO+ species with alcohols under basic conditions is evident in the 

voltammetric behavior of the TEMPO/TEMPO+ redox couple. The increase in the anodic 

peak current and disappearance (or decrease) in the cathodic peak current is characteristic of 

a catalytic electrochemical-chemical pathway (EC’) (Scheme 28). In an oxidative EC’ 

reaction, the reduced mediator, Medred, undergoes an electrochemical oxidation (E) to 

generate Medox, which then undergoes a chemical redox reaction (C’) with the reduced 

substrate, Subred, to generate Subox and Medred. Consumption of Medox in the chemical 

step results in the lack of a cathodic peak. Regeneration of Medred in the chemical reaction 

enables another electrochemical oxidation on the CV timescale, resulting in an increase in 

the anodic peak current.98

Mechanistic studies of aminoxyl-catalyzed electrochemical alcohol oxidation were 

conducted by Brown and co-workers in connection with their development of a flow 

electrolysis method for alcohol oxidation.69,99 CV experiments were conducted under 

aqueous alkaline conditions (pH 9.3–13.2), analogous to the conditions employed for the 

preparative method. As shown in Scheme 29, the oxidation of TEMPO in the presence of 

benzyl alcohol is electrochemically irreversible, and the oxidation current significantly 

increases at higher pH. The pH-dependent response of the current could be attributed to the 

role of base in promoting a) reoxidation of TEMPOH or b) TEMPO+-mediated oxidation of 

the alcohol. Brown noted that regeneration of TEMPO+ from TEMPOH after conversion of 

alcohol to aldehyde cannot be rate-limiting under alkaline conditions as the oxidation wave 

for conversion of TEMPOH to TEMPO appears at lower potentials than the oxidation wave 

for oxidation of TEMPO to TEMPO+ (cf. Scheme 11). Further, they noted that the 

comproportionation of TEMPOH and TEMPO+ to generate TEMPO is thermodynamically 

favorable and fast under basic conditions.61 Consistent with previous mechanistic proposals 

for TEMPO-catalyzed alcohol oxidation using chemical oxidants, the base dependence on 

the reaction was attributed to base-promoted formation of the TEMPO+/alkoxide adduct.
90,93 This productive role of base was found to compete with base-promoted decomposition 

of TEMPO+ (cf. Scheme 22) and formation of the catalytically inert zwitterionic hydroxide 

adduct of TEMPO+, TEMP(OH)O (cf. Scheme 14). The full proposed mechanism for 

electrocatalytic oxidation of benzyl alcohol by TEMPO is shown in Scheme 30.

In 2014, Rafiee and co-workers used voltammetric techniques to determine the catalytic 

activity and rate constants for TEMPO-mediated electrooxidation of a series of primary and 

secondary alcohols.68 The ratio of the TEMPO oxidation current in the presence (icat) and 

absence (i0) of alcohol is proportional to the turnover frequency of the mediated alcohol 

oxidation process.98 Comparison of icat/i0 at fixed concentrations of TEMPO and substrate 

allows for comparison of the relative reactivity of TEMPO+ with different substrates. The 

highest reactivity was observed with primary alcohols, with considerably slower reactivity 

observed with secondary alcohols (Scheme 31). Voltammetric studies show that the catalytic 

rate increases at higher alcohol concentration, and studies of the reaction with benzyl 

alcohol reveal a linear correlation between the anodic plateau current and [benzyl 

alcohol]1/2, consistent with classical electrocatalytic kinetics involving diffusion of the 

substrate to the electrode (Scheme 32).98,100 Digital simulations of the cyclic 

voltammograms under various electrocatalytic conditions led to the conclusion that 

reoxidation of TEMPOH during catalytic turnover involves both (a) direct electrochemical 

Nutting et al. Page 12

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



oxidation of TEMPOH and (b) comproportionation of TEMPO+/TEMPOH to form TEMPO 

followed by electrochemical oxidation of TEMPO to TEMPO+.

Badalyan and Stahl recently examined the mechanism of TEMPO-catalyzed alcohol 

electrooxidation in an organic solvent (CH3CN) with N-methylimidazole as an added base.
101 Kinetic analysis of the oxidation of benzyl alcohol (PhCH2OH) was performed by CV. A 

beneficial role of base was observed, similar to the effect of higher pH under aqueous 

conditions. In addition, a kinetic isotope effect of 3.2 was observed on the basis of 

independent rate measurements for the electrooxidation of PhCH2OH and PhCD2OH, and 

Hammett analysis of various para-substituted benzyl alcohol derivatives revealed a negative 

slope, ρ = −0.24 (Scheme 33, i.e., faster rates observed with more electron-rich substrates). 

Collectively, the data support an electrocatalytic mechanism involving base-promoted 

formation of the TEMPO+/alkoxide adduct, followed by turnover-limiting intramolecular 

hydride transfer within this complex, similar to that shown in Scheme 26a.

A report by Marken and co-workers in 2016 utilized a hydrodynamic rocking disc electrode 

technique to further examine the TEMPO-mediated oxidation of primary alcohols.102 This 

and other mechanistic studies for aminoxyl-catalyzed alcohol electrooxidation corroborate 

the mechanistic findings and trends discussed above.103–105 The majority of these 

mechanistic studies have focused on basic conditions, owing to the enhanced rates of 

aminoxyl-mediated alcohol oxidation at higher pH. Slower alcohol oxidation under acidic 

conditions often prevents the use of CV studies to investigate reaction kinetics. 

Krzyczmonik and co-workers, however, examined rate constants for alcohol oxidation by 

electrogenerated 4-OH-TEMPO+ at pH 4–5 using coulometric methods.106 Initial and 

steady-state currents measured for mediated bulk electrolyses were used to derive the rate 

constants for oxidation of various alcohols by 4-OH-TEMPO+. The coulometric data 

demonstrate a pH-dependence on the reaction rate and selectivity under mildly acidic 

conditions (Scheme 34). At pH 4, secondary alcohols are oxidized more rapidly than 

primary alcohols by 4-OH-TEMPO+, but the difference in relative reactivity between 

primary and secondary alcohols narrows as the pH is increased to 5.

3.1.2. Performance of Aminoxyl Derivatives for Electrochemical Alcohol 
Oxidation—Two recent studies have probed the effect of different aminoxyl derivatives on 

electrochemical alcohol oxidation. Using chronoamperometry and CV techniques, Stahl and 

coworkers examined a series of TEMPO analogs and bi-/polycyclic aminoxyls with a range 

of redox potentials for the oxidation of alcohols under basic conditions.73 As with 

voltammetric responses, the ratio of chronoamperometric anodic currents in the presence 

and absence of substrate is proportional to the rate of the catalytic reaction, enabling 

determination of the reaction TOF (Scheme 35).107 The low-cost aminoxyl derivative 4-

AcNH-TEMPO (ACT) was identified as a particularly effective mediator (Table 4) based on 

these studies. The less hindered oxoammonium species (e.g., those derived from AZADO 

and ABNO) were shown to be more susceptible to inhibition at high pH by formation of the 

hydroxide adduct (analogous to the reaction in Scheme 14; see also, Scheme 21). This 

adduct is electrochemically inactive and competes with formation of the productive 

alkoxide-aminoxyl adduct.
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This study drew attention to a contrast between the use of electrochemical versus chemical 

methods for reoxidation of the oxoammonium-based oxidant. With chemical oxidants, such 

as bleach (NaOCl), AZADO, ABNO, and other sterically less-hindered aminoxyls have been 

shown to exhibit significantly higher activity for alcohol oxidation that TEMPO and various 

TEMPO analogs.75108–110 Under electrochemical conditions, however, the redox potential 

of the aminoxyl was shown to be even more influential than steric effects on the catalytic 

rate (Table 4). For example, the sterically hindered, but higher-potential aminoxyl ACT (E1/2 

= 650 mV vs. Ag/AgCl) exhibited faster rates than the sterically less-hindered, lower-

potential aminoxyls ABNO and AZADO (E1/2 = 480 mV and 450 mV vs. Ag/AgCl, 

respectively) for the oxidation of primary alcohols (Table 4). Even for the oxidation of 

secondary alcohols, the activity of ACT was comparable to the activity of ABNO and 

AZADO. Additional analysis was conducted with seven different aminoxyls to obtain 

catalytic rate constants for the oxidation of 1-butanol using both chemical and 

electrochemical oxidation methods. As shown in Scheme 36, the reaction rates exhibit 

opposite trends with respect to the aminoxyl/oxoammonium redox potential. The less 

hindered aminoxyls, which exhibit comparatively low redox potentials, are much faster than 

TEMPO derivatives when NaOCl is used as the oxidant. In contrast, the rates are faster with 

higher-potential TEMPO derivatives under electrochemical conditions. It was observed that 

low-potential aminoxyl mediators were more rapidly oxidized by NaOCl and exhibited 

higher steady-state concentration of the oxoammonium relative to high-potential aminoxyls. 

The increased rate of alcohol oxidation by low-potential aminoxyl mediators under chemical 

oxidation conditions correlates with the more rapid generation of the corresponding 

oxoammonium species under these conditions. Under electrochemical conditions, however, 

the rate of mediator reoxidation and the steady state oxoammonium concentration is 

normalized by adjustment of the applied potential and leads to a catalytic rate that reflects 

the oxidizing ability of the oxoammonium. These data suggest that, when normalized for 

effective oxoammonium concentration, the reaction driving force is more significant than 

steric effects in aminoxyl-mediated electrochemical oxidation of alcohols.

Sigman, Minteer, and co-workers examined the catalytic activity of an even wider range of 

aminoxyl radicals in their study of glycerol oxidation using voltammetric and computational 

methods.60 The ratio (ipa/ipc)cat of the peak oxidative current (ipa) and the peak reductive 

current (ipc) in the presence of glycerol and the difference (ΔEa) between the anodic peak 

potentials of the hydroxylamine/aminoxyl (Epa2) and the aminoxyl/oxoammonium (Epa1) 

redox couples (see Scheme 10a for definition of Epa1 and Epa2) were measured by CV under 

aqueous conditions at pH 7. The catalytic activity towards glycerol was found to increase as 

ΔEa decreased, with (ipa/ipc)cat showing a correlation with 1/(Epa2 − Epa1) (cf. Scheme 37a). 

Though the basis for this correlation is not yet clear, the trend is suggested to arise from the 

relative stability of the off-cycle hydroxylammonium species. A model developed from this 

correlation was used to predict the catalytic activity of a series of aminoxyl radicals using 

computationally derived Ea1 and Ea2 values. Eight aminoxyl derivatives were used as a 

training set to develop the parameterized model, and variety of other aminoxyl radicals were 

used to validate the model (Scheme 37b). A linear correlation with R2 = 0.80 was observed 

between the predicted and experimental values for the (ipa/ipc)cat validation set. A large 

deviation observed in the predicted reactivity for one particular TEMPO derivative, 4-(N,N-
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dimethyl-N-benzylammonium)-TEMPO, was hypothesized to be due to the large size and 

permanent charge of the bulky ammonium substituent (cf. Scheme 37b). This model may be 

used to predict the catalytic activity of aminoxyl derivatives from in silico-determined values 

of Ea1 and Ea2, precluding the need to independently synthesize and probe various aminoxyl 

structures.

After identifying these relationships, aminoxyl species with similar properties were grouped 

into four categories according to their potential practical applications (Scheme 38): 

aminoxyl radicals with lower potentials and high catalytic activity (quadrant I) could serve 

as anodic oxidation catalysts for fuel cell applications; aminoxyl radicals with high redox 

potentials and high catalytic activity (quadrant II) could present advantages in 

electrosynthetic applications; aminoxyl radicals with low redox potentials and low catalytic 

activity (quadrant III) are well-suited for use as antioxidants or radical traps; and aminoxyl 

radicals with high redox potentials and low catalytic activity (quadrant IV) have properties 

aligned with spin-labeling applications. These classifications and the correlation studies 

provide a route to readily predict and identify aminoxyl radicals that are suitable for a 

particular application.

3.1.3. Cooperative Copper/Aminoxyl Catalyzed Electrochemical Alcohol 
Oxidation—In 2016, Badalyan and Stahl characterized a cooperative Cu/aminoxyl 

electrocatalyst for alcohol oxidation.101,111 The catalyst system, composed of CuI(OTf), 

(2,2’-bipyridine) (bpy), NEt3, and an aminoxyl co-catalyst (TEMPO or ABNO), mediates 

the electrooxidation of diverse alcohols in CH3CN, demonstrating electrocatalytic behavior 

at the CuI/CuII potential (Scheme 39a). This process operates at an applied potential nearly 

0.5 V lower than electrocatalytic alcohol oxidation with TEMPO alone as a catalyst (Scheme 

39b). This significant lowering of the applied potential arises from the involvement of two 

low-potential 1 e− oxidants (CuII and TEMPO) rather than one high-potential 2 e− oxidant 

(TEMPO+) in the alcohol oxidation process. The TOFs of both processes were determined 

using the ratio of the currents at the plateau peak potential in the presence and absence of 20 

mM benzyl alcohol (icat/i0).107 In spite of the lower driving force, the Cu/TEMPO-catalyzed 

reaction exhibits a turnover frequency 4–5-fold higher than the corresponding TEMPO-only 

catalytic process.

Mechanistic studies showed that the Cu/aminoxyl system exhibits a kinetic isotope effect of 

1.0 and Hammett analysis of para-substituted benzyl alcohols gives a slope (ρ) of +0.37. 

These results contrast data obtained with the TEMPO-only catalyst system (cf. Scheme 33 

and associated text). In the proposed reaction mechanism (Scheme 39c), oxidation of 

CuI(bpy) to CuII(bpy) occurs at the electrode surface, and the electrogenerated CuII(bpy) 

then plays a dual role: a) oxidation of TEMPOH to TEMPO, and b) oxidation of the alcohol 

in cooperation with TEMPO via a bpy-ligated CuII(TEMPO)(alkoxide) adduct, similar to 

that characterized previously for Cu/TEMPO-catalyzed alcohol oxidation under aerobic 

conditions.112–115 The base plays a proton-acceptor role in formation of the CuII-alkoxide 

species and in the oxidation of TEMPOH.

3.1.4. Synthetic Alcohol Oxidation—The use of aminoxyl radical catalysts for the 

preparative electrochemical oxidation of alcohols was first reported in 1983 when 
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Semmelhack and co-workers demonstrated efficient electrooxidation of primary aliphatic 

alcohols in the presence of catalytic quantities of TEMPO (Scheme 40).89 Semmelhack’s 

report pre-dated the widely-used Anelli conditions for TEMPO-catalyzed alcohol oxidation, 

which employ biphasic conditions with co-catalytic bromide and NaOCl as the 

stoichiometric oxidant.24 Previous methods for electrochemical alcohol oxidation utilized 

high-potential mediators, such as bromide and iodide (ca. 1.4 V vs. NHE),116,117 whereas 

Semmelhack’s method could operate at the significantly lower TEMPO/TEMPO+ redox 

potential (ca. 0.77 V vs. NHE). Primary alcohols were found to undergo significantly faster 

oxidation than secondary alcohols, and no overoxidation to the corresponding carboxylic 

acid was observed, even in the presence of water.

In 1991, Torii and co-workers demonstrated the use of a two-phase bromide/4-benzoate-

TEMPO (4-BzO-TEMPO) double mediatory system for the oxidation of both primary and 

secondary alcohols.118 This work was inspired by previous chemical studies in which a 

terminal oxidant in the aqueous phase oxidizes an aminoxyl species at the aqueous-organic 

phase boundary.24,119,120 At an anode submerged in a basic aqueous solution of NaBr, Br− is 

oxidized to an oxidized bromine species (i.e., Br+, BrO−, Br•, Br2, Br3
−). The oxidized 

bromide species then oxidizes the aminoxyl species to the corresponding oxoammonium at a 

H2O-CH2Cl2 boundary layer. Alcohol oxidation by the generated oxoammonium occurs in 

the organic phase (Scheme 41).

Lower aminoxyl loadings were possible with this method (ca 1 mol%), relative to the 

Semmelhack conditions, and secondary alcohols were reported to undergo oxidation to the 

ketone, albeit at slower rates than primary alcohols. While TEMPO was found to be a 

successful catalyst for this method, 4-BzO-TEMPO exhibited higher yields and selectivity. 

Again, no overoxidation of the aldehyde to the carboxylic acid was reported (Scheme 42). 

One limitation of this method is that alcohol substrates containing sterically-unhindered 

electron-rich arene groups are susceptible to bromination. For 1,6- and 1,5-diols, the 

corresponding lactone product was observed. In the same year, Ogibin and co-workers 

expanded the scope of Torii’s double mediatory system and achieved effective 

electrooxidation of cyclopropylcarbinols (Scheme 43).121 The excellent yields for these 

substrates is consistent with a non-radical mechanism for alcohol oxidation.

In 1994, Torii and co-workers reported the electrooxidation of dihydroxyalkanoates to the 

corresponding vicinal tricarbonyl products using the bromide/4-BzO-TEMPO double 

mediatory system (Scheme 44).122 The electrooxidation system generally produced di- and 

tricarbonyl compounds in higher yields than a corresponding chemical oxidation method, 

which used catalytic 4-BzO-TEMPO in the presence of NaBrO2 as the stoichiometric 

oxidant.

Ogibin later applied this method to the electrooxidation of 6β-methyl-3β,5α-dihydroxy-16α,

17α-cyclohexanopregnan-20-one 4 to 6β-methyl-5α-dihydroxy-16α,17α-

cyclohexanopregnan-3,20-dione 5, an intermediate in the preparation of progestin (6α-

methyl-16α,17α-cyclohexanoprogesterone, 6).123 Oxidation of the 3,5-diol motif of 4 to 5 
can be carried out with chromic acid in acetone (Scheme 45). However, 4 is poorly soluble 

in acetone (0.015 M) and requires large amounts of solvent. This consideration, together 
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with the formation of toxic chromium byproducts, made large scale chemical synthesis of 

progestin impractical. Using the NaBr and 4-hydroxy-TEMPO-benzoate catalyst system 

under biphasic conditions, 4 was oxidized to 5 in 90% yield on a 12-g scale with a 

concentration in CH2Cl2 of 0.1 M.

Tanaka and co-workers have reported a series of aminoxyl-catalyzed electrooxidations of 

alcohols under aqueous conditions in an undivided cell. In 2005, a series of secondary 

aliphatic alcohols were shown to undergo effective oxidization to the corresponding ketones 

using a water-soluble cationic TEMPO derivative (Scheme 46).124 Only two examples of 

primary alcohol oxidation were reported, and both aldehyde and carboxylic acid products 

were obtained. A bromide co-mediator is required to achieve efficient reactivity. A protocol 

employing an anionic water-soluble TEMPO derivative was developed later (Scheme 46).125 

This anionic TEMPO derivative was effective in the absence of bromide, thereby enabling 

oxidation of electron-rich benzylic alcohols without competing arene bromination. Both the 

anionic and cationic derivatives could be recovered and recycled following electrolysis. 

Later reports from Tanaka showed that oxidation of amphiphilic alcohols in water may be 

achieved with unmodified TEMPO in the absence of bromide salts.126,127 The formation of 

an emulsion in the aqueous electrolysis medium was shown to contribute to efficient 

catalysis with this system.

Bicyclic aminoxyl mediators have also been used successfully in the electrooxidation of 

alcohols. In 2008, Onomura and co-workers reported the use of azabicylco-N-oxyls as 

electrochemical mediators for the oxidation of sterically-hindered secondary alcohols 

(Scheme 47).128 Biphasic conditions with a bromide co-mediator were used, analogous to 

the conditions reported earlier by Torii.118 The reduced steric bulk of the bicyclic N-oxyl 

species facilitated oxidation of sterically bulky, secondary alcohols such as menthol.

Chiral aminoxyl mediators have been used to enable kinetic resolution of chiral secondary 

alcohols under electrochemical conditions.129–131 In 1999, Kashiwagi, Anzai, and co-

workers evaluated the reaction of chiral alcohols with 7 as a chiral TEMPO mediator.129 

Voltammetric studies showed that the anodic peak current of 7 was significantly greater in 

the presence of (R)-l-phenylethanol than in the presence of the (S)-isomer (Scheme 48). The 

closely related chiral aminoxyl radical 8 was later applied for the preparative 

electrooxidation of racemic sec-benzylic alcohols with moderate selectivity (Scheme 49).131

Preparative kinetic resolution alcohol electrooxidation was later reported by Onomura and 

co-workers using a chiral bicyclic aminoxyl catalyst. The sterically less-hindered 

nortropane-derived aminoxyl 9 was shown to enable kinetic resolution of racemic secondary 

alcohols witl moderate selectivity (Scheme 50).132

All of the methods discussed above were carried out in batch electrolysis reactions, but 

recent reports have examined the use of flow methods for electrochemical aminoxyl-

catalyzed alcohol oxidation. In 2012, Brown and co-workers described the first protocol for 

TEMPO-mediated alcohol electrooxidation in a single channel microfluidic electrolysis cell.
99 Efficient electrooxidation was achieved in a 1:1 tert-butanol:carbonate buffer (pH 11.5), 

and high selectivity for the aldehyde and ketone products was observed with only trace 
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carboxylic acid formation. Depending on the substrate, product could be generated at a rate 

of 30–100 mg h−1, with only a single pass through the electrolysis cell. Roughly 60% of 

TEMPO was recovered after electrolysis.

3.1.4.1. Biomass Oxidation: The successful electrooxidation of simple alcohol functional 

groups by aminoxyl mediators led to the implementation of this methodology for the 

catalytic oxidation of carbohydrates, biomass-derived polyols, lignin-related compounds, 

and derivatives thereof. These processes generate unique polymeric materials and value-

added chemicals and have also been considered for energy-conversion applications.

Chemical methods for aminoxyl-mediated oxidation of carbohydrates were reported in the 

early 1990s and were carried out using co-catalytic TEMPO or 4-OMe-TEMPO and 

bromide salts with hypochlorite as the terminal oxidant.28 Early electrochemical precedents 

reported the use of TEMPO as a mediator for the electroanalytical detection of 

carbohydrates.97,133,134 The first synthetic application of carbohydrate electrooxidation 

mediated by TEMPO was reported by Schäfer and co-workers in 1999 (Scheme 51).135 

Under alkaline aqueous conditions, TEMPO was shown to mediate selective oxidation of 

primary hydroxyl groups in preference to secondary hydroxyl groups of non-reducing 

carbohydrates. Monosaccharide derivatives of glucose, mannose, and galactose were readily 

oxidized at the primary hydroxyl group in moderate to excellent yields (Scheme 51). Di-, 

oligo- and polysaccharides were also effectively oxidized at the primary hydroxyl groups. 

Electrooxidation of potato starch gave a polycarboxylic acid in 63% yield with 93% 

conversion of the primary hydroxyl groups to the carboxylic acid. The electromediated 

oxidation of potato starch led to lower yields compared to Anelli conditions (ca 98%) but 

provided a means to avoid high concentrations of NaBr. Later reports expanded the reaction 

scope to include aminopyranosides, unsaturated carbohydrates, glycosyl azides, and 

additional non-reducing di-saccharides, all of which were isolated as the methyl ester 

(Scheme 51).136,137

In 2005, Belgsir and co-workers reported the TEMPO-mediated electrooxidation of reducing 

disaccharides, maltose and cellobiose, at pH 10 in a divided cell.92 Oxidation occurred at 

both the primary hydroxyl groups and at the anomeric position. Similar behavior was 

observed in the oxidation of the acetal groups in 1,4-dioxane-2,3-diol.

Barbier compared the use of Schäfer’s electrochemical TEMPO-mediated oxidation of 

carbohydrates to TEMPO/NaOCl/NaOClO2 oxidation conditions.138 Shorter reaction times 

were observed for the electrochemical process. While the electrochemical oxidation was 

performed at pH 10, the chemical oxidation method was performed in a mixed organic-

aqueous system buffered to pH 6.2, which likely accounts for the shorter reaction times 

under the electrochemical conditions. The TEMPO/NaOCl conditions generally provided 

higher yields of oxidation at the primary hydroxyl of non-reducing carbohydrates with 

protected sec-hydroxyl groups. For unprotected non-reducing sugars, however, 

electrochemical reaction conditions provided higher yields.

TEMPO-mediated electrooxidation of carbohydrates has been extended for the efficient 

oxidation of cellulosic materials. Oxidation of the primary hydroxyls in the carbohydrate 
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monomer units can provide carboxylated cellulosic polymers (Scheme 52), which can 

potentially be used as biomass-derived solvents, carrier reagents, binders, swelling agents, 

and other applications.139

Reports of TEMPO-mediated chemical oxidation of cellulosic materials emerged in the late 

1990s that utilized the bleach/TEMPO system with a bromide co-catalyst.140–142 In 2010, 

Bettencourt reported the first electrooxidation of mercerized microcrystalline cellulose by 

TEMPO.139 During electrolysis in alkaline aqueous media (pH 10), the initially insoluble 

cellulose powder gradually solubilized, yielding a transparent solution after the reaction. 

Analysis of the material recovered after electrolysis by elemental analysis and titration 

studies indicated nearly complete oxidation of the primary hydroxyl groups to the 

corresponding carboxylic acid. No discussion of the morphology or degree of 

polymerization of the oxidation product was provided.

Soon after, Isogai and co-workers achieved near quantitative electrochemical oxidation of 

viscose rayon fibers using catalytic ACT under mildly acidic reaction conditions.143 It was 

hypothesized that the mildly acidic conditions could prevent base-promoted 

depolymerization often observed under catalytic TEMPO/NaOCl conditions for the 

chemical oxidation of cellulose.144 Indeed, under the electrooxidation conditions, the degree 

of polymerization (DP) only decreased from approximately 300 to 100 whereas a chemical 

oxidation method mediated by 4-NH2-TEMPO at pH 10 reported previously resulted in 

reduction of the DP to ~40.145 A later report from Isogai examined aminoxyl-mediated 

electrooxidation of a softwood bleached kraft pulp native cellulose under both mildly acidic 

and basic conditions.146 As expected, electrooxidation of the native cellulose under basic 

conditions resulted in significant depolymerization while depolymerization was suppressed 

under the mildly acidic electrooxidation conditions (Scheme 53). The overall aldehyde and 

carboxylic acid content was similar in the oxidation products of both electrolysis methods. 

The oxidized cellulose nanofibrils obtained after electrolysis demonstrated a higher aldehyde 

content and lower carboxylate content compared to corresponding nanofibrils obtained from 

a chemical TEMPO/NaOCl oxidation system.

Carlsson, Mihranyan, and co-workers recently demonstrated the TEMPO-mediated 

electrooxidation of native Cladophora nanocellulose and achieved a comparable degree of 

oxidation in the product as observed under a TEMPO/NaOCl cellulose oxidation system.147 

The degree of oxidation observed (9.8%) corresponded to quantitative oxidation of the 

cellulose fibril surface. Though approximately 20% depolymerization was observed after 

electrolysis under alkaline conditions, the surface morphology of the water-insoluble 

products remained largely unchanged, indicating the oxidation did not proceed significantly 

beyond the fibril surface.

The valorization of biomass-derived feedstock chemicals by conversion to building block 

organic molecules and the utilization of biomass for energy production has been the focus of 

increasing recent interest.148–151 In 2006 Pagliaro and co-workers reported the TEMPO-

mediated electrooxidation of glycerol to 1,3-dihydroxyacetone (DHA), a valuable material 

used in the cosmetic and fungicide industries (Scheme 54).152 DHA is conventionally 

produced via microbial fermentation by Gluconobacter oxydans, the activity of which is 
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susceptible to product inhibition. The fermentation process also presents challenging 

downstream purification. The reported TEMPO-mediated electrooxidation of glycerol to 

DHA under mildly basic conditions provided access to DHA, and overoxidation to 

carboxylic acid byproducts was only observed following longer reaction times. The 

observed selectivity for oxidation of the secondary hydroxyl group was unexpected owing to 

the typical steric sensitivity of TEMPO-catalyzed oxidations. Although not investigated or 

rationalized by the authors, this observation may arise from isomerization of initially formed 

glyceraldehyde.

In 2014, Sigman, Minteer, and co-workers described an electrochemical aminoxyl/enzyme 

co-catalyst system for the complete oxidation of glycerol to CO2, a process that could be 

utilized in biofuel cell applications.153 It was hypothesized that an aminoxyl species could 

catalyze the oxidation of glycerol to mesoxalic acid (Scheme 55), which is a suitable 

substrate for further oxidation by oxalate oxidase. Oxalate oxidase operates under acidic 

conditions, but most reports on synthetic aminoxyl-catalyzed electrochemical alcohol 

oxidation operate under basic conditions. 4-NH2-TEMPO was identified as a mediator 

capable of promoting efficient glycerol electrooxidation under mildly acidic conditions 

where oxalate oxidase is still active (Scheme 56). The enhanced performance of 4-NH2-

TEMPO under acidic conditions could be attributed, at least in part, to protonation of the 

amine functional group below pH 5.6, which increases the redox potential and reactivity of 

the corresponding oxoammonium (cf. Scheme 20).63 Overall, the electrooxidation of 

glycerol by this cooperative 4-NH2-TEMPO and oxalate oxidase system can generate 16 

electrons per molecule of glycerol, upon complete oxidation of glycerol to CO2 (Scheme 

55). Complete oxidation of glycerol to CO2 was achieved in 22 hours at room temperature, 

with 90.6 C of charge collected.

A 2015 report from Choi and co-workers demonstrated the operation of a 

photoelectrochemical process for TEMPO-mediated electrooxidation of 5-

hydroxymethylfurfual (HMF) to 2,5-furandicarboxylic acid (FDCA) (Scheme 57).154 HMF 

is derived from cellulosic materials and has been widely targeted as a biomass-based 

feedstock for the downstream generation of valuable, industrially-relevant materials, such as 

FDCA. FDCA is a monomer for important polymers including polyethylene terephthalate 

and poly(ethylene-2,5-furandicarboxylate). The TEMPO-mediated oxidation of HMF was 

applied in a photoelectrochemical cell where FDCA generation at a photoanode (BiVO4) 

was coupled to H2 fuel generation at the cathode (Scheme 58). Near quantitative yields of 

FDCA were obtained with 100% Faradaic efficiency using 1.5 equivalents of TEMPO 

mediator. The work included a demonstration of the process with simulated solar light as the 

energy input.

Ananikov and co-workers later reported the electrooxidation of HMF to 2,5-diformylfuran 

(DFF) in a two-phase solution, with ACT and iodide as a double-mediator system (Scheme 

59).155 DFF is a monomer and a building block for polymer and pharmaceutical 

applications, but selective oxidation of HMF to DFF is challenging due to the oxidatively-

sensitive formyl groups present in both HMF and DFF. For the TEMPO-mediated method, 

however, DFF was obtained in 61–63% yields. Bromide was found to be ineffective as a co-

mediator in this reaction.
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Aminoxyl-mediated electrooxidation of alcohols in biomass has also been leveraged for the 

efficient synthesis of betulinic acid 12 from betulin 10 (Scheme 60). Betulin is present in the 

bark of various species of birch trees and comprises 5–25% of the bark material. Betulinic 

acid is of interest as an anti-tumor and anti-HIV agent. Previous chemical method to access 

betulinic acid from betulin required multiple steps, installation and removal of protecting 

groups, costly reagents, and purification steps which were prohibitive on a commercial scale.
156–159 In a 2006 patent, Krasutsky and co-workers described the electrooxidation of betulin 

to betulin aldehyde 11 using catalytic quantities of TEMPO.160 The betulin aldehyde was 

then oxidized further to betulinic acid using stoichiometric NaClO2. No competing oxidation 

of the secondary hydroxyl group of betulin was observed. The electrooxidation reaction was 

reported on a 120-g scale.

Lignin is an abundant biopolymer with a highly functionalized aromatic backbone, and the 

depolymerization of lignin provides a potential means to produce aromatic chemicals.161,162 

Selective oxidation of the benzylic alcohol in the β-O-4 linkage of lignin to a ketone has 

been shown to facilitate this process (Scheme 61). Stahl and coworkers showed that a 

catalyst system consisting of 5 mol% ACT in combination with catalytic HNO3 and HCl 

enabled effective oxidation of lignin with O2 as the stoichiometric oxidant,163 and 

subsequent hydrolysis of the oxidized polymer in the presence of formic acid and sodium 

formate led to low molecular-weight aromatics in yields of >50%.164 This work and other 

studies highlight the utility of TEMPO and related aminoxyl catalysts for selective oxidation 

of lignin, and by modifying the oxidant and/or reaction conditions, different selectivities can 

be achieved.165–171 For example, Bolm and coworkers reported that use of TEMPO in 

combination with diacetoxyliodobenzene as the stoichiometric oxidant leads to selective 

oxidation of the primary alcohol in lignin.171

In 2017, Takano and co-workers investigated TEMPO and ACT as mediators for 

electrochemical oxidation of non-phenolic lignin β-O-4 model compound 13.172 Various 

mixed aqueous-organic solvent mixtures were tested with several bases and buffering 

conditions (Scheme 62). The results showed that under different buffering conditions with 

aminoxyl mediator (20 mol%), the selectivity of the oxidation reaction changes. Electrolysis 

of 13 in 95:5 CH3CN/water in the presence of excess 2,6-lutidine, led to selective oxidation 

of the benzylic alcohol to the corresponding ketone, albeit only in low yields (3% and 11%, 

respectively). In a 10:90 dioxane:phosphate buffer (pH 7) solution, electrolysis instead led to 

high yields for selective oxidation of the primary hydroxyl group to the carboxylic acid. 

Electrolysis in 10:90 dioxane:carbonate buffer (pH 10) also yielded oxidation of the primary 

hydroxyl group, but significant yields of C-C cleavage products were also observed. In all 

cases, ACT demonstrated enhanced catalytic efficiency compared to TEMPO. The 

electrochemical reaction did not proceed well under acidic conditions (acetate buffer, pH 4).

3.1.4.2. Supported Aminoxyls for Electrocatalytic Alcohol Oxidation: Immobilization 

of aminoxyl mediators on electrode surfaces can lead to significantly enhanced rates of 

alcohol oxidation and facilitate isolation relative to methods that use dissolved aminoxyl 

mediators. Pagliaro and co-workers reviewed this topic in 2015.52 Content from this earlier 

review is summarized here, together with highlights of more recent examples and methods 
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not summarized previously. The content below is organized according the type of 

immobilization method employed for the aminoxyl catalysts.

Polymeric films: The earliest reports of supported aminoxyl radicals for electrocatalytic 

alcohol oxidation employed electrode-supported polymeric films modified with aminoxyl 

species. In 1987, Moutet and co-workers reported electrooxidation of alcohols with an 

electrode modified by electropolymerization of a pyrrole-tethered 2,2,5,5-tetramethyl-3-

pyrolin-1-oxyl (Scheme 63).173,174 The modified electrode exhibited reversible redox 

couples corresponding to polypyrrole/polypyrrole+ (0.58 V vs. NHE) and aminoxyl/

oxoammonium (0.98 V vs. NHE) (Scheme 64). Though the film facilitated electrooxidation 

of several benzyl alcohol substrates, it displayed rather poor stability, losing 70 to 80% of its 

initial electroactivity during the course of the electrolysis. Using a similar approach, Walton 

and co-workers electrochemically polymerized thiophene-tethered TEMPO onto platinum 

electrodes.175 The resulting film facilitated electrooxidation of p-methoxybenzyl alcohol to 

the corresponding aldehyde in 50% yield without significant film degradation.

In later reports from 1988 and 1990, Osa, Bobbitt, and co-workers modified cross-linked 

poly(acrylic acid) (PAA) with 4-NH2-TEMPO via amide bond formation.176,177 The 

TEMPO-PAA polymer was then cast-coated onto carbon electrodes. The modified electrode 

was competent for the oxidation of nerol, a monoterpene bearing a primary allylic alcohol. 

Methylation of free carboxylic acid functional groups (Scheme 65) enhanced the stability of 

the electrode, and the methylated electrode demonstrated a TON of more than 1560 for nerol 

oxidation compared to approximately 500 TON achieved by the non-methylated electrode.

PAA electrode films modified with chiral aminoxyls have been used for asymmetric 

oxidative lactonization of alcohols.178 Asymmetric lactonization and kinetic resolution of 

alcohols has also been reported for aminoxyl-modified PAA electrode films using the chiral 

base sparteine rather than a chiral aminoxyl species.179,180 Later reports have called these 

results into question, however, by demonstrating competitive electrooxidation of sparteine at 

the electrolysis potentials.181

Both the polypyrrole and PAA aminoxyl-linked polymeric films described above were used 

for electrochemical alcohol oxidation in organic solvents. Belgsir and co-workers later 

sequestered TEMPO within a Nafion® film-coated graphite felt electrode that demonstrated 

some stability in water.182 The polymer film facilitated electrooxidation of several methyl 

glycosides to the corresponding uronic acids in excellent to moderate yields; however, 40–

50% of the TEMPO leached from the Nafion® film by the end of the electrolysis.

Additional aminoxyl-polymer electrode films have been reported in the literature, but have 

not been applied to preparative bulk electrolyses.183–187 For example, Sigman, Minteer, and 

co-workers covalently linked TEMPO to linear poly(ethylamine) which was subsequently 

crosslinked on a glassy carbon electrode.188 The modified electrode demonstrated improved 

reactivity for alcohol electrooxidation compared to homogenous 4-OMe-TEMPO (Scheme 

66).
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Silica films: Aminoxyl radicals incorporated into silica films have been used to 

functionalize conductive oxide electrodes. Pagliaro and co-workers reported the first 

application of this approach for alcohol electrooxidation using aminoxyl-doped sol-gel 

electrodes.189,190 Electrodeposition of a (trimethoxy)silane derivative bearing an 

aminopropyl-tethered TEMPO onto an indium-tin oxide (ITO) electrode provided an 

amorphous film that was active for alcohol oxidation under buffered alkaline conditions. A 

series of benzylic and allylic alcohols were oxidized selectively in high yields to the 

corresponding aldehydes and ketones (Scheme 67). No carboxylic acid products were 

detected. Though a 40% reduction in catalytic activity was observed after the first bulk 

electrooxidation, no further degradation was observed in subsequent electrolyses, and the 

electrode was reused for multiple preparative bulk electrolyses. Long electrolysis times were 

required for complete conversion, however (ca 180 hours for oxidation of 0.5 mmol benzyl 

alcohol). The authors note that benzyl alcohol did not undergo oxidation at a bare ITO 

electrode or a TEMPO-free sol-gel coated ITO electrode under the same electrolysis 

conditions.

Karimi, Rafiee, and co-workers later developed an electrode-supported aminoxyl-modified 

mesoporous silica film which displayed enhanced reactivity and stability compared to 

amorphous sol-gel systems.191 In this study, an ordered mesoporous silica (MCM-41) film 

was constructed on the electrode surface using a technique known as electro-assisted self-

assembly (EASA)192 where a sol-gel precursor is templated with surfactant molecules on a 

carbon electrode at reducing potentials. Aminopropyl groups contained within the film were 

functionalized with 4-oxo-TEMPO via reductive amination. The resulting film contained 

ordered channels aligned perpendicular to the electrode surface (Scheme 68). A variety of 

benzylic, allylic, and alkyl-substituted alcohols were oxidized to the corresponding 

aldehydes in good to excellent yields over short reaction times under buffered alkaline 

conditions (Scheme 69). The modified electrode could be used for five subsequent 

electrolyses with only a small decrease in yield. Turnover frequencies up to 3070 h−1 were 

observed with this electrode. The improved reactivity and stability was attributed to the 

ordered, porous nature of the silica film, whereby the orientation of the channels should 

allow facile electron transfer from anchored TEMPO to the electrode surface while 

additionally making the catalyst molecules accessible to the dissolved substrates. However, 

the comparatively high potentials used in these electrolyses (1.0 V vs. Ag/AgCl) may reflect 

the resistance of the nonconductive silica film deposited at the electrode surface, which 

could contribute to significant Ohmic drop during bulk electrolysis.

Covalent functionalization of carbon electrodes: Geneste and co-workers reported the 

covalent linking of TEMPO to carbon electrodes using amine bridges.193 Electrochemical 

oxidation of 4-NH2-TEMPO was reported to generate a nitrogen-centered aminyl radical 

that could be grafted to the graphite felt electrode surface. This covalently-modified 

electrode was shown to oxidize 4-nitrobenzylalcohol under aqueous conditions with a TON 

of 290.194

Mediated electrolysis with dispersed TEMPO-functionalized particles and polymers: 
Tanaka and co-workers reported a method for electrochemical alcohol oxidation that 
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employed bromide as an electrochemically regenerable mediator in combination with 

supported-TEMPO catalysts dispersed in solution.195–199 Under buffered alkaline conditions 

with a bromide mediator, various primary and secondary alcohols were oxidized in the 

presence of aminoxyl catalysts supported by silica gel or polymeric particles. Instead of 

being immobilized at the electrode, these particles were freely dispersed within the 

electrolysis cell (Scheme 70). After electrolysis, the particles were filtered and recovered 

from the reaction solution, facilitating product purification and catalyst recycling. TEMPO-

immobilized poly(p-phenylene benzobisthiazole) particles could be reused five times with 

no loss in yield for the electrooxidation of 4-chlorobenzyl alcohol. As in homogenous 

bromide-aminoxyl co-mediator systems, bromination of electron-rich arenes was observed 

as a side reaction.

Francke and co-workers recently reported the attachment of TEMPO to a soluble 

poly(methacrylate) backbone (Scheme 71).200 Tethering the mediator to a soluble support is 

reported to enhance the kinetics of electron transfer between the mediator and the electrode 

relative to disperse TEMPO-functionalized particles while still facilitating recovery of the 

mediator. The Mw of the polymeric mediator was adjusted to approximately 2700 g mol−1, 

which corresponds to 11 monomer units for each polymer. By CV, the diffusion coefficient, 

D, of the polymeric TEMPO mediator is measured to be 8.8 × 10−6 cm2 s−1, lower than the 

value measured for TEMPO (3.2 × 10−5 cm2 s−1). The polymeric TEMPO mediator 

demonstrates enhanced activity towards the electrochemical oxidation of alcohols relative to 

molecular TEMPO: under kinetically controlled and pseudo-first order conditions, the rate 

of benzyl alcohol oxidation is approximately 60 times greater for poly(methacrylate)-

TEMPO. A soluble poly(methacrylate)-supported electrolyte was also developed and 

provided sufficient ionic conductivity for use in bulk electrolysis reactions. Bulk 

electrochemical oxidation of various primary alcohols was carried out to generate the 

corresponding aldehydes in the presence of both the polymeric mediator and polyelectrolyte. 

The electrolysis reactions proceed with good Faradaic efficiency and can be carried out on a 

gram scale. The polymeric materials could be recovered after the electrolysis reactions via 

dialysis and could be reused up to five times.

Non-covalent immobilization: Das and Stahl recently reported a pyrene-tethered TEMPO 

derivative that was noncovalently immobilized at electrodes coated with multi-walled carbon 

nanotubes (MWCNTs) (Scheme 7a).201 This approach takes advantage of pi-pi stacking 

interactions between the pyrene and the MWCNTs and draws upon precedents for non-

covalent immobilization of molecular catalysts for energy storage and conversion 

applications.202 Preparation of the modified electrode by adding a solution of pyrene-

TEMPO to the electrolysis cell with a carbon-cloth anode coated with MWCNTs is a 

particularly facile protocol relative to other methods to prepare functionalized electrodes. 

The supported pyrene-TEMPO catalyst demonstrated high activity at low mediator loadings 

for alcohol electrooxidation (Scheme 72b). Bulk electrolysis using ACT as an electronically 

similar dissolved mediator exhibited a TOF of 25 h−1 while the immobilized pyrene-

TEMPO catalyst exhibited a TOF of 2000 h−1 under otherwise identical conditions for 

benzyl alcohol oxidation, and TOFs of up to 4000 h−1 were observed in the study. This rate 

enhancement led to much better electrosynthetic performance, allowing for full conversion 
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of diverse benzylic alcohol substrates at a loading of only 0.05 mol% of the pyrene-TEMPO 

derivative (Scheme 73).179,180 The method was further validated by oxidation of a sterically 

hindered heterocyclic benzyl alcohol derivative that is an intermediate toward the 

cholesterol-lowering drug rosuvastatin. These results, together with those of Geneste194 and 

Karimi191, demonstrate the enhanced rates accessible from catalyst immobilization, which 

avoids kinetic losses associated with catalyst mass transfer to and from the electrode surface 

when using dissolved mediators.

Other strategies for aminoxyl immobilization on the electrode surfaces have been reported, 

though their use for preparative-scale alcohol oxidation has not been investigated.203,204 

Electrode-supported aminoxyls have additionally been applied to other synthetic oxidation 

reactions. The latter results are addressed in sections below, in connection with the use of 

dissolved mediators for each of the respective synthetic applications.

3.2. Amine Oxidation

Electrocatalytic oxidation of amines using aminoxyl mediators has been explored, although 

not as extensively as for alcohol oxidation. Use of TEMPO as an electrochemical mediator 

for amine oxidation was first reported by Semmelhack and Schmid in 1983.205 Under 

conditions similar to those reported for electrocatalytic alcohol oxidation, primary amines 

were readily oxidized to the corresponding aldehyde under aqueous conditions (CH3CN/

H2O), or to the nitrile when the reaction was conducted in anhydrous CH3CN (Scheme 74). 

The oxidation of several sec-primary amines to the corresponding ketone was reported as 

well. The two methods provide moderate to excellent yields for oxidation of aliphatic and 

benzylic amines. Higher efficiencies were observed for the oxidation of aliphatic amines 

with slow addition of substrate. The oxidation of N-methyl benzylamine resulted in cleavage 

of the N-methyl group and formation of benzaldehyde in 89% yield.

In 1999, Kashiwagi and co-workers reported an electrocatalytic method for kinetic 

resolution of racemic primary benzylic amines using chiral aminoxyl catalyst 8 (Scheme 

75).206 Moderate discrimination was observed between the two enantiomers of the amine 

substrates, favoring oxidation of the (S) configuration to the corresponding ketone where s = 

4.7–5.8. The same chiral aminoxyl catalyst was previously used for kinetic resolution of 

benzylic alcohols.131 Similar s values were observed in each system (cf. Scheme 49).

Kashiwagi and co-workers demonstrated the electrocatalytic oxidation of N-alkyl-N-

methylanilines to N-alkylformanilides using 10 mol% 4-BzO-TEMPO as a mediator in a 

divided cell (Scheme 76).207 Oxidation of the tertiary amine was hypothesized to produce 

the corresponding iminium ion. Water addition to the imminium would afford the α-amino 

alcohol, which could then undergo oxidation to the formanilide product.

In 2013, Little, Zeng, and co-workers reported the TEMPO-mediated electrooxidation of a 

series of tetrahydroisoquinolines to give the corresponding isoquinolinones under biphasic 

conditions with a bromide co-mediator (Scheme 77).208 As proposed by Kashiwagi, the 

amine was hypothesized to first undergo oxidation to the iminium ion, which could then 

react with water and undergo further oxidation of the hemiaminal to give the lactam product. 

Similar reactivity was observed with the cyclic ether isochroman. Acyclic substrates were 
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not amenable to oxidation under these conditions. Cyclic amines lacking benzylic sites were 

not tested for oxidation.

In 2016, Li, Shen, and co-workers reported a method for synthesis of nitriles from aldehydes 

via aminoxyl-mediated electrooxidation of an imine generated in situ (Scheme 78).209 

Hexamethyldisilazane (HMDS) was used as the nitrogen source and underwent 

condensation with the aldehyde to provide the imine, which was observed under the reaction 

conditions. Oxidation of the condensation product yielded the nitrile. Aromatic and 

heteroaromatic aldehydes were readily oxidized to the corresponding nitriles in moderate to 

excellent yields. Aliphatic aldehydes underwent competitive aldol reactions in the presence 

of HMDS, requiring dropwise addition of HMDS, and electron-rich substrates such as 4-

methoxy-benzaldehyde required higher aminoxyl loadings than electron-deficient substrates. 

The method for conversion of benzaldehydes to nitriles was improved by using the less 

expensive and easier-to-handle nitrogen source, ammonium acetate (NH4OAc), instead of 

HMDS.210 Electrooxidation of aliphatic aldehydes in the presence of NH4OAc was not 

reported.

Li and Shen later reported a one-pot method for electrooxidation of alcohols to nitriles, 

catalyzed by TEMPO (Scheme 79).211 Electrooxidation of the primary alcohol substrates 

provides the aldehyde, which condenses with NH4OAc to provide an imine capable of 

undergoing further TEMPO+-mediated oxidation to the nitrile. Under the reported 

conditions, only benzylic and allylic substrates were demonstrated and, as in the earlier 

reports, electron-rich substrates required higher TEMPO loadings. Though aliphatic alcohols 

were consumed under the reaction conditions, no nitrile products were observed, even with 

longer reaction times. Though a large overpotential is applied in these reactions to reduce 

reaction time, the yield of byproducts was observed to not vary greatly between electrolyses 

conducted at 1.5 V versus 0.8 V (vs. Ag/AgNO3).

Lei and co-workers recently reported TEMPO-mediated electrochemical dehydrogenation of 

saturated N-heterocycles.212 Using catalytic quantities of TEMPO, tetrahydroisoquinolines, 

tetrahydroquinazolines, indoline, and dihydrobenzothiazole derivatives undergo 

dehydrogenation to the corresponding unsaturated heterocycles in moderate-to-good yields 

(Scheme 80). An imine intermediate was observed in the electrochemical oxidation of a 

tetrahydroisoquinoline derivative. Further oxidation yields the fully dehydrogenated product.

Several reports address the use of electrode-supported aminoxyl catalysts for the oxidation 

of amines. In 1990, Crayston, Walton, and co-workers prepared a polyacrylic ester-

supported aminoxyl polymer that could be dip-coated onto platinum or carbon cloth 

electrodes.213 Bulk electrolysis of benzylamine in mixed 25:1 CH3CN:H2O using a carbon 

cloth anode coated with the polymer provided benzaldehyde (78%) and benzonitrile (22%). 

No stability tests of the polymer were conducted. Later, in 1998, Kashiwagi and co-workers 

reported the oxidation of several primary benzylic and aliphatic amines using a graphite felt 

anode coated with a PAA-immobilized TEMPO mediator.214 The nitrile products were 

obtained in good yields in CH3CN. During electrolysis, the electrode underwent steady 

inactivation. The polymer-linked TEMPO was proposed to decompose to the corresponding 
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piperidine leading to electrode inactivation. Treatment of the electrode with m-CPBA could 

restore activity, presumably via reoxidation of the amine to the aminoxyl.

The mechanism of alkyl amine oxidation by oxoammonium has not been investigated as 

extensively as that of alcohol oxidation. Several mechanisms have been proposed for the 

reaction, largely drawing on mechanisms considered for alcohol oxidation (Scheme 81).
207,215,216 Computational studies by Wiberg, Bailey, and co-workers implicate outer-sphere 

hydride transfer from the amine to the oxoammonium species as the rate-limiting step in the 

sequence leading to generation of the hydroxylamine and the protonated aldimine (Scheme 

82, left), corresponding to path a in Scheme 81.215 This mechanism for oxidation of primary 

amines by oxoammonium resembles the mechanism of alcohol oxidation under acidic 

conditions. The formation of an adduct between the amine and oxoammonium species (i.e., 

Scheme 81, paths b and c) was not considered in this report. Oxidation of the aldimine to 

nitrile was also evaluated, and the proposed mechanism features pyridine base-promoted 

transfer of a hydride from the iminyl C-H position to a second equivalent of oxoammonium 

(Scheme 82, right).

In 2017, Zhang and co-workers reported CV studies of TEMPO-mediated electrooxidation 

of glycine, with glyoxal proposed as the product by analogy to previous reports of amine 

oxidation (the product identity was not confirmed).205,216 They observed that pyridine-

derived bases of higher basicity increased the rate of glycine oxidation in mixed 

CH3CN/H2O solvent (Scheme 83). The hydride transfer mechanism proposed by Wiberg 

and Bobbitt does not account for this base effect, and Zhang and co-workers instead 

proposed base-promoted formation of a covalent N-N bonded TEMPO+/glycine adduct 

(Scheme 81, path b). Formation of an N-O adduct (Scheme 81, path c), which has been 

suggested (without evidence) by Kashiwagi and co-workers, is also consistent with this data.
207 Additional studies will be required to resolve these mechanistic uncertainties.

3.3. C-H Functionalization

The electrochemical activation of C-H bonds by aminoxyl mediators has been reported for a 

number of activated substrates. In 1993, Osa and co-workers used PAA-immobilized 

TEMPO (cf. Scheme 65) supported on a graphite felt electrode to facilitate the 

electrocatalytic homocoupling of 2-naphthol and 2-methoxynaphthalene.218 Electrolyses 

were performed in CH3CN with 2,6-lutidine in a divided cell. Quantitative yields were 

obtained for the 1,1’-bi(2-naphthol) homocoupling products. 1-Naphthol and 1-

methoxynaphthalene were also oxidized under these conditions, and a mixture of the 1,1’-, 

2,2’-, and 1,2’-homocoupling products were observed. It was reported that the film was not 

deactivated after electrolysis and could be used for multiple reactions. The reaction was 

proposed to go through one-electron transfer between the oxoammonium and electron-rich 

substrate.

In 2005, Belgsir and co-workers reported electrochemical allylic oxygenation of activated 

alkenes using catalytic quantities of TEMPO (Scheme 84a).219 A putative carbocation 

intermediate was proposed to be trapped by water or hydroxide to give the allylic alcohol 

which then undergo facile oxidation by a second equivalent of TEMPO+ to afford the ketone 

product. Isomerization of cis-alkenes to the trans-isomers was observed. Upon subjecting α-
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terpinene and γ-terpinene to the electrolysis conditions, the aromatization product p-cymene 

was obtained rather than carbonyl products (Scheme 84b). This aromatization of 

cyclohexadiene species by TEMPO+ was expanded to other substrates in a later report by 

Breton and co-workers (Scheme 85).220

3.4. Palladium Co-Catalyzed Reactions

Homogeneous Pd catalysts have been widely used for selective oxidation of organic 

molecules. Many different terminal oxidants have been used in these reactions for oxidation 

of Pd0 and/or PdII intermediates, including AgI and CuII salts, benzoquinone, PhI(OAc)2, N-

bromosuccinimide, peroxides, and molecular oxygen.221–226 Considerable effort has been 

directed toward the development of electrochemical variants of these methods, typically 

through the use of a mediator that can oxidize the Pd-based intermediates and then undergo 

facile regeneration at the electrode. Quinones and triarylamines are the most commonly used 

mediators for Pd electrocatalysis, as documented in several reviews,227–229 but aminoxyl 

mediators have also been investigated.

In 2007, Tanaka and co-workers demonstrated a Pd-catalyzed Wacker-type electrooxidation 

reaction that used TEMPO as a mediator (Scheme 86).230 Various Pd0 sources were tested, 

but Pd(OAc)2 gave the highest yields of product. The enhanced reactivity of Pd(OAc)2 was 

attributed to Kolbe-type decarboxylation of the acetate anion proposed to promote 

generation of especially reactive dicationic PdII species (Scheme 87). In the absence of 

TEMPO, only trace product was observed in these reactions. A later report focused on 

optimization of the Pd(OAc)2/TEMPO system for electrochemical Wacker-type oxidative 

cyclizations, and TEMPO was found to be a more effective co-catalyst than hydroquinone 

and triphenylamine.231 This system was later found to mediate electrochemical oxidative 

homocoupling of arylboronic acids232 and arylboronic esters233 and cross-coupling of 

arylboronic acids with silver acetylides.234

3.5. Alkene Aminooxygenation

In 2014, Xu and co-workers reported the intramolecular aminooxygenation of unactivated 

alkenes via the electrochemical generation of a nitrogen-centered radical from N-aryl 

carbamates and N-aryl amides.235 The reaction was proposed to proceed via intramolecular 

addition of the nitrogen-centered radical to an alkene, followed by trapping of the resulting 

carbon-centered radical by TEMPO to yield the cyclized aminooxygenation product 

(Scheme 88). In addition to serving as a radical trap, TEMPO was proposed to mediate the 

electrochemical oxidation of the carbamate or amide substrates under the reaction 

conditions. Indeed, carrying out the reaction in the absence of current with the addition of 

excess TEMPO+[BF4
−] provided the same aminooxygenation products. Under the 

electrolysis conditions, high yields of the cyclized aminoooxygenation products were 

obtained with excellent trans-diastereoselectivity (Scheme 89). Acyclic substrates were also 

amenable to the aminooxygenation reaction.

3.6. Alkyne Hydroxybromination

In 1992, Torii and co-workers expanded upon their work with biphasic aminoxyl/bromide 

co-mediated electrolysis by exploring the synthesis of α,α-dihaloketones from alkynes 
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(Scheme 90).236 These products represent an appealing synthetic alternative to relatively 

unstable 1,2-diketones.237,238 The reaction was proposed to proceed via oxidation of Br− to 

Br+ or Br•, either of which could react with the alkyne. Pendant acetate and amide groups 

and water are thought to subsequently participate in oxygenation of the activated alkyne 

(e.g., as a bromonium species): in the absence of the aminoxyl, the yield of the α,α-

dihaloketone is diminished and 1,2-dibrominated alkenes were obtained as the major 

product. The neighboring acetate or amide groups were necessary to form the 

hydroxybromination product: oxidation of 1-decyne provided only the 1,2-dibromo-alkene 

product (84% yield), with no α,α-dihaloketone product.

3.7. Oxidation of Sulfur-Containing Compounds

In 2017, Xu and co-workers reported a TEMPO-mediated electrochemical method for an 

oxidative C-S coupling reaction.239 In the presence of catalytic quantities of TEMPO, a 

variety of N-arylthioamides and amino-pyridine thioamides underwent electrooxidation in 

good yields to give the corresponding benzothiazole and thiazolopyridine products, 

respectively (Scheme 91). Substrates containing primary and secondary hydroxyl groups 

were tolerated, presumably due to the reduced rate of aminoxyl-catalyzed alcohol oxidation 

under neutral conditions. On the basis of voltammetric analysis and radical clock 

experiments, the researchers hypothesized that electrogenerated TEMPO+ reacts with the 

thiocarbonyl group of the substrate to give a S–O adduct. The bond strength of the S–O bond 

was calculated to be 12.5 kcal mol−1 (Scheme 92), and homolytic cleavage of the weak S–O 

bond would afford TEMPO and a thioamidyl radical that could undergo radical addition to 

the (hetero)arene. Further oxidation and deprotonation then provides the benzothiazole or 

thiazolopyridine product. Direct oxidation of the substrate was noted to be unlikely due to 

the more positive redox potential of the thioamide relative to the TEMPO redox potential.

Fors, Lin, and co-workers recently reported the TEMPO-mediated electrochemical cationic 

polymerization of vinyl ethers using a dithiocarbamate chain transfer agent (CTA).240 

Previous efforts demonstrated that upon photochemical oxidation, the dithiocarbamate CTA 

undergoes mesolytic cleavage to produce a propagating oxocarbenium ion and the 

dithiocarbamate radical. A similar strategy was exploited under electrochemical oxidation 

conditions. Direct oxidation of the dithiocarbamate CTA at 0.325 V vs. Fc/Fc+ in the 

presence of isobutyl vinyl ether (IBVE) results in the formation of a polymer with Mn of 

10.9 kg/mol, but with a relatively broad dispersity (PDI = 1.97). By adding one equivalent of 

TEMPO relative to the dithiocarbamate and performing the electrolysis at the same 

potential, a polymer with Mn of 8.4 kg/mol and a narrower dispersity (PDI = 1.23) was 

obtained. Constant current electrolyses allowed full conversion of the monomer units. It was 

found that by applying a reducing potential, the dithiocarbamate radical is reduced to the 

corresponding anion which quenches the cationic polymerization process. Polymer growth is 

reinitiated by reapplying an oxidative current, indicating the ability to exert electrochemical 

control over the mediated polymerization. This method is compatible with a variety of vinyl 

ethers. Additionally, 4-methoxystyrene undergoes polymerization under these conditions, 

which could not be achieved under photochemical conditions. The polymerization reaction 

is proposed to proceed via initial attack of TEMPO+ by the dithiocarbamate CTA to generate 
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a cationic intermediate (Scheme 93). Subsequent fragmentation provides TEMPO, the 

dithiocarbamate radical, and the propagating cation.

4. Electrochemistry and Electrochemical Applications of Imidoxyl 

Derivatives

4.1. Electrochemical Properties of NHPI

Imidoxyl radicals, such as PINO, represent a second class of N-oxyl species and display 

distinct redox properties and reactivity relative to aminoxyl radicals. In 1983, Masui and co-

workers demonstrated the ability to access PINO from NHPI under electrochemical 

conditions.38 Bulk electrolysis experiments demonstrated that unlike hydroxamic acids 

which undergo 2 e− electrochemical oxidation, NHPI undergoes 1 e− oxidation to form 

PINO.241 In CH3CN, the 1 e−/1 H+ NHPI/PINO couple exhibits a redox potential of 1.44 V 

vs. SCE and is quasi-reversible. Addition of one or two equivalents of pyridine shifts the 

potential of NHPI to 0.85 V and 0.78 V, respectively, vs. SCE in CH3CN.44 Later studies by 

Kishioka probed the redox behavior of NHPI in the presence of different amounts of 2,6-

lutidine in CH3CN and corroborated the base effects on the NHPI/PINO redox couple 

observed by Masui (Scheme 94).242 Deprotonation of NHPI under these conditions is 

unlikely, due to the difference between the relative pKa values of NHPI and pyridine bases in 

CH3CN (23.5 for NHPI and 12–16 for pyridine bases). Instead, the anodic oxidation of 

NHPI to PINO is best attributed to a concerted PCET process.86

In 1987, Masui and co-workers examined the stability of PINO in the presence of excess 

pyridine.44 The rate of PINO decomposition was monitored spectroelectrochemically by 

observing the change in absorbance at 400 nm (corresponding to the λmax for PINO) upon 

bulk electrolysis of a solution of NHPI and subsequent stirring of the solution at open circuit 

(Scheme 95a). In the bulk electrolysis period, the growth in absorbance at 400 nm was 

nearly linear (Scheme 95a) and correlated directly with the amount of charge passed. When 

the electrolysis was stopped, the absorbance of the solution showed a second-order kinetic 

decay (Scheme 95b), and the rate constant of PINO decomposition was determined to be 

24.1 M−1 s−1 at 25 °C. Independent studies by Espenson and co-workers monitored the 

decomposition of PINO (generated by oxidation of NHPI by Pb(OAc)4) in acetic acid at 

25 °C and found it to be second-order with respect to PINO. A slower rate constant was 

observed under these conditions (0.61 M−1 s−1).243 Baciocchi, Lanzalunga, and co-workers 

later corroborated these findings, measuring a rate constant of 0.4 M−1 s−1 under conditions 

similar to those of Espenson.244 They also determined second-order decomposition rate 

constants of 0.9, 4.0, and 0.4 M−1 s−1 in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), CCl4, 

and CH3CN in the presence of 1% acetic acid, respectively. Pedulli and co-workers reported 

evidence for first-order decay of PINO in 9:1 benzene:CH3CN solutions.34

The origin of the differences between the second-order and first-order PINO decay processes 

and specific mechanisms of PINO decomposition have not been fully elucidated. However, 

Masui identified the trimeric species 14 (Scheme 96) as the major PINO decomposition 

product after bulk electrooxidation of NHPI in CH3CN.44 This product was obtained in 71% 

yield, together with phthalic acid (2.5%), phthalic anhydride (8%), phthalimide (trace), and 
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recovered NHPI (3.5%). The rate of decomposition was not affected by the base (pyridine) 

concentration under these conditions. The latter observation contrasts with later results 

obtained in aqueous solution. Rafiee and co-workers used voltammetric studies to examine 

the effect of solution pH on the rates of PINO decomposition,68 and they observed that the 

NHPI/PINO redox couple becomes less reversible under increasingly basic conditions 

(Scheme 97). They attributed this observation to a base-promoted pathway for PINO 

decomposition. Stahl and coworkers noted a related deleterious effect of base on the 

reversibility of the NHPI/PINO redox couple in their study of an electrocatalytic C-H 

iodination reaction (see below), which was conducted in CH3CN solution with pyridine 

derivatives as the source of base.245 It is worth noting that, in spite of the faster rate of PINO 

decomposition under basic conditions, many electrosynthetic applications with NHPI as a 

mediator are performed in the presence of base due to the significant reduction in the 

potential of the proton-coupled NHPI/PINO redox process.

The electrochemical properties of structurally modified NHPI derivatives are less 

extensively explored relative to TEMPO derivatives and other cyclic aminoxyl species. 

However, it has been observed that the redox potential of NHPI is sensitive to electronically 

varied substituents on the phthalimide ring. Lepretre, Saint-Aman, and co-workers noted a 

linear correlation between substituent Hammett parameters σ and the redox potential of 

NHPI derivatives with a positive slope (i.e., electron-withdrawing groups shift the redox 

potential more positively) (Scheme 98).246

The electrochemical properties of N-hydroxysuccinimide (NHSI; Table 5, entry 2) and N-

hydroxymaleimide (NHMI; Table 5, entry 3) exhibit redox potentials higher than NHPI 

under analogous conditions. In the presence of excess collidine in CH3CN, the redox 

potentials of NHPI, NHMI, and NHSI are 0.69, 0.77, and 0.92 V, respectively, vs. SCE (i.e., 

approximately 0.93, 1.01, and 1.16 V respectively, vs. NHE).247 NHMI displays a less 

reversible redox feature compared to NHPI and NHSI, suggesting that the corresponding 

imidoxyl radical is less stable, possibly due to side reactions of the alkene in the backbone of 

NHMI in the presence of reactive radicals.248 A summary of the redox potentials of various 

N-hydroxyimide derivatives is shown in Table 5.246,247,249 It is challenging to compare 

redox potentials of N-hydroxyimide/imidoxyl redox couples obtained under different 

conditions because the involvement of proton transfer in this process leads to a significant 

dependence of the measured potential on the conditions employed. For example, the higher 

NHPI redox potential under aqueous conditions relative to potentials measured under non-

aqueous conditions (cf. Table 5, entry 1) could be attributed to the slightly acidic conditions 

of the aqueous system or to stabilization of NHPI via hydrogen bonding to water.

4.2 Electrochemical Reactions Mediated by NHPI and Related Derivatives

4.2.1. Alcohol Oxidation: Synthetic and Mechanistic Considerations—The first 

use of NHPI as an electrochemical mediator in a preparative synthetic method was reported 

in 1983 by Masui and co-workers for the NHPI-mediated electrooxidation of alcohols 

(Scheme 99).38 Secondary alcohols were oxidized by PINO at constant potential (0.85 V vs. 

SCE) to the corresponding ketone in excellent yields. Only low yields were obtained under 

the same conditions for the oxidation of primary alcohols to the corresponding aldehydes, 
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except for ethanol. The improved reactivity of ethanol relative to other primary alcohols was 

not addressed.

Mechanistic investigations of NHPI-mediated alcohol oxidation have been pursued in 

several reports. Masui and co-workers reported a kinetic study of the reaction of PINO-

mediated oxidation of benzhydrol and observed a first-order dependence of the rate on 

[benzhydrol] and no dependence on the concentration of base.44 A large deuterium isotope 

effect of 10.6 was obtained from independent measurement of the rates for oxidation of H- 

and D-substituted benzhydrol,44 and the NHPI-mediated reaction was proposed to proceed 

via a rate-limiting hydrogen atom transfer (HAT) from the alcohol substrate by PINO. 

Subsequent conversion of the radical intermediate to the carbonyl product is expected to be 

facile (i.e., via sequential or concerted loss of a proton and electron) (Scheme 100).251 

Shiraishi and co-workers have proposed that cleavage of the O-H bond from the radical 

intermediate is also mediated by PINO,251 but direct insights into this step are not yet 

available.

Masui and co-workers measured the second order rate constants for the reaction of PINO 

with different alcohol substrates (Table 6), and the trend in rate constants tracked with the 

relative C–H bond strengths. For example, benzylic alcohols exhibited the highest rates, and 

the primary aliphatic alcohols reacted more slowly than secondary alcohols.

In 2014, Rafiee and co-workers used voltammetric techniques to compare the catalytic 

activity of NHPI in the oxidation of a diverse set of alcohols under mildly acidic, aqueous 

conditions.68 The acidic conditions minimized complications arising from decomposition of 

PINO under neutral or basic conditions. Comparison of the current for the oxidation of 

NHPI in the absence (i0) and presence (icat) of substrate provided a relative measure of 

PINO reactivity toward substrate oxidation. As shown in Scheme 101, NHPI demonstrated 

higher reactivity for the oxidation of allylic and benzylic alcohols compared to aliphatic 

ones. No significant catalytic activity was observed for oxidation of aliphatic alcohols, 

except for cyclohexanol, under these conditions.

The electrochemical reactivity of other imidoxyl derivatives for alcohol oxidation have 

received limited attention. In 1998, Lepretre and Saint-Aman examined the redox properties 

of a series of substituted N-hydroxyphthalimides and the effect of the substituents on alcohol 

oxidation (cf. Table 5, entries 1, 4, and 9–16).246 It was shown that NHPI derivatives with 

electron-withdrawing groups displayed higher icat/i0 for the oxidation of borneol in the 

presence of excess collidine. Among the various derivatives examined, the electron-deficient 

F4-NHPI (Table 5, entry 13) had the highest reported redox potential in the presence of 

collidine (1.03 V vs. NHE) and was found to be a competent mediator for electrochemical 

alcohol oxidation. The icat/i0 value for borneol oxidation by NHPI was measured to be 1.65, 

while that for F4-NHPI was 2.35. Similar enhancement in reactivity was observed for 

cyclohexanol and 2-octanol.

4.2.2. Biomass Oxidation—The electrocatalytic activity of NHPI towards alcohol 

oxidation has been applied to the oxidation of biomass-derived alcohols. Imidoxyl-mediated 

electrooxidation of lignin, in particular, has received attention. In 2012, Shiraishi and co-
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workers developed a method for the electrooxidation of lignin β-O-4 models with catalytic 

quantities of NHPI (Scheme 102).251 High yields were obtained for the oxidation products. 

The catalytic performance of NHPI was compared to 2,2’-azinobis(3-

ethylbenzothiazoline-6-sulfonate) (ABTS), a single-electron-transfer reagent. Poor yields of 

oxidation and cleavage products were observed with ABTS, showing that mediated single-

electron oxidation of the lignin models is inefficient compared to HAT-mediated oxidation.

Stephenson and co-workers recently expanded upon Shiraishi’s work by applying NHPI-

catalysis to the electrooxidation of lignin β-O-4 model compounds and native lignin.252 

They reported excellent yields for the NHPI-mediated electrochemical oxidation of 1-(3,4-

dimethoxyphenyl)ethanol to the corresponding ketone. Following electrooxidation, the crude 

oxidation products could then be fragmented under flow conditions using a previously 

reported photocatalytic method for reductive C-O bond cleavage.168 This sequential 

oxidation-reductive cleavage method was subsequently applied to a variety of lignin β-O-4 

model compounds, providing cleavage products in moderate-to-excellent yields. Native pine 

lignin was then subjected to the reaction conditions, and afforded oligomeric (45 wt%) and 

lower molecular weight units (55 wt%). The major monomeric units depicted in Scheme 103 

were obtained in yields of 1.30 wt% and 1.14 wt%.

4.2.3. C-H Oxygenation—NHPI and its derivatives have been studied extensively as 

mediators for oxygenation of benzylic, allylic, and other activated C-H bonds. In 1983, 

Masui and co-workers reported the electrochemical oxygenation of simple benzylic and 

allylic substrates with catalytic quantities of NHPI (Scheme 104).39,40 The electrolyses were 

carried out with 20–50 mol% NHPI and excess pyridine. Though several substrates 

underwent successful electrolysis in an undivided cell, the majority of the bulk electrolyses 

were carried out in a divided cell. The oxygenation reaction is believed to be initiated by H-

atom abstraction of the benzylic or allylic C-H bond by PINO (Scheme 105). Subsequent 

capture of the organic radical by dissolved O2 affords an organic peroxyl radical that leads to 

formation of the ketone product.32

Masui later expanded upon these synthetic studies by investigating the rates of NHPI-

mediated oxidation of various substrates containing benzylic and allylic C-H bonds, as well 

as C-H bonds with α-heteroatoms (Table 7).44 Efforts to establish quantitative structure-

activity relationships among these results were not successful, but several qualitative 

observations could be made. Successful reactivity with PINO required the presence of a 

weak C-H bond, such as those in benzylic or allylic positions or adjacent to a heteroatom; 

the presence of two of these structural activation features led to further rate enhancement 

(e.g., kisochroman > ktetralin). Cyclic substrates tend to show higher reactivity than 

structurally related acyclic substrates (tetrahydropyran and tetrahydrothiopyran represent 

exceptions), and five-membered rings are more reactive than six-membered rings.

Following the work of Masui, little attention was given to NHPI-mediated electrochemical 

oxygenation reactions for over 20 years. In the intervening period, however, Ishii developed 

numerous examples of NHPI (co)catalyzed aerobic oxidation reactions for the oxidation of 

hydrocarbon C-H bonds and alcohol. The addition of catalytic metal salts, such as Co(OAc)2 

or Mn(OAc)2, led to highly effective oxidation methods, including industrial applications.
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32,253–255 During the development of Co(OAc)2/NHPI-catalyzed methods for C-H 

oxygenation of pharmaceutically relevant molecules containing heterocycles, Stahl and co-

workers encountered challenges with certain substrates.256 The problem was speculated to 

arise from inhibition of the cobalt catalyst by chelation of the heterocycle, and this 

hypothesis prompted exploration of electrochemical PINO generation as a means to bypass 

the need for a metal co-catalyst. The electrolysis was performed in an undivided cell with 

catalytic quantities of pyridine, and improved yields of the oxygenated products were 

obtained for these problematic substrates under the electrochemical conditions relative to the 

metal-catalyzed conditions (Scheme 106).

Derivatives of NHPI have also been investigated for electrochemical oxygenation of allylic 

C-H bonds. Baran and co-workers examined a number N-hydroxy reagents and oxygen atom 

donors for the allylic oxygenation of diverse terpene-derived structures and other 

pharmaceutically-relevant molecules. The optimal conditions, which featured tetrachloro-

NHPI (Cl4-NHPI; Table 5, entry 11) as the mediator, tert-butyl hydrogen peroxide as the 

oxygen-atom donor, and 2 equivalents of pyridine, enabled oxidation of valencene to 

nootkatone 15 in 77% yield.257 The outcome contrasts a 6% yield of 15 when the original 

Masui conditions with NHPI and O2 were employed. The use of tBuOOH as a soluble 

oxygen atom source was identified as a primary contributor to the improved conditions. The 

method was applied to a wide range of terpenoid, steroid, cyclohexene, and acyclic alkene 

and alkyne structures (Scheme 107), and it was demonstrated on 100-gram scale for several 

substrates.

4.2.4. Other NHPI-Mediated Electrooxidation Reactions—Masui and co-workers 

applied their NHPI-catalysis conditions to a variety of other oxidation reactions, including 

the α-oxygenation of amides and the conversion of aldehyde acetals to β- and γ-hydroxy 

esters.41–43 The oxidation of aldehyde acetal species proceeded to the desired product even 

when O2 was excluded (Scheme 108). It was hypothesized that adventitious water in the 

solvent served as the oxygen source that trapped an intermediate oxocarbenium ion 

generated via HAT followed by single-electron transfer, though no further studies were 

conducted to validate this suggestion. The ester products could then be readily hydrolyzed to 

provide the corresponding carboxylic acid.

In 2017, Stahl and co-workers demonstrated the use of NHPI as an electrochemical mediator 

for iodination of methylarenes (Scheme 109a)245 representing the first electrochemical 

application of NHPI mediated C-H functionalization that did not form a C-O bond. As in 

other methods, electrochemical generation of PINO is followed by H-atom abstraction, and 

the resulting radical is trapped rapidly by I2. Benzylic iodination of a range of methylarenes 

was achieved, including those containing electron-rich and electron-deficient functional 

groups such as methoxy, phenoxy, acetyl and acetoxy groups (Scheme 109b). When 

pyridine/pyridinium was used as the electrolyte rather than 2,6-lutidine, the benzyl iodide 

product underwent in situ displacement of iodide by pyridine to afford benzyl pyridinium 

products (Scheme 109c). In the latter reactions, the iodide formed in the nucleophilic 

substitution step could undergo reoxidation at the anode, thereby allowing the use of 

catalytic quantities of I2. The iodination method was showcased in the preparation of 

pharmaceutical targets that used an inexpensive methylarene as an alkylating agent.
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This HAT-mediated method for benzylic oxidation was compared to related electrochemical 

methods that are initiated by electron-transfer.258 Use of PINO as an HAT mediator enabled 

oxidation of methylarenes at electrode potentials 0.5–1.2 V lower than those required for 

direct electrooxidation (Scheme 110). The HAT pathway was also shown to be much less 

sensitive to substrate electronic effects, which provides the basis for functionalization of 

electronically diverse substrates.

5. Electrochemistry of Other N-oxyl Radicals

The sections above describe the relatively thorough characterization of cyclic aliphatic 

aminoxyl radicals and N-hydroxy imide compounds and their applications as mediators in 

electrochemical syntheses. Other classes of N-oxyl compounds have been evaluated, but 

they are generally not as well characterized nor have been investigated as extensively as 

electrocatalytic mediators.

Nitrosodisulfonate, commonly known as Frémy’s salt, was discovered in 1845 by Edmond 

Frémy and was the first N-oxyl species reported in the literature (Table 8, entry 1).259,260 

This inorganic N-oxyl radical has been widely used for stoichiometric selective oxidation of 

phenols and aromatic amines.261 Frémy’s salt is isolable and relatively stable under ambient 

conditions. In 1972, Aoyagui and co-workers found that nitrosodisulfonate could be 

generated electrochemically from the corresponding hydroxylamine.262 Raspi and co-

workers later investigated the redox behavior of nitrosodisulfonate and the hydroxylamine 

derivative under aqueous basic conditions.263 Between pH 8.5 and 12, nitrosodisulfonate 

was stable and displayed nearly reversible behavior on the time scale of the voltammetric 

studies, but was unstable under more acidic conditions. At pH of 9.8, the redox potential of 

the nitrosodisulfonate and the hydroxylamine was found to be 0.24 V vs. SCE (0.48 V vs. 

NHE). The standard redox potential of the nitrosodisulfonate and corresponding 

oxoammonium was calculated from the Nernst equation to be 1.36 V vs. NHE in water by 

Toropova and Degtyareva (Table 8, entry 1).264 Studies of Frémy’s salt have not yet been 

extended beyond these fundamental studies to electrosynthetic applications.

Acyclic organic N-oxyl radicals are generally less stable than TEMPO and related cyclic 

aminoxyls, and studies of their electrochemical generation are limited.54 For example, the 

oxoammonium derived from di-tert-butyl nitroxide (DTBO) is rather unstable, as discussed 

above (cf. Scheme 7).54 Kashiwagi reported the electrochemical properties of an α-

phosphonylated N-oxyl radical (Table 8, entry 3).265 The aminoxyl exhibited a reversible 

redox feature at 0.81 V vs Ag/AgCl (1.01 V vs. NHE) and mediated the electrooxidation of 

4-methylbenzyl alcohol, yielding the corresponding aldehyde in 97% yield.

Inclusion of aromatic functional groups in conjugation with the aminoxyl radical can 

enhance the stability of the corresponding oxoammonium species relative to oxoammonium 

species with aliphatic substituents. In 2006, Nakahara and co-workers studied the 

electrochemical behavior of several aminoxyl radicals bearing aryl substituents (e.g., Table 

8, entries 10 and 11), all of which demonstrated reversible electrochemical behavior for the 

aminoxyl/oxoammonium redox couple.266 In 2006, Scholhorn studied substituent effects on 

the redox potential and electrochemical behavior of N-t-butyl-N-aryl aminoxyl radicals by 
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CV in CH3CN.267 The presence of an adjacent carboxylate group was shown to significantly 

reduce the redox potential of the aminoxyl/oxoammonium couple relative to the 

corresponding methyl ester (Table 8, entries 13 and 14). This effect was mitigated as the 

distance between the anionic and N-oxyl functional groups was increased (Table 8, entries 

15 and 16). Schelter and co-workers later examined substituent effects on the redox 

potentials of substituted N-t-butyl-N-2-pyridylhydroxylamines (Table 8, entries 4–9).268 

These aminoxyl species exhibited electrochemically reversible behavior for the 

hydroxylamine/aminoxyl and aminoxyl/oxoammonium redox couples (Scheme 111a). The 

anodic-to-cathodic ratio of the peak currents for the aminoxyl/oxoammonium couple 

approached unity for substrates bearing more electron-donating substituents o- or p- to the 

aminoxyl group, indicating enhanced stability of these oxoammonium species. The results 

also demonstrated that the aminoxyl/oxoammonium redox potential strongly depends on the 

electron-donating and withdrawing ability of the substituents and may be modulated by 0.95 

V (Scheme 111b).

Hydroxyamic acids (i.e., N-hydroxy amides) and related N-hydroxy derivatives have 

received limited attention in the electrochemistry literature and have not been used 

effectively as mediators in electro synthetic applications. In 1977, Masui and co-workers 

examined the electrochemical oxidation of hydroxamic acids (Scheme 112).241 

Voltammetric analysis of a range of derivatives displayed irreversible CVs with only anodic 

peaks observed. Bulk electrooxidation of the hydroxamic acids was reported to generate the 

corresponding carboxylic acids together with nitrous oxide or organic nitroso compounds.

Many hydroxamic acid species and related N-hydroxy derivatives have been investigated as 

potential mediators for laccase-catalyzed oxidation of lignin and lignin models. Laccases are 

copper-containing oxidase enzymes that are involved in the biosynthesis and degradation of 

lignin, and they have also been investigated as catalysts in chemical approaches to lignin 

decomposition.269–271 The use of redox mediators has been shown to enhance the 

effectiveness of laccase-catalyzed aerobic oxidation of alcohols and other substrates 

(Scheme 113).272 The rate of mediator oxidation by laccases depends, in part, on the redox 

potential of the mediator such that high potential mediators are more slowly oxidized.250,273 

The electrochemical properties of various N-hydroxy compounds have therefore been 

explored.247,250,273,274 Tables 9 and 10 summarize the reported redox potentials for these N-

hydroxy derivatives.

In 2001, Xu and co-workers reported redox potentials for an extensive series of N-

hydroxyacetanilide (Table 9) and 1-hydroxybenzotriazole (Table 10, entries 5–7) derivatives.
250 Over 30 derivatives were studied, and electronic and steric effects of the substituents 

were investigated. Derivatives with electron-withdrawing substituents exhibited higher redox 

potentials. Comparison of the anodic-to-cathodic peak currents demonstrated the N-oxyl 

species bearing N-aryl or N-carbonyl groups are more stable than those bearing N-alkyl 

groups, presumably due to enhanced stabilization of the radical through conjugation. N-azo 

substitution (cf. Table 9, entry 13 and Table 10, entries 5–7) resulted in a less stable N-oxyl 

species. In 2009, Falcón and co-workers assessed the catalytic efficiency of TEMPO, NHPI 

and selected N-hydroxy compounds (e.g., entries 1 and 5 in Table 10) for laccase-catalyzed 

oxidation of kraft lignin and veratryl alcohol (3,4-dimethoxybenzyl alcohol), a non-phenolic 
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lignin model.274 As a test for catalytic activity, voltammetry studies in the absence of laccase 

were conducted with individual mediators. CV studies in the presence and absence of 

veratryl alcohol or lignin provided anodic peak current ratios (icat/i0). With veratryl alcohol, 

NHPI and 1-hydroxybenzotriazole (Table 10, entry 5) displayed the largest icat/i0 ratio, 

indicating that these mediators exhibited the highest electrocatalytic activity. The observed 

electrochemical reactivity of these mediators did not correlate with the effectiveness of their 

reactivity under aerobic, laccase-catalyzed oxidation conditions. In 2005, Galli and co-

workers had shown that NHPI and 1-hydroxybenzotriazole mediators were less effective in 

laccase-catalyzed aerobic oxidation of 4-methoxybenzyl alcohol relative to TEMPO and 

violuric acid (Table 10, entry 1).273 This difference in relative performance under the 

electrocatalytic and laccase-catalyzed conditions may be rationalized as follows: the higher-

potential mediators (NHPI and 1-hydroxybenzotriazole) exhibit higher intrinsic reactivity for 

alcohol oxidation, and undergo efficient regeneration under electrochemical conditions 

because the electrode potential may be tuned to the potential of the mediator; laccase, 

however, does not operate at sufficiently high potentials to promote efficient reoxidation of 

the high-potential mediators. While lower-potential mediators (TEMPO and violuric acid) 

are less reactive catalysts for alcohol oxidation, their effectiveness in the laccase-catalyzed 

reactions in the studies by Falcón and Galli reflects the ability of laccase to promote their 

reoxidation.

6. Conclusions and Outlook

The electrochemical properties of aminoxyls, imidoxyls and related N-oxyl radicals have 

been the focus of considerable study, as elaborated throughout this review. These studies 

have led to considerable understanding of the effect of substituents, structure, and reaction 

conditions on the redox behavior of these species and their reactivity with organic 

molecules. Oxidation of aminoxyls, such as TEMPO, generates oxoammonium species that 

commonly promote hydride transfer from organic molecules, such as alcohols and amines, 

to afford the hydroxylamine. Other reaction pathways have also been identified, including 

those involving the hydroxylamine/aminoxyl and aminoxyl/oxommonium redox couples. 

Oxidation of N-hydroxyimides, such as NHPI, generates imidoxyl species that promote the 

abstraction of hydrogen atoms from C-H bonds of many organic molecules. This method for 

the generation of carbon-centered radicals in the absence of stoichiometric chemical 

oxidants provides a versatile strategy for the functionalization of organic molecules. 

Collectively, aminoxyl- and imidoxyl-mediated processes have led to a number of 

synthetically useful electrochemical oxidation reactions, with applications ranging from 

pharmaceutical synthesis to biomass conversion. The use of electrochemical methods to 

(re)generate the oxidized mediator provides a compelling alternative to the use of 

stoichiometric chemical oxidants. Advantages include the ability to tune the electrode to any 

applied potential, thereby enabling efficient reoxidation of mediators, including high-

potential derivatives that are difficult to regenerate with chemical oxidants. These mediated 

electrochemical reactions can lead to improved functional group compatibility in chemical 

reactions by avoiding side reactions caused by strong stoichiometric oxidants. In addition, 

they offer a potentially “greener” approach to achieve selective oxidation reactions on larger 

scale. Indeed, the successful implementation of N-oxyl catalyst systems with chemical 
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oxidants in commercial applications255,275–277 and direct electrochemical oxidation 

reactions in industrial settings278 portend the successful application of electrochemical N-

oxyl-catalyzed reactions beyond the lab scale syntheses presented herein.

New electrochemical processes will undoubtedly continue to emerge from the development 

of novel reactions and synthetic applications employing N-oxyl mediators. These efforts 

would benefit from increased attention directed toward the design of mediators that show 

increased stability. For example, the limited lifetime of PINO and related imidoxyl 

mediators limits the scope of accessible oxidation reactions to molecules bearing particularly 

reactive C-H bonds. Identification of structural changes that enhance the stability, tune the 

redox properties, and/or modulate the O-H bond strength of these compounds could have a 

major impact on this field. Such efforts could include the identification of new classes of N-

oxyl or related radical mediators that enable other electrosynthetic reactions. Fundamental 

characterization of such structures, similar to the work described above with TEMPO and 

PINO, will provide a foundation for such applications. As the methodological studies 

continue to grow, additional efforts will undoubtedly be directed toward the development of 

improved process conditions for large-scale applications that allow the “green chemistry” 

opportunities of these methods to be realized.
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Abbreviations

ABNO 9-Azabicyclo[3.3.1]nonane N-oxyl

ABTS 2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonate

Ac Acetyl

AZADO 2-Azaadamantane N-oxyl

BHT 2,6-Di-t-butyl-4-methyl phenol

bpy 2,2’-Bipyridine

Bz Benzoyl

CTA Chain transfer agent

CV Cyclic voltammogram

DFF 2,5-Diformylfuran

DHA 1,3-Dihydroxyacetone

DTBO Di-tert-butyl nitroxide

E0 Standard redox potential

E1/2 Half wave potential

EASA Electro-assisted self-assembly

EC’ Catalytic electrochemical-chemical

Eg Pauling group electronegativity

Epa Anodic peak potential

Epc Cathodic peak potential

EPR Electron paramagnetic resonance

ESR Electron spin resonance

FDCA 2,5-Furandicarboxylic acid

GC Glassy carbon
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HAT Hydrogen atom transfer

HMDS Hexamethyldisilylazane

HMF 5-Hydroxymethylfurfural

I Current

i0 Current of electrochemical mediator in absence of substrate

icat Current of electrochemical mediator in presence of substrate

ipa Anodic peak current

ipc Cathodic peak current

IBVE Isobutyl vinyl ether

j Current Density

k0 Rate of electron transfer at electrode surface

MeOH Methanol

MWCNT Multi-walled carbon nanotubes

NHE Normal Hydrogen Electrode

NHMI N-Hydroxymaleimide

NHPI N-Hydroxyphthalimide

NHSI N-Hydroxysuccinimide

OTf Trifluoromethanesulfonate

PAA Poly(acrylic acid)

PCET Proton-coupled electron transfer

Ph Phenyl

PhCD2OH Benzyl alcohol-α,α-d2

PhCH2OH Benzyl alcohol

PINO phthalimide N-oxyl

PROXYL 2,2,5,5-Tetramethylpyrrolidine N-oxyl

p-TSA para-Toluenesulfonic acid

RDE Rotating disk electrode

RVC Reticulated vitreous carbon

SCE Saturated calomel electrode
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tBuOOH tert-Butylhydrogenperoxide

TEMPO 2,2,6,6-Tetramethylpiperidine N-oxyl

TOF Turnover frequency

TON Turnover Number
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Scheme 1. 
Structures of TEMPO, PINO, and ABNO.
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Scheme 2. 
Disproportionation of aminoxyl radicals with α-protons.
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Scheme 3. 
Simplified redox chemistry of aminoxyl radicals.
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Scheme 4. 
Alcohol oxidation methods employing aminoxyl (pre)catalysts.
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Scheme 5. 
Redox reaction of N-hydroxyphthalimide (NHPI) and PINO and the O–H bond strengths of 

TEMPOH and NHPI.32–36
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Scheme 6. 
a) Mediated electrooxidation of organic substrates, and b) direct electrooxidation of an 

organic substrate at an anode surface.
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Scheme 7. 
CV of (a) TEMPO and (b) DTBO. Analyses conducted with 5 mM aminoxyl radical in 0.5 

M LiClO4 in acetonitrile (CH3CN) at a platinum electrode. Scan rate = 92 mV s−1. 

Aminoxyl redox reactions have been added for clarity. Adapted with permission from ref. 

54. Copyright 1973 Elsevier.
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Scheme 8. 
a) CV of TEMPO revealing the generation of TEMPOH and electronic absorption spectra of 

TEMPO recorded during (b) electrooxidation and (c) electroreduction. Potentials of +0.65 V 

and −0.80 V vs. SCE were applied for oxidation and reduction, respectively. Redox 

reactions have been added for clarity. Analyses conducted in an aqueous solution of 

NEt4ClO4 (0.08 M). Adapted with permission from ref. 58. Copyright 1988 American 

Chemical Society.
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Scheme 9. 
CVs of 4-OH-TEMPO (2.40 mM) with a (a) cathodic potential sweep prior to the anodic 

sweep, and (b) anodic sweep starting at 0.2 V. Redox reactions have been added for clarity. 

Analyses conducted in pH 4.3 Robinson buffer. Adapted with permission from ref. 59. 

Copyright 1995 Elsevier.
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Scheme 10. 
a) Representative CV of an aminoxyl radical highlighting the anodic peak potentials Ea1 and 

Ea2. b) Comparison of the oxidation potentials for the (○) TEMPO/TEMPO+ and (●) 

TEMPO/TEMPOH redox couples at varying pH. Reprinted with permission from ref. 60. 

Copyright 2015 American Chemical Society.
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Scheme 11. 
a) CVs of 4-OH-TEMPO (4.6 mM) in aqueous phosphate buffer. Labels for the (*) 4-OH-

TEMPOH/4-OH-TEMPO and (▲) 4-OH-TEMPO/4-OH-TEMPO+ redox couples have been 

added for clarity. Scan rate = 100 mV s−1. b) Changing E1/2 as a function of pH for TEMPO 

(4.6 mM) in aqueous phosphate buffer. Adapted with permission from ref. 61. Copyright 

2009 John Wiley & Sons, Ltd.
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Scheme 12. 
Pourbaix diagram of TEMPO under buffered aqueous solutions. The hydroxylammonium 

pKa values shown were determined by NMR. Line fits have been constrained to have slopes 

corresponding to 0, 1, or 2 H+/e−, and to intersect at points. Black circles and lines 

correspond to oxoammonium reduction to the nitroxyl, red stars and solid lines correspond 

to aminoxyl reduction, and the dashed red line corresponds to the theoretical 2 e−/2 H+ 

oxidation of hydroxylammonium to oxoammonium. EH denotes redox potential referenced 

to NHE. Reprinted with permission from ref. 63. Copyright 2018 American Chemical 

Society.

Nutting et al. Page 66

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 13. 
Disproportionation-comproportionation equilibrium of TEMPO and TEMPOH2

+/TEMPO+ 

under acidic conditions.
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Scheme 14. 
Adduct formation of TEMPO+ with hydroxide ion.
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Scheme 15. 
Digitally simulated and experimental steady-state voltammograms using RDE in aqueous 

solution under (a) neutral and (b) acidic conditions. Experimental data for 1 mM TEMPO in 

(a) 1 M NaClO4 (pH 7) and (b) 1 M HClO4 (pH 0). Redox reactions have been added for 

clarity. Adapted with permission from ref. 64. Copyright 2004 WILEY-VCH Verlag 

GmbH&Co. KGaA.
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Scheme 16. 
Concentration profile of (●) TEMPO and (○) TEMPO+ obtained from limiting currents as a 

function of the concentration of p-TSA in CH3CN containing 0.2 M NaClO4. Reprinted with 

permission from ref. 67. Copyright 2003 Elsevier.
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Scheme 17. 
The acid-base equilibria of TEMPOH and the rate constants of the comproportionation 

reaction for the different forms of TEMPOH with TEMPO+.61
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Scheme 18. 
Reversible CVs, at different scan rates, of the TEMPOH/TEMPO redox couple at the surface 

of a mercury drop electrode. Redox reactions have been added for clarity. Adapted with 

permission from ref. 70. Copyright 2002 Japan Society for Analytical Chemistry.
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Scheme 19. 
Possible mechanisms for regeneration of TEMPO+ in electrocatalytic reactions, a) direct 

electron transfer and b) comproportionation.
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Scheme 20. 
The Pourbaix diagram of 4-NH2-TEMPO under buffered aqueous conditions. Line fits have 

been constrained to have slopes corresponding to 0, 1, or 2 H+/e−, and to intersect at points. 

Black circles and lines correspond to oxoammonium reduction, red stars and lines 

correspond to aminoxyl reduction. Dashed red lines are redox potentials inferred from 

spectroscopic pKa data. Blue solid lines correspond to pKa values measured by NMR, blue 

dashed line corresponds to pKa value inferred by voltammetric data. EH denotes redox 

potential referenced to NHE. Reprinted with permission from ref. 63. Copyright 2018 

American Chemical Society.
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Scheme 21. 
The Pourbaix diagram of ABNO under buffered aqueous conditions. Line fits have been 

constrained to have slopes corresponding to 0, 1, or 2 H+/e−, and to intersect at points. Black 

circles and lines correspond to aminoxyl oxidation, red squares correspond to aminoxyl 

oxidation to hydroxylamine N-oxide, and red stars correspond to hydroxylamine or 

hydroxylammonium oxidation. Blue solid line corresponds to pKa measured by NMR, blue 

dashed line corresponds to pKa value inferred by voltammetric data. EH denotes redox 

potential referenced to NHE. Reprinted with permission from ref. 63. Copyright 2018 

American Chemical Society.
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Scheme 22. 
Suggested degradation pathway of electron-deficient oxoammonium ion under basic 

conditions.
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Scheme 23. 
Correlation of inductive constants and half-wave potentials of different hydroxylamine/

aminoxyl radicals couples for (☐) piperidine structures, (+) pyrrolidine structures, (◊) 

pyrroline structures. Analyses were conducted in pH 7.2–7.4 phosphate buffer at a Hg drop 

electrode. Adapted with permission from ref. 84. Copyright 1991 Elsevier.
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Scheme 24. 
Correlation between the Pauling group electronegativity (Eg) of substituents vs. redox 

potentials (E1/2) for the five-membered ring hydroxylamine/aminoxyl radicals in (a) MeOH 

(0.1 M Bu4NClO4) and (b) phosphate buffer (0.1 M, pH 7.4). The general structure of the 

aminoxyl radicals and the corresponding electron transfer reaction have been added. 

Adapted with permission from ref. 74. Copyright 2007 Royal Society of Chemistry.
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Scheme 25. 
Proposed mechanistic paths for the TEMPO+-mediated oxidation of alcohols in the presence 

of base.90

Nutting et al. Page 79

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 26. 
Rationale for the pH-dependent change in the mechanism and reaction selectivity in the 

reaction of TEMPO+ and alcohols under a) basic and b) acidic conditions.
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Scheme 27. 
CVs of (a) blank electrolyte solution, (b) TEMPO, (c) TEMPO in the presence of 1-

pentanol. Analyses conducted with 1 mM TEMPO, 1 mM 1-pentanol in aqueous solution of 

150 mM NaOH at a glassy carbon electrode at 10 mV s−1. Adapted with permission from 

ref. 97. Copyright 1996 The Pharmaceutical Society of Japan.
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Scheme 28. 
Generalized EC’ mechanism
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Scheme 29. 
a) CV of 2 mM TEMPO at pH 9.3. CVs of 2 mM TEMPO in the presence of 16 mM benzyl 

alcohol at b) pH 9.3, c) pH 10.6, d) pH 11.5. Scan rate = 50 mV s−1. Adapted with 

permission from ref. 69. Copyright 2013 Elsevier.
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Scheme 30. 
Mechanism of TEMPO catalyzed electrochemical oxidation of benzyl alcohol.

Nutting et al. Page 84

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 31. 
Ratio of the anodic-peak current of the TEMPO/TEMPO+ redox couple in the presence of 

alcohol substrates (icat) compared to the current in the absence of alcohols (io). Analyses 

conducted with 1 mM TEMPO, 10 mM alcohol in a pH 9.6 aqueous buffer solution at glassy 

carbon electrode. Reprinted with permission from ref. 68. Copyright 2014 John Wiley and 

Sons.
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Scheme 32. 
CVs of 1.0 mM TEMPO in the presence of various concentrations of benzyl alcohol at pH 

9.6. The concentrations of benzyl alcohol are [increasing from (a) to (g)]: 0.0, 1.0, 5.0, 10.0, 

20, 50.0 and 100 mM, and scan rate = 20 mV s−1. The inset shows the linear dependence of 

the anodic peak current on the square root of the alcohol concentration. Reprinted with 

permission from ref. 68. Copyright 2014 John Wiley and Sons.

Nutting et al. Page 86

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 33. 
Electronic effects on the TEMPO-catalyzed electrochemical oxidation of benzyl alcohol 

derivatives. Analyses were conducted with 100 mM alcohol in 0.1 M Bu4NClO4 in CH3CN 

with 1 mM TEMPO and 450 mM N-methylimidazole. Reprinted with permission from ref. 

101. Copyright 2016 Nature Publishing Group.
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Scheme 34. 
Rate constant of alcohol oxidation by 4-OH-TEMPO as a function of 1/[H+] for (●) 

propan-1-ol, (x) butan-1-ol, (+) propan-2-ol, and (○) butan-2-ol. Adapted with permission 

from ref. 106. Copyright 1995 Elsevier.
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Scheme 35. 
Chronoamperograms of ABNO (1 mM) in the (a) absence and presence of 1-butanol at (b) 5 

mM, (c)10 mM, (d) 20 mM and (e) 50 mM concentrations in HCO3
−/CO3

2− electrolyte (pH 

10), applied potential 0.7 V vs. Ag/AgCl. Reprinted with permission from ref. 73. Copyright 

2015 American Chemical Society.
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Scheme 36. 
Linear-free-energy correlations for aminoxyl-catalyzed oxidation of 1-butanol with NaOCl 

as a chemical oxidant (blue triangles) and under electrochemical conditions (red squares). 

Reprinted with permission from ref. 73. Copyright 2015 American Chemical Society.
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Scheme 37. 
a) Plot demonstrating the asymptotic inverse relationship between ΔEa and (ipa/ipc)cat values 

for (○) 4-substituted and (▲) 4N-substituted TEMPO derivatives and (■) polycyclic 

species. b) Plot of the computationally predicted values of (ipa/ipc)cat versus the 

corresponding experimental values of the (○) training set, (●) the validation set, and (■) an 

outlier. Predicted values for (ipa/ipc)cat were determined from computed values of Ea1 and 

Ea2 performed using B3LYP/6–31+G(d,p) level of theory with a CPCM solvation model. All 

experimental values were measured at pH 7. Adapted with permission from ref. 60. 

Copyright 2015 American Chemical Society.
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Scheme 38. 
Plot of the aminoxyl/oxoammonium oxidation potential versus catalytic activity towards 

glycerol oxidation. (○) 4-Substituted TEMPO derivatives, (▲) 4N-substituted TEMPO 

derivatives, and (■) polycyclic species are represented by different shapes. Representative 

examples of the aminoxyl radicals in each quadrant are shown below. Adapted with 

permission from ref. 60. Copyright 2015 American Chemical Society.
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Scheme 39. 
a) CVs of 100 mM benzyl alcohol in the presence of 5 mM TEMPO, 1 mM CuIOTf, 1 mM 

2,2’-bipyridine (bpy), and 40 mM triethylamine (NEt3) and b) CVs of 100 mM benzyl 

alcohol in the presence of 1 mM TEMPO and 450 mM N-methyl imidazole. c) Proposed 

mechanism of cooperative alcohol electrooxidation. Reprinted with permission from ref. 

101. Copyright 2016 Nature Publishing Group.
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Scheme 40. 
Electrochemical oxidation of aliphatic alcohols with catalytic amounts of TEMPO.89
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Scheme 41. 
Bromide/aminoxyl double mediatory process for electrochemical alcohol oxidation where 

ΣBrox denotes possible bromide electrooxidation products.118
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Scheme 42. 
Double mediatory electrochemical oxidation of aliphatic alcohols.118
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Scheme 43. 
Electrochemical oxidation of cyclopropylcarbinols.121
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Scheme 44. 
Double mediatory electrochemical oxidation of dihydroxyalkanoates.122
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Scheme 45. 
Oxidation of 6β-methyl-3β,5α-dihydroxy-16α,17α-cyclohexanopregnan-20-one 4.123
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Scheme 46. 
Cationic and anionic water-soluble TEMPO-derivatives employed by Tanaka.124
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Scheme 47. 
Electrooxidation of menthol catalyzed by aminoxyl radicals.128
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Scheme 48. 
CVs of 7 in the presence of (a) (R)-1-phenylethanol and (b) (S)-1-phenylethanol. Adapted 

with permission from ref.129. Copyright 1999 The Pharmaceutical Society of Japan.
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Scheme 49. 
Oxidative kinetic resolution of racemic sec-benzylic alcohols by 8.131
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Scheme 50. 
Oxidative kinetic resolution of racemic sec-benzylic alcohols by 9.132
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Scheme 51. 
Selective oxidation of carbohydrates reported by Schäfer. Oxidation of glycosyl azides was 

performed in a divided cell.135–137
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Scheme 52. 
Carboxylated cellulose
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Scheme 53. 
The viscosity average degrees of depolymerization (DPv) of softwood bleached kraft pulp 

native cellulose following aminoxyl-mediated electrooxidation at different pH. Reprinted 

with permission from ref. 146. Copyright 2010 Springer.
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Scheme 54. 
Oxidation of glycerol to 1,3-dihydroxyacetone (DHA).152
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Scheme 55. 
Proposed route for the complete oxidation of glycerol catalyzed by 4-NH2-TEMPO and 

oxalate oxidase. Enzyme-mediated steps are highlighted in blue ovals.153
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Scheme 56. 
The pH profiles of (○) oxalate oxidase, (♦) TEMPO, and (●) 4-NH2-TEMPO for catalytic 

reactivity towards oxalic acid (for oxalate oxidase) and glycerol (for TEMPO and 4-NH2-

TEMPO). Reprinted with permission from ref. 153. Copyright 2014 American Chemical 

Society.
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Scheme 57. 
5-hydroxymethylfurfual (HMF) and its oxidation product, 2,5-furandicarboxylic acid 

(FDCA).154
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Scheme 58. 
TEMPO-mediated oxidation of HMF and H2 generation in a photoelectrochemical cell.154
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Scheme 59. 
Oxidation of HMF to DFF mediated by ACT/I− under biphasic conditions.172
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Scheme 60. 
Oxidation of betulin to betulin aldehyde.160
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Scheme 61. 
a) Representative structure of lignin highlighting hydroxyl groups (red) and the β-O-4 

linkage (blue), and the b) oxidation/hydrolysis sequence that has been shown to afford high 

yields of low molecular weight aromatics from lignin.164
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Scheme 62. 
Aminoxyl-mediated electrooxidation of lignin β–O-4 model compound 13. Conditions (a): 

0.1 M LiClO4 in 95% CH3CN/H2O, 5 equiv. of 2,6-lutidine; condition (b): 10% dioxane in 

pH 7 phosphate buffer; condition (c): 10% dioxane in pH 10 carbonate buffer. All 

electrolysis reactions were performed with 2.5 mM substrate and 0.5 mM aminoxyl in a 

divided cell with a carbon felt anode and platinum wire cathode. Electrolyses were 

conducted at constant potential.172
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Scheme 63. 
Pyrrole-tethered 2,2,5,5-tetramethyl-3-pyrolin-1-oxyl.
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Scheme 64. 
a) CV trace of the pyrrole-tethered 2,2,5,5-tetramethyl-3-pyrolin-1-oxyl film on a platinum 

electrode, (b) CV trace of the polypyrrole-aminoxyl film on a platinum electrode upon 

addition of 4-methoxybenzyl alcohol. CVs recorded in 0.1 M n-Bu4NClO4 and 0.01 M 

2,4,6-collidine in CH3CN. Scan rate = 50 mV s−1. Potential referenced against Ag0/+. 

Adapted with permission from ref. 174. Copyright 1987 Elsevier.
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Scheme 65. 
TEMPO-PAA film after methylation of free acid residues.
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Scheme 66. 
Catalytic activity for the electrooxidation of MeOH by (●) electrode-supported TEMPO-

linked poly(ethylamine) and (○) 4-OMe-TEMPO. Inset: TEMPO-linked poly(ethylamine). 

Reprinted with permission from ref. 188. Copyright 2015 American Chemical Society.
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Scheme 67. 
Electrooxidation of benzylic and allylic alcohols (0.5 mmol) by aminoxyl-doped solgel 

electrode.189
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Scheme 68. 
Transmission electron microscopy images of aminoxyl-linked mesoporous silica film. 

Reprinted with permission from ref. 191. Copyright 2014 Royal Society of Chemistry.
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Scheme 69. 
Electrooxidation of alcohols (1 mmol) mediated by aminoxyl-linked mesoporous silica film.
191
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Scheme 70. 
Electrooxidation of alcohols by aminoxyl radical species immobilized in solid particles.196
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Scheme 71. 
Poly(methacrylate)-TEMPO and polyelectrolyte.200
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Scheme 72. 
a) Schematic representation of pyrene-TEMPO immobilization via noncovalent interaction 

with a MWCNT. b) Comparison of bulk electrolysis of benzyl alcohol to benzaldehyde 

using dissolved (dashed line) and immobilized (solid line) aminoxyls. Reaction conditions: 

10 mL carbonate buffer pH 10, 0.1 M benzyl alcohol, 5×10−5 M ACT or pyrene–TEMPO, 

bulk electrolysis at 0.7 V vs. Ag/AgCl. Reprinted with permission from ref. 201. Copyright 

2017 John Wiley and Sons.
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Scheme 73. 
Pyrene-TEMPO mediated electrooxidation of alcohol substrates.201
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Scheme 74. 
Oxidation of primary and secondary amines to give the corresponding nitrile or carbonyl.205
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Scheme 75. 
Kinetic resolution of benzylic primary amines catalyzed by chiral aminoxyl radical 8.206
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Scheme 76. 
Oxidation of tertiary amines catalyzed by 4-BzO-TEMPO.207
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Scheme 77. 
Oxidation of tetrahydroisoquinolines and related compounds.208
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Scheme 78. 
Aminoxyl-catalyzed electrooxidation of aldehydes to nitriles with HMDS as the nitrogen 

source.209
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Scheme 79. 
Aminoxyl-catalyzed oxidation of alcohols to nitriles with NH4OAc.211
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Scheme 80. 
Acceptorless dehydrogenation of saturated N-heterocycles.212
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Scheme 81. 
Proposed rate-limiting steps of amine oxidation by oxoammonium.207
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Scheme 82. 
Calculated reaction profile for the oxidation of primary amines to nitriles by oxoammonium 

(B3LYP/6–311+G*). Reprinted with permission from ref. 215. Copyright 2014 American 

Chemical Society.
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Scheme 83. 
Electrooxidation of glycine by TEMPO in (1) absence of base and presence of 100 mM (2) 

pyridine, (3) 3-picoline, (4) 2,6-lutidine, and (5) 2,4,6-collidine. CV conditions: 5 mM 

glycine, 5 mM TEMPO in 0.1 M NaClO4 in 3:1 CH3CN:H2O at platinum electrode. pKa 

values are reported for the corresponding pyridinium-type species in water.217 Reprinted 

with permission from ref. 216. Copyright 2017 Elsevier.
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Scheme 84. 
a) Allylic oxidation of activated alkenes, and b) unexpected aromatization of α-terpinene 

and γ-terpinene to cymene. The electrolyte, electrode materials, and cell design are not 

addressed in the reference.219
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Scheme 85. 
Aromatization of cyclohexadienes.220
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Scheme 86. 
Wacker-type electrooxidation of terminal alkenes by Pd(OAc)2 catalysis with co-catalytic 

TEMPO.230
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Scheme 87. 
Electrochemical generation of cationic Pd2+ species.
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Scheme 88. 
Proposed route for aminooxygenation of unactivated alkenes.235
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Scheme 89. 
Intramolecular aminooxygenation of unactivated alkenes mediated by TEMPO.235
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Scheme 90. 
Mediated electrooxidation of propargyl acetates to provide α,α-dihaloketone products 

products.236
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Scheme 91. 
Electrooxidation of thioamides by TEMPO.239
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Scheme 92. 
Proposed mechanism of TEMPO-mediated oxidation of thioamides. The E1/2 of TEMPO 

under these conditions was measured to be 0.62 V vs. SCE.239
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Scheme 93. 
Proposed pathway for TEMPO-mediated electrochemical cationic polymerization.240
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Scheme 94. 
CVs for 5 mM NHPI in 0.1 M Et4NClO4 in CH3CN at a glassy carbon electrode in the (a) 

absence and (b) presence of 1 mM and (c) 5 mM 2,6-lutidine. Scan rate = 200 mV s−1. 

Redox reactions added for clarity. Adapted with permission from ref. 242. Copyright 2005 

Elsevier.
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Scheme 95. 
a) Absorption-time curve for the generation and decay of PINO and (b) the second-order 

plot for the decomposition of PINO; the ordinate for the inset plot corresponds to (A0-A)/

A0A, where A0 and A are the absorbance at t=0 and t, respectively. Reprinted with 

permission from ref. 44. Copyright 1987 The Pharmaceutical Society of Japan.

Nutting et al. Page 149

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 96. 
Decomposition products of PINO observed following bulk electrolysis of NHPI in CH3CN.
44
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Scheme 97. 
CVs of 1.0 mM NHPI in buffered solutions at various pH values and the same ionic strength. 

The solution pHs [from (a) to (d)] are: 2.5, 4.7, 7.2 and 8.3. Scan rate = 100 mV s−1. 

Reprinted with permission from ref. 68. Copyright 2014 John Wiley and Sons.
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Scheme 98. 
The reported E1/2 (vs. Ag/Ag+) for NHPI derivatives in the presence of collidine versus the 

σ Hammett parameters for the substituent on 4-position of the NHPI benzene ring. Adapted 

with permission from ref. 246. Copyright 1998 Elsevier.
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Scheme 99. 
NHPI-mediated electrochemical oxidation of alcohol substrates.38
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Scheme 100. 
Suggested mechanism of NHPI-mediated electrooxidation of alcohols.
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Scheme 101. 
Ratio of the anodic-peak current (icat) of NHPI in the presence of alcohols compared to the 

anodic peak current (i0) in the absence of alcohols. Reprinted with permission from ref. 68. 

Copyright 2014 John Wiley and Sons.
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Scheme 102. 
NHPI-mediated electrooxidation of lignin models.251
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Scheme 103. 
Electrooxidation and photochemical cleavage of native lignin.252
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Scheme 104. 
Benzylic and allylic oxygenation mediated by NHPI.39
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Scheme 105. 
Electrochemical NHPI/PINO mediated oxygenation of benzylic and allylic bonds.
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Scheme 106. 
Comparison of the benzylic oxygenation of heteroaromatic species by NHPI-mediated 

aerobic and electrochemical methods. Adapted from Ref. 256 with permission from the 

Royal Society of Chemistry.
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Scheme 107. 
Scope of the oxygenation of allylic C–H bonds mediated by Cl4-NHPI.257
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Scheme 108. 
NHPI-mediated oxidation of aldehyde acetals.42
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Scheme 109. 
a) Electrochemical NHPI/PINO-mediated iodination/functionalization of methyl arenes b) 

iodination and c) in situ methylarene iodination/alkylation of pyridine. LutH+ = 2,6-

lutidinium, PyrH+ = pyridinium.
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Scheme 110. 
Comparison of the required potential for NHPI mediated HAT (solid lines), and direct ET 

(dashed lines) for oxidation of (green) p-chlorotoluene, (brown) p-t-butyltoluene, and (blue) 

p-methoxytoluene. Dotted line shows the CV of NHPI in the absence of substrates. Current 

units from the original report have been corrected.
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Scheme 111. 
a) CV of acyclic aminoxyl radical derivative. Redox reactions added for clarity. b) 

Correlation between the reduction potential of acyclic oxoammonium derivatives and 

substituent Hammett σ* constants. Adapted with permission from ref. 268. Copyright 2013 

American Chemical Society.
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Scheme 112. 
Hydroxamic acids examined by Masui and co-workers.241
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Scheme 113. 
Laccase mediated aerobic oxidation

Nutting et al. Page 167

Chem Rev. Author manuscript; available in PMC 2019 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Nutting et al. Page 168

Table 1.

Experimental aminoxyl/oxoammonium redox potentials.

Entry Aminoxyl
Derivative Potential

a Ref. Entry Aminoxyl
Derivative Potential

a Ref.

1

Ea = 0.77 
b 60

13 60

E1/2 = 0.73 
b 73

E1/2 = 0.84 
c 75 Ea = 0.95

b

2 E1/2 = 1.00 
b 80

3 E1/2 = 0.90
b 63 14 Ea = 1.00

b 60

4 Ea = 0.91
b 60 15 Ea = 0.92

b 60
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Entry Aminoxyl
Derivative Potential

a Ref. Entry Aminoxyl
Derivative Potential

a Ref.

5 Ea = 0.86
b 60 16 Ea = 1.02

b 60

6 Ea = 0.82
b 60 17 E1/2 = 0.89

c 76

7 Ea = 0.85
b 60

18 E1/2=0.91
b 77

8

19 E1/2=0.84
b 74

Ea = 0.88
b 60

9

20 E1/2 = 0.88
b 74

Ea = 0.91
b 60
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Entry Aminoxyl
Derivative Potential

a Ref. Entry Aminoxyl
Derivative Potential

a Ref.

10

21 E1/2 = 0.89
b 74

Ea = 0.67
b 60

11

22

E1/2=1.00
b 74

Ea= 1.01
b 60 23

E1/2=1.10
c 76

12

E1/21.05
b 78 24 E1/2 = 1.31

c 76

25

Ea = 0.75
b

E1/2 = 0.68
b

E1/2 = 0.80
c

60
73
75

39 Ea=0.61
b 60

26 Ea = 0.86
b 60 40 Ea = 0.74

b 60
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Entry Aminoxyl
Derivative Potential

a Ref. Entry Aminoxyl
Derivative Potential

a Ref.

27 Ea = 0.85
b 60 41 E1/2=0.97

c 78

28

Ea=1.02
c 72

42 E1/2 =0.96
c 78

29

Ea = 0.75
b 60

43

30 E1/2 =0.93
c 78

Ea = 0.68
b 60

31 E1/2 =1.00 
c 72

44 E1/2 =1.23
c 78

32
E1/2 =1.06

b 72

33 E1/2 = 0.74
b 60

E1/2 = 0.65
b 73 45 E1/2 =0.94

c 78

E1/2 = 0.79
c 75
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Entry Aminoxyl
Derivative Potential

a Ref. Entry Aminoxyl
Derivative Potential

a Ref.

34

E1/2 = 0.74
c 75

35

46 E1/2 =1.02
c 78

E1/2 = 0.69
c 75

36

E1/2 = 1.02
c 75

47 E1/2=1.05
c 78

37
E1/2 = 1.14

c 75

38

48 E1/2 = 0.99
c 78

E1/2 =1.08
c 75

a
Potentials adjusted relative to NHE, as described in ref. 17–19. In ref. 60, only the anodic peak potentials (Ea), not the mid-point potentials (E1/2), 

were reported.

Abbreviations: Ac = acetyl, Bn = benzyl, Py ⊕ = N-pyridinium, nPr=n-propyl.

b
Experimental measurements performed in H2O.

c
Experimental measurements performed in CH3CN.
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Table 2.

Redox leveling in the 1 e−/1 H+ hydroxylamine/aminoxyl redox couple.63

Entry Aminoxyl
Radical

E1/2 (vs. NHE)
R2NOH/R2NO•

E1/2 (vs. NHE)
R2NO•/R2NO+

R2NOH BDE
(kcal mol−1)

1 TEMPO 0.65 0.75 71
a

2 4-AcNH-TEMPO 0.67 0.86 73

3 4-NH3
+-TEMPO 0.61 0.93 72

a
Average of values reported in ref. 35,86
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Table 3.

Effect of ring structure on the calculated 1 e− potentials for oxidation and reduction of cyclic aminoxyl 

radicals. Gas phase species were optimized at the G3(MP2)-RAD level with B3-LYP/6–31G(d) level of theory. 

Solvation energies of each species were calculated using the polarized continuum model. Experimental values 

were measured in CH3CN with 0.1 M NBu4BF4 at a Pt electrode. Values are referenced against NHE.78

Entry Aminoxyl
Radical Experimental Potential (mV) Calculated Potential (mV)

1 850 807

2 976 971

3 1045 999

4 1010 474
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Table 4.

TOF (h−1) of various aminoxyl radicals for the oxidation of alcohols. Reprinted with permission from ref. 73. 

Copyright 2015 American Chemical Society.

1088 238 588 337 87

1128 358 488 298 78

853 118 568 198 18

1228 378 708 388 73
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Table 5.

Experimental N-hydroxyimide/imidoxyl redox potentials vs. NHE.
a

Entry N-Hydroxyimide Derivative E1/2
a Ref. Entry N-Hydroxyimide

Derivative E1/2
a Ref.

1

0.94
b 246

9
0.93

c 247 0.95
b 246

1.08
d 249

2 10

1.16
c 247 0.98

b 246

3 11

1.01
c 247 1.00

b 246

4 12

0.91
b 246

1.04
d 249 1.12

b 249

5 13

1.05
d 249

1.03
b 246
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Entry N-Hydroxyimide Derivative E1/2
a Ref. Entry N-Hydroxyimide

Derivative E1/2
a Ref.

6 14

1.04
d 249 1.02

b 246

7 15

1.06
d 249 0.97

b 246

8 16

0.90
b 246

1.19
d 250 1.13

d 249

a
Potentials adjusted relative to NHE, as described in ref. 17–19.

b
Experimental measurements performed with 1.7 equivalents 2,4,6-collidine in CH3CN.

c
Experimental measurements performed with 2 equiv 2,4,6-collidine in CH3CN.

d
Experimental measurements performed in 50 mM citrate buffer (pH 5).

e
Experimental measurements performed 45 mM phosphate buffer (pH 6).250
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Table 6.

Second order rate constants of the reaction of PINO with alcohol substrates.38

Substrate k (M−1 s−1) Substrate k (M−1 s−1)

1.89 15.6

4.52 51.8

0.776 10.3
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Table 7.

Second order rate constants of the reaction of PINO with substrates containing activated C–H bonds.44

Substrate k (M−1 s−1) Substrate k (M−1 s−1)

1.85 77.6

26.2 20.2

43.2 12.8

10.9 2.88

156 --

47.6 1.50
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Substrate k (M−1 s−1) Substrate k (M−1 s−1)

26.2 96.2

36.3 15.3
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Table 8.

The redox potential of the aminoxyl to oxoammonium redox process for various N-oxyl radicals.

Entry
Aminoxyl
Derivative E1/2

a
Ref. Entry

Aminoxyl
Derivative E1/2

a
Ref.

1 1.36
b 264 10 0.69

c 266

2 0.78
c 72 11 0.63

c 266

3 1.01 d 265 12 0.95
c 267

4 0.48
c 268 13 0.57

c 267

5 1.00
c 268 14 1.14

c 267

6 1.02
c 268 15 1.05

c 267

7 1.11
c 268 16 0.98

c 267
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Entry
Aminoxyl
Derivative E1/2

a
Ref. Entry

Aminoxyl
Derivative E1/2

a
Ref.

8 1.24
c 268 17 1.20

c 273

9 1.41
c 268 18 1.20

c 273

a
Potentials adjusted relative to NHE, as described in ref. 17–19.

b
Standard potential.

c
Experimental measurements performed in CH3CN. b and c experimental measurements performed in H2O.
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Table 9.

Redox potentials (V vs. NHE) of N-aryl hydroxylamines, hydroxyamic acids, and other acyclic N-hydroxy 

derivatives as determined by CV or differential pulse voltammetry. Measurements were conducted in 

phosphate buffer (pH 6).250

Entry
N-Hydroxy
Derivatives E1/2 Entry

N-Hydroxy
Derivatives E1/2 Entry

N-Hydroxy
Derivatives E1/2

1 0.721 7 0.687 13 0.680

2 0.723 8 0.740 14 0.730

3 0.745 9 0.679 15 0.700

4 0.753 10 0.676 16 0.750

5 0.759 11 0.709 17 0.730
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Entry
N-Hydroxy
Derivatives E1/2 Entry

N-Hydroxy
Derivatives E1/2 Entry

N-Hydroxy
Derivatives E1/2

6 0.803 12 0.720 18 0.740
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Table 10.

The redox potential of heterocyclic N-hydroxy derivatives.

Entry N-Hydroxy
Derivatives E1/2

a Ref.

1 0.87 
b 250

2 1.10 
c 247

3 1.01 
c 247

4 0.80 
d 273

5 1.06 
b 250

6 1.17 
b 250

7 1.22 
b 250

a
Potentials adjusted relative to NHE, as described in ref. 17–19.
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b
Experimental measurements performed 45 mM phosphate buffer (pH 6).

c
Experimental measurements performed with 2 equiv 2,4,6-collidine in CH3CN.

d
Experimental measurements performed in CH3CN in the absence of base.
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