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ABSTRACT: Bicyclic nitroxyl derivatives, such as 2-aza-
adamantane N-oxyl (AZADO) and 9-azabicyclo[3.3.1]nonane N-
oxyl (ABNO), have emerged as highly effective alternatives to
TEMPO-based catalysts for selective oxidation reactions (TEMPO
= 2,2,6,6-tetramethyl-1-piperidine N-oxyl). Their efficacy is widely
attributed to their smaller steric profile; however, electrocatalysis
studies described herein show that the catalytic activity of nitroxyls
is more strongly affected by the nitroxyl/oxoammonium redox
potential than by steric effects. The inexpensive, high-potential
TEMPO derivative, 4-acetamido-TEMPO (ACT), exhibits higher
electrocatalytic activity than AZADO and ABNO for the oxidation
of primary and secondary alcohols. Mechanistic studies provide
insights into the origin of these unexpected reactivity trends. The
superior activity of ACT is especially noteworthy at high pH,
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where bicyclic nitroxyls are inhibited by formation of an oxoammonium hydroxide adduct.

B INTRODUCTION

TEMPO (2,2,6,6-tetramethyl-1-piperidine N-oxyl) and related
nitroxyl derivatives are important catalysts for alcohol
oxidation," and they find widespread use in industrial” and
laboratory® applications (Scheme 1). Diverse stoichiometric

Scheme 1. Chemical and Electrochemical Alcohol Oxidation
Methods with Nitroxyls of Different Structures and Redox
Potentials
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oxidants have been used to promote catalytic turnover, the
most common of which include bleach (NaOCI), hypervalent
iodine reagents, and O, in combination with NO, co-catalysts
(Scheme 1A).' In addition to these chemlcal oxidation
methods, nitroxyls have been widely studied as mediators for
electrocatalytic alcohol oxidation (Scheme 1B).** The latter
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approach has important implications for energy conversion
applications, as demonstrated in recent studies of photoelectro-
chemical conversion of biomass® and biofuel cells.*®’

Under typical (basic) reaction conditions, TEMPO exhibits
strong steric discrimination in its reaction with alcohols,
including the ability to achieve chemoselective oxidation of
primary (1°) alcohols in the presence of unprotected secondary
(2°) alcohols.® This selectivity has been attributed to steric
effects in the formation of an alkoxide adduct with the
oxoammonium species (Scheme 2, top pathway).'"” The
selectivity changes when the reaction is performed under acidic
conditions, wherein the mechanism is proposed to involve
bimolecular hydride transfer, which favors more-electron-rich

Scheme 2. Proposed Mechanisms for TEMPO*-Mediated
Oxidation of Alcohols under Different Conditions
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substrates (i.e, 2° > 1° alcohols).” The reactions under the
acidic conditions are typically considerably slower than those
under basic conditions, however.

Recently, significant advances in nitroxyl-catalyzed alcohol
oxidation have been made through the use of bicyclic nitroxyls,
such as 2-azaadamantane N-oxyl (AZADO) and 9-azabicyclo-
[3.3.1]nonane N-oxyl (ABNO) (cf. Scheme 1C).° These
nitroxyls exhibit excellent activity for the oxidation of both 1°
and 2° alcohols, and their favorable catalytic properties are
primarily attributed to the reduced steric hindrance around the
active nitroxyl/oxoammonium site. Unfortunately, the cost or
multi-step syntheses of these reagents constrain their use,
especially for large-scale applications.”

Building on our studies of nitroxyl (co-)catalyzed aerobic
oxidation reactions,'” we recently began exploring electro-
catalytic reactions with nitroxyl mediators.'’ Whereas TEMPO
has been studied extensively as an electrocatalyst for alcohol
oxidation,”* much less attention has been given to the bicyclic
nitroxyls."*** The mid-point potential (E,,) of the one-
electron nitroxyl/oxoammonium couple varies, depending on
the nitroxyl structure (i.e., mono- vs bicyclic) and/or
substituents (Scheme 1C),'” but the effect of the nitroxyl
redox potentials on catalytic activity and their implications for
chemical and electrochemical oxidation methods have not been
addressed. Here, we describe the electrocatalytic behavior of a
series of bicyclic and TEMPO-based nitroxyls. Free-energy
correlations show that nitroxyl-catalyzed alcohol oxidation rates
under chemical vs electrochemical conditions exhibit opposite
trends with respect to the nitroxyl/oxoammonium redox
potential. Mechanistic studies reveal the origin of this
unexpected inversion of activity, and the results have important
implications for practical applications of nitroxyl-based alcohol
oxidation reactions. For example, the low-cost, readily
accessible 4-acetamido-TEMPO (ACT) outperforms the
more-expensive bicyclic nitroxyls under electrochemical con-
ditions.

B RESULTS AND DISCUSSION

Kinetic Analysis of Electrocatalytic Oxidation of
Alcohols with Different Nitroxyls. Cyclic voltammograms
(CVs) of AZADO (a), ABNO (b), TEMPO (c), and ACT (d)
reveal reversible electron transfer under conditions similar to
those commonly used for alcohol oxidation (Figure 1A). In
contrast, keto-ABNO and 4-oxo-TEMPO exhibit irreversible
behavior under these basic conditions (cf. trace e in Figure 1A),
reflecting the instability of the corresponding oxoammonium
species. Keto-substituted oxoammonium species have been
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Figure 1. Cyclic voltammograms of 1 mM AZADO (a), ABNO (b),
TEMPO (c), ACT (d), and 4-0oxo-TEMPO (e) in the absence (A) and
presence (B) of 50 mM 1-butanol in HCO; /CO;>™ electrolyte (pH

10), scan rate 50 mV s~

shown to be highly susceptible to base-promoted ring
opening."> ACT exhibits the highest mid-point potential (Enmp
= 0.65 V) among the four electrochemically reversible nitroxyls.

CVs of the nitroxyls were then reacquired with 50 mM 1-
butanol present in the solutions (Figure 1B). The S-shaped
CVs, showing a significant increase in the oxidation peak and a
disappearance of the reduction peak, are diagnostic of
electrocatalysis, and the oxidation current is proportional to
the catalytic turnovers that occur on the CV time scale.
AZADO, ABNO, and TEMPO perform similarly, while ACT
exhibits more than 2-fold higher catalytic current than the other
nitroxyls. No significant catalytic activity was observed for 4-
0xo-TEMPO, reflecting the instability of the oxoammonium
species.

To gain a more-quantitative comparison of the different
nitroxyls, the electrocatalytic reactions were evaluated by
additional electrochemical studies. Representative chrono-
amperograms (CAs) obtained with ABNO are shown in Figure
2A. In the absence of alcohol, the CA exhibits an exponential
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Figure 2. (A) Chronoamperograms of ABNO (1 mM) in the absence
(a) and presence of 1-butanol at S mM (b), 10 mM (c), 20 mM (d)
and 50 mM (e) concentrations in HCO;™/CO;*" electrolyte (pH 10).
(B) Plot of current vs [1-butanol]"/? with an applied potential 0.7 V vs
Ag/AgCl.

decay (curve a), consistent with diffusion-controlled oxidation
of the nitroxyl to the oxoammonium. The CA current increases
upon addition of 1-butanol, and the steady-state current is
proportional to the square root of the alcohol concentration
(Figure 2A, curves b—e)."* Similar studies were performed for
each of the other nitroxyls (AZADO, TEMPO, and ACT) in
order to compare their catalytic activities and turnover
frequencies (TOFs) (see Figures S1-S4).

The difference between the current in the presence and
absence of 1-butanol (i.e., curves b—e vs curve a in Figure 2A)
is directly proportional to the nitroxyl TOF. The TOFs for each
of the four nitroxyls with a series of five different alcohols are
presented in Table 1. The alcohol substrates were selected as

Table 1. TOF (h™!) of Different Nitroxides for Oxidation of
Alcohols”

QOH Q—(OH kAOH ﬂ_\o"' \)\OH

sterically
1° benzylic 2° benzylic  1° aliphatic hinqered 1° 2° aliphatic
aliphatic
ABNO 1088 238 588 337 87
AZADO 1128 358 488 298 78
TEMPO 853 118 568 198 18
ACT 1228 378 708 388 73

“Standard conditions for TOF determination: SO mM alcohol, 1.0 mM
nitroxyl, HCO;™/CO3*~ electrolyte (pH 10).
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representative examples of 1° and 2° benzylic, 1° and 2°
aliphatic, and sterically hindered 1° aliphatic alcohols. The data
show that ACT is nearly always the most active catalyst. The
only exception was evident in the oxidation of 2-butanol, but
even in this case, the activity of ACT is comparable to those of
ABNO and AZADO. TEMPO exhibits the lowest activity in all
cases, except for the oxidation of 1-butanol, for which AZADO
is the least active. Most significantly, the activity of ACT is
much higher than expected from recent literature reports that
highlight the predominant role of steric effects.®

Analysis of pH Effects on Electrocatalytic Oxidation of
Alcohols with Different Nitroxyls. The advantageous
performance of ACT relative to the bicyclic nitroxyls is even
more evident when ACT and ABNO are compared at different
pH values (Figure 3A). CVs were obtained for the oxidation of

Table 2. Bulk Electrolysis Data for ACT-Mediated Oxidation
of Alcohols”

OH OH OH
Reactant: K@ )\© i
Product: © )K© i(OH %OH Hk

Time
Yields” 88% 88% 98% 98% 95%

OH

“Conditions: 0.1 M alcohol in 10 mL of aqueous carbonate buffer,
0.075 M NaHCO,, 0.075 M NaZCO3 (pH 10), 2 mol% ACT,
electrolysis at 0.75 V vs Ag/AgClL PNMR yields (internal standard =
mesitylene).
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Figure 3. (A) Cyclic voltammograms of ABNO (solid line) and ACT
(dashed line) in the presence of SO mM 1-butanol at various pH
values, scan rate 50 mV s™%, (B,C) TOFs (h™") of ACT and ABNO for
oxidation of various alcohols: 1 mM ACT or ABNO, 50 mM alcohol in
aqueous carbonate buffers; (B) 0.14 M NaHCO; and 0.01 M Na,CO,
for pH 9; (C) 0.02 M NaHCO; and 0.13 M Na,CO; for pH 11.

1-butanol by ACT reveal a significant increase in the catalytic
current upon raising the pH from 8 to 12 (dashed CVs, Figure
3A). ABNO activity is lower than the ACT activity (solid CVs,
Figure 3A), and while it increases upon raising the pH from 8
to 10, it then decreases at pH 11 and 12. A comparison of the
ACT and ABNO TOFs for five different alcohols at pH 9 and
11 is shown in Figure 3B,C. These data demonstrate the strong
impact of pH on catalyst activity, and show that increasing the
pH significantly activates ACT, while it strongly suppresses
ABNO activity. The pH trend for ACT continues beyond pH
12, and TOFs reach values above 1000 and 6000 h™! for 2-
butanol and 1-butanol, respectively, at pH 13. The effectiveness
of ACT as an electrocatalyst was confirmed in bulk electrolysis
experiments. Electrochemical oxidation of each of the five
alcohols were performed on 1 mmol scale at pH 10 with 2 mol
% ACT, and the oxidized products were obtained in 88—98%
yields within 2 h at room temperature (Table 2)."”” ABNO
exhibits lower activity and is less stable under the same reaction
conditions. For example, use of 2 mol% ABNO only achieves

47% conversion to benzaldehyde prior to complete loss of
catalytic activity.

Several lines of evidence suggest that the decrease in
electrocatalytic activity of ABNO above pH 10 arises from its
susceptibility to formation of an oxoammonium hydroxide
adduct, ABNOOH (eq 1). Adducts of this type have been

&L @L fg:: &L (1)

described previously for TEMPO" at pH >12.16 Ring-strain
considerations probably account for the increased susceptibility
of bicyclic oxoammonium species to such adduct formation.
Insights into this adduct formation were obtained from CVs of
ABNO at pH 9, 10, and 11, which show that the E, shifts
negative and the reduction peak decreases upon increasing the
pH (Figure 4A). These data and CVs at different scan rates
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Figure 4. Cyclic voltammograms of ABNO (A) and ACT (B) from
pH 9 to 11 (scan rate S0 mV s7h.

(Figure SS) indicate that ABNO" undergoes a chemical
reaction upon its electrochemical generation at pH >9. In
contrast, CVs of ACT are unaffected by changes to the solution
pH (Figure 4B), indicating that ACT and ACT" are stable
under the voltammetry conditions. Steric effects, as well as
reduced ring strain, probably contribute to the enhanced
stability of ACT* at high pH.

Spectroelectrochemical Analysis of ABNO Oxidation
at Different pH Values. UV—visible spectroelectrochemical
studies complement the voltammetric data and support the
hypothesis in eq 1. Well-behaved isosbestic behavior is
observed for the redox interconversion of ABNO/ABNO" at
pH 8 (Figure S). Near-isosbestic behavior is also observed at
pH 10.2, but the product, which is different from ABNOY,
corresponds to ABNOOH. Subsequent reduction of this
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Figure S. Spectroelectrochemical UV—vis data collected during
oxidation of ABNO (A) for 300 s (t = 0—300 s), immediately
followed by reduction of the in situ generated ABNO* (B) for 300 s (¢
= 300—600 s). Insets: Concentration profiles of ABNO and ABNO*
during electrochemical oxidation (A) and reduction (B). Reaction
conditions: 0.1 M HCO;™ electrolyte (pH 8.3); oxidation performed
at 0.67 V vs Ag/AgCl and reduction at 0.35 V vs Ag/AgCl; spectra
recorded every 6 s.

species regenerates ABNO, consistent with reversible formation
of the adduct (Figure 6). An equilibrium constant of 3.7 X 10*
M™! was derived for the formation of the ABNOOH from
ABNO" and OH™ on the basis of the spectroelectrochemical
data. At pH >11, oxidation of ABNO is less reversible, possibly
reflecting decomposition of ABNOOH under these conditions
(Figure S6).

The above data provide a clear rationale for the enhanced
activity of ACT relative to bicyclic nitroxyls above pH 10, but
we also sought to understand the excellent performance of
ACT below pH 10, where bicyclic oxoammonium hydroxide
adducts such as ABNOOH do not interfere. Our initial
hypothesis was that the high activity of ACT" arises from its
high reduction potential (cf. Scheme 1C and Figure 1).
Comparisons of TEMPO and bicyclic nitroxyl derivatives are
typically gerformed with chemical oxidants, such as bleach
(NaOCl)." In these cases, high-potential nitroxyls (e.g, ACT)
could undergo sluggish oxidation by the chemical oxidant,
thereby masking their intrinsic alcohol-oxidation reactivity.'”
Low-potential nitroxyls, such as AZADO and ABNO, will
therefore experience a competitive advantage.

In Situ Monitoring of Nitroxyl-Catalyzed Oxidation of
1-Butanol by Bleach. AZADO-, ABNO-, TEMPO-, and
ACT-catalyzed oxidation of 1-butanol were analyzed with
bleach as the oxidant. It was possible to monitor the
distribution of catalyst oxidation states during the reaction via
cyclic chronoamperometry as an analytical technique. In these
experiments, the potential at a rotating disk electrode (RDE)
was cycled between 180 mV above and 180 mV below the
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Figure 6. Spectroelectrochemical UV—vis data collected during
oxidation of ABNO (A) for 300 s (t = 0—300 s), immediately
followed by reduction of the in situ generated ABNO*/ABNOOH (B)
for 300 s (t = 300—600 s). Insets: Concentration profiles of ABNO,
ABNO*, and ABNOOH during electrochemical oxidation (A) and
reduction (B). Reaction conditions: HCO;~/CO,*" electrolyte (pH
10.2); oxidation performed at 0.65 V vs Ag/AgCl and reduction at
0.33 V vs Ag/AgCl; spectra recorded every 6 s.

midpoint potential (E,,,) of the nitroxyl. The current measured
at E,,, + 180 mV is proportional to the [nitroxyl], while the
current at E,, 180 mV is proportional to the
[oxoammonium] (see Figures 7 and S7).

Before analyzing alcohol oxidation reactions, we probed the
oxidation of the different nitroxyls by bleach via the cyclic
chronoamperometric method described above. Representative
data obtained during oxidation of TEMPO by bleach (in the
absence of alcohol) is depicted in Figure 7. The data show
progressive conversion of TEMPO to TEMPO" over 600 s.
The traces with positive current correspond to oxidation of
TEMPO at 0.71 V vs Ag/AgCl (E,,, + 180 mV), and the traces
with negative current correspond to reduction of TEMPO™ at
0.25 V vs Ag/AgCl (E,,, — 180 mV) [E,, (TEMPO) = 0.53 V].
Similar data were acquired for the four different nitroxyls,
AZADO, ABNO, TEMPO, and ACT, and the data show that
different nitroxyls undergo oxidation at significantly different
rates (Figure 8). Their relative rates match the trend expected
from their redox potentials: AZADO > ABNO > TEMPO >
ACT. Oxidation of ACT is particularly slow, exhibiting a rate
60- and 7-fold slower than those of AZADO and ABNO,
respectively, at pH 8.3.

Oxidation of 1-butanol by bleach was then examined by 'H
NMR spectroscopy using the same series of nitroxyls (Figure
S8), and the results reveal that these reactions follow the same
rate trends observed for oxidation of the nitroxyls by bleach:
AZADO > ABNO > TEMPO > ACT. Cyclic chronoamper-
ometry studies illuminate the origin of this trend. Data from the
AZADO-, ABNO-, TEMPO-, and ACT-catalyzed alcohol

DOI: 10.1021/jacs.5b09672
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Figure 7. (A) Representative cyclic chronoamperometric data for the
oxidation of TEMPO by bleach. (B) Expansion of the oxidation and
reduction currents from a single cycle in plot A, obtained from
potential steps at 0.71 and 0.25 V vs Ag/AgCl. (C) Plots of the
faradaic anodic (positive) and cathodic (negative) currents at each step
in plot A (cf. plot B). Pulse width = 3 s, RDE rotation rate = 2000 rpm.
Initial concentrations: 5.0 mM TEMPO, 0.2 M NaOCl, 0.12 M
NaHCOs,
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Figure 8. Concentration profiles of nitroxyl and oxoammonium
species (solid and dashed lines, respectively) in the presence of bleach,
derived from cyclic chronoamperometry. Reaction conditions: 5.0 mM
nitroxyl, 120 mM NaOC], 150 mM NaHCO, (pH 8.3).
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Figure 9. Concentration profiles of nitroxyl and oxoammonium
species (solid and dashed lines, respectively) in the oxidation of 1-
butanol by bleach, derived from cyclic chronoamperometry. Reaction
conditions: 5.0 mM nitroxyl, 100 mM 1-butanol, 120 mM NaOCl, 150
mM NaHCO, (pH 8.3).

oxidation reactions, shown in Figure 9, reveal that AZADO and
ABNO undergo rapid oxidation to AZADO* and ABNO* and
that these oxoammonium species are the predominant form of
the catalyst during steady-state turnover. In contrast, TEMPO
and ACT convert more slowly to TEMPO" and ACT", and
they reach steady-state concentrations of approximately 60%
and 20%, respectively. A near-quantitative mass balance of the
oxommonium and nitroxyl species is detected under the
different reaction conditions, implying a negligible steady-state

concentration of the hydroxylamine species. (The hydroxyl-
amine formed upon oxidation of the alcohol could undergo
rapid oxidation to the nitroxyl by direct reaction with the
oxidant or via comproportionation with the oxoammonium
species.) Collectively, these observations reveal that the poor
catalytic activity of ACT with bleach as the oxidant arises from
slow formation of the oxoammonium species (cf. Figure 8). In
the electrocatalytic reactions, the electrode potential is adjusted
to match the redox potential of the nitroxyl catalyst. Therefore,
the catalyst reoxidation rate is normalized for different nitroxyl
species and the catalytic rate reflects the intrinsic reactivity of
the oxoammonium species with alcohol. The excellent
electrocatalytic performance of ACT under basic conditions is
attributed to the enhanced electrophilicity of the oxo-
ammonium species ACT", which should favor formation of
the alkoxide adduct in the “basic” alcohol oxidation pathway
(cf. Scheme 2).

Comparison of Chemical and Electrochemical Nitrox-
yl-Catalyzed Alcohol Oxidation. The very different catalyst
activity trends observed for the bleach- vs electrode-driven
alcohol oxidation reactions are depicted in the free-energy
correlations in Figure 10. In addition to the four nitroxyls
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Figure 10. Linear-free-energy correlations for nitroxyl-catalyzed
oxidation of 1-butanol with bleach (blue triangles) and under
electrochemical conditions (red squares). See Figures S1—S4 and S8
for raw data.

investigated systematically above, three additional nitroxyls 1-
Me-AZADO, 4-MeO-TEMPO, and 4-PhCO,-TEMPO were
tested under the same conditions. The bleach-driven reactions
(blue triangles) with the seven nitroxyl derivatives show a
negative correlation with the nitroxyl E,,, values. This trend is
attributed to the influence of the catalyst reoxidation step on
the overall rate: nitroxyls with lower E,,, undergo more-facile
oxidation and are therefore more-effective catalysts. The non-
linearity of the trend is perhaps expected, considering the
turnover-limiting step appears to change across this series of
nitroxyls (cf. Figure 9) and/or because ring-strain or steric
effects could impact the relative rates for the reactions of
nitroxyls with bleach. On the other hand, the electrocatalytic
reactions show a small, but positive, correlation with the
nitroxyl E,,,,, The best catalytic rates are obtained with TEMPO
derivatives bearing an electron-withdrawing substitutent in the
4-position, which have the highest E, values among the
nitroxyls studied. The trend clearly shows that the oxo-
ammonium reduction potential is more significant than steric
effects in controlling the reaction rate. The 4-benzoyl derivative
exhibits the highest rate among the derivatives tested; however,
the ester group is susceptible to hydrolysis under basic
conditions. ACT is much less susceptible to hydrolysis and
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therefore represents a highly appealing low-cost electrocatalyst
for alcohol oxidation.

H CONCLUSION

The observations described herein provide extensive insights
into the relative activity of TEMPO and bicyclic nitroxyl
derivatives, and they have important fundamental and practical
implications for this nitroxyl-catalyzed alcohol oxidation
reactions. The higher activity of ACT relative to AZADO and
ABNO was unexpected, but it shows that increased driving
force can compensate for, and even overcome, steric effects in
promoting the catalytic activity of nitroxyls. ACT is one of the
least expensive nitroxyl derivatives available,” and it exhibits
excellent stability and activity over a broad pH range. The
results described here bode well for expanded use of ACT in
catalytic applications that will leverage the widespread use of
ACT* (commonly termed “Bobbitt’s salt”) as a stoichiometric
reagent.'"® The exceptional activity of ACT as an electro-
chemical mediator, particularly at high pH, also provides an
important foundation for development of scalable electro-
catalytic applications of ACT, for example, via continuous-flow
electrolysis.
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