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ABSTRACT: An electrochemical method has been
developed for selective benzylic iodination of methylar-
enes. The reactions feature the first use of N-hydroxy-
phthalimide as an electrochemical mediator for C−H
oxidation to nonoxygenated products. The method
provides the basis for direct (in situ) or sequential
benzylation of diverse nucleophiles using methylarenes as
the alkylating agent. The hydrogen-atom transfer mecha-
nism for C−H iodination allows C−H oxidation to
proceed with minimal dependence on the substrate
electronic properties and at electrode potentials 0.5−1.2
V lower than that of direct electrochemical C−H
oxidation.

Organic electrochemistry represents an appealing strategy
to perform redox reactions;1,2 however, many organic

molecules do not readily undergo direct electron transfer (ET)
at an electrode. Redox mediators provide a means to overcome
this limitation by expanding the scope of accessible mechanisms
that may be coupled to an electrochemical driving force.3 The
utility of N-hydroxyphthalimide (NHPI) as a hydrogen-atom
transfer (HAT) mediator was introduced by Masui and co-
workers in the 1980s.4 NHPI undergoes proton-coupled
oxidation at an electrode to afford phthalimido-N-oxyl
(PINO), which then mediates HAT from weak C−H bonds
(allylic, benzylic, adjacent to heteroatoms) (Scheme 1).

Trapping of the organic radical by O2 leads to site-selective
oxygenation products. Subsequent work by Ishii5 and others6

introduced numerous cobalt/NHPI (nonelectrochemical)
catalytic methods for related aerobic C−H oxygenation. Recent
studies highlight pharmaceutically relevant applications of these
methods. For example, Baran and co-workers developed
improved electrochemical conditions for allylic C−H oxygen-
ation, including scalable oxidation of terpenes (cf. Scheme 1),7

and we implemented cobalt and electrochemical NHPI/O2-
based methods for benzylic oxygenation of heterocyclic
compounds.8 Each of the aforementioned methods affords
oxygenated products. This outcome is inevitable for the Co/
NHPI-catalyzed methods because O2, which is needed for
NHPI oxidation to PINO, reacts at near-diffusion-controlled
rates with organic radicals. Electrochemical oxidation of NHPI
to PINO, however, presents the opportunity to trap organic
radicals with reagents other than O-atom sources. We report
herein the first example of this concept, showing that iodine
(I2) is an effective radical trap for electrochemical NHPI-
mediated oxidation of methylarenes to benzyl iodides (Scheme
2).9,10 The broader implications of HAT-mediated electro-
chemical C−H oxidation are demonstrated by comparison of
this approach to related direct-ET electrochemical benzylic
oxidation methods.

Building on electrochemical studies of NHPI,11 cyclic
voltammetry was used to assess the reactivity of NHPI under
relevant reaction conditions. The cyclic voltammogram (CV) of
NHPI in acetonitrile is quasi-reversible with a midpoint
potential (Emid) of 0.90 V versus Fc/Fc+ (Fc = ferrocene;
Figure 1a). The proton-coupled nature of this redox process is
evident upon inclusion of pyridine as a weak base in the
solution, which shifts the Emid to a significantly lower potential
(0.41 V; Figure 1c). The lower cathodic-to-anodic peak current
ratio (Ic/Ia= 0.77), however, reflects the instability of PINO
under these conditions. More basic conditions, with [NBu4]-
OAc as the base, result in near-complete disappearance of the
cathodic peak (not shown),12 whereas use of a buffered
pyridine/pyridinium solution led to improved PINO stability
(Ic/Ia= 0.96) while still lowering the redox potential for PINO
generation (0.49 V; Figure 1b). Upon addition of 4-tBu-toluene
(1a, 20 mM) to the solution, the CV exhibits an increase in the
anodic current, reflecting regeneration of NHPI on the CV time
scale via PINO-mediated HAT from 1a (Figure 1d). No
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Scheme 1. Electrochemical NHPI/PINO-Mediated Strategy
for Oxygenation of Benzylic and Allylic C−H Bonds

Scheme 2. Electrochemical NHPI/PINO-Mediated
Iodination/Functionalization of Methyl Arenes
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cathodic current is present in the reverse scan, as expected if
PINO is consumed by reaction with the substrate.
To extend these observations from voltammetry to synthetic

bulk-electrolysis, we sought a suitable trap to functionalize the
in situ-generated benzylic radical. Preliminary tests probed the
reactivity of 4-tBu-toluene in the presence of NHPI (2.5 mol %
with respect to 1a) and different trapping agents, including
PhS−SPh, TsCN, TsC≡CPh, CuCl2 and I2 (10:1 ratio of
1a:trap).12,13 A divided cell configuration was used to avoid
reduction of the trap (e.g., I2, CuCl2) at the cathode. No
productive reactivity was observed, however, except with
iodine, which led to the benzyl iodide product in quantitative
yield with respect to I• (both iodine atoms of I2 are used)
(Table 1, entry 1). Successful benzylic C−H iodination

presumably reflects the rapid reaction of I2 with radicals
relative to other traps.14 The reaction of PINO with benzylic
C−H bonds is nearly thermoneutral,15 and inefficient trapping
of the organic radical could prevent product formation due to
the inevitable degradation of PINO during the electrolysis.16

The synthetic utility of electrochemical methods of this type
will require the methylarene to be used as the limiting reagent.
Various reaction conditions were tested in an effort to optimize
the product yield with respect to the methylarene.12 Increasing

the NHPI loading and optimization of the base and electrolyte
composition led to a 57% yield of 4-tBu-benzyl iodide (2a)
(Table 1, entry 3) (see Supporting Information for full
optimization data). The combination of lutidine/lutidinium
supplies the base and the supporting electrolyte for the
reaction, while lutidinium provides a proton source to facilitate
production of H2 at the counter electrode. Overoxidation and
side reactions of the product 2a limited the accessible yield, and
use of excess equivalents of I• did not improve the outcome
(entry 4). An improved yield of benzyl iodide was obtained
with 3-methoxytoluene (1b) (83%; entry 5) owing to the
increased stability of the benzyl iodide 2b under the reaction
conditions.
Testing of other imidoxyl mediators did not improve the

results. Ph4NHPI has been reported more stable than NHPI,17

but no improvement in mediator stability or product yield was
observed with this mediator (entry 6). Cl4NHPI and NHSI
have stronger O−H bonds and, therefore, the corresponding
imidoxyl species should undergo more rapid reaction with the
methylarene. However, these imidoxyl species undergo more
rapid degradation and result in lower product yields (entries 7
and 8).
Good reactivity was observed with a range of methylarenes

under these electrochemical iodination conditions (Table 2).

The method tolerates various functional groups, including
halide, methoxy, phenoxy, acetyl and acetoxy groups. Reactions
with some electron-deficient substrates (e.g., 1e, 1k) revealed
significant amounts of competing iodination of the benzylic
methyl groups of lutidine, but improved yields could be
obtained by using 2,6-di-tert-butylpyridine/pyridinium
(DTBP)/DTBP-H+ as the buffering electrolyte. Substrates
with electron-donating groups (e.g., 1a) are susceptible to facile
displacement of the iodide. In these cases, replacement of
lutidine by DTBP did not improve the yield.
The in situ nucleophilic substitution of iodide has potential

synthetic utility. Use of pyridine/pyridinium as the electrolyte
led to efficient displacement of iodide by pyridine, leading to
diverse benzylpyridinium products under the iodination
electrolysis conditions (Table 3). Generation of iodide in the
nucleophilic substitution step has the benefit of allowing
reoxidation of iodide to iodine at the anode, and permitting
these reactions to be performed with catalytic quantities of

Figure 1. CVs of NHPI (1 mM) in acetonitrile (a); in presence of
pyridine/pyridinium perchlorate (0.1 M each) (b); pyridine (0.01 M)
and solid KHCO3 (100 equiv) (c); and in presence of pyridine/
pyridinium perchlorate (0.1 M each) and 4-tBu-toluene (20 mM) (d).
Other conditions: glassy carbon working electrode, scan rate = 10 mV/
s, and 0.1 M KPF6 electrolyte for a and c.

Table 1. Optimization of Preparative Electrolysis Reactions

Table 2. Electrochemical Iodination of Methylarenes
Mediated by NHPIa

aA: 0.1 M 1, 20 mol % NHPI, 50 mol % I2, 0.2 M Lut/0.1 M
LutH+ClO4

−, 10 mL MeCN, 5 mA. B: 0.1 M substrate 1, 20 mol %
NHPI, 50 mol % I2, 0.2 M 2,6-di-tBuPy, 0.1 M 2,6-di-tBuPyH+ClO4

−,
10 mL MeCN, 5 mA. 1H NMR yields (isolated yields in
parentheses).12
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iodine (20 mol %). Benzylpyridinium derivatives of this type
have been used in a number of synthetic methods, such as
[3+2] cycloadditions, to access valuable heterocyclic com-
pounds.18 It is worth noting yields of these reactions are
generally significantly higher than those from the iodination
reactions (e.g., 89% yield of 3 vs 57% yield of 2a from the
reaction of 1a) owing to the enhanced product stability relative
to benzyl iodides. In addition to in situ functionalization, the
electrochemical iodination protocol may be employed in
sequential iodination/alkylation. This concept is illustrated by
the facile preparation of the three key pharmaceutically
important target molecules 11−13 (Scheme 3).19 Together,
these in situ and sequential protocols illustrate an appealing
strategy for the use of methylarene derivatives as alkylating
agents.

These observations have implications within the broader
context of electrochemical C−H oxidation, beyond the
synthetic considerations defined herein. The present HAT-
mediated benzylic oxidation reactions may be compared to
related electrochemical methods initiated by electron trans-
fer.20a The CVs of different methylarene derivatives in Figure
2B depict the strong electronic dependence of redox potentials

on arene substituents, and the trends are in agreement with gas-
phase ionization potentials of these compounds (Figure 2B-
2).15a On the other hand, C−H bond strengths exhibit
negligible electronic dependence (Figure 2A-2).15b The latter
trend reflects the offsetting electronic effects of substituents on
the redox potential and the pKa of the methylarene and
accounts for the similar catalytic reactivity of PINO with
electron-rich, -neutral and -deficient substrates (Figure 2A-1
and 2A-3). Thus, the use of the HAT mediator negates
substrate electronic effects and allows for methylarene oxidation
at electrode potentials more than 0.5−1.2 V lower than the
single-electron redox potential of these substrates. Electro-
chemical ET-initiated reactions of methylarenes, such as the
“cation pool” and related reactions reported by Yoshida20b−d

and others,20a,e,f predominantly feature electron-rich substrates.
A study of electrochemical ET-initiated oxidation of methylar-
enes to benzaldehydes featured electronically diverse substrates,
and showed that electron-deficient derivatives exhibited
significantly lower yields (Figure 2B-3).20a This outcome may
be contrasted to HAT-mediated conversion of methylarenes to
benzylpyridinium derivatives, which show uniform yields for
the same set of electronically varied substrates (Figure 2A-3).
This analysis and the other results described herein draw

attention to unique opportunities associated with the use of
HAT mediators for electrochemical C−H oxidation. Stoichio-
metric chemical oxidants that are used to generate reactive
radicals (e.g., O2, peroxides and related reagents) are also
efficient radical traps. Therefore, radical generation and
functionalization are intimately coupled with these oxidants.
By using an electrode to generate the PINO HAT mediator,

Table 3. In Situ Methylarene Iodination/Alkylation of
Pyridine under NHPI-Mediated Electrolysis Conditionsa

aConditions: 0.3 M substrate 1, 15 mol % NHPI, 20 mol % I2, 0.6 M
pyridine, 0.6 M PyH+ClO4

−, 10 mL MeCN, 15 mA. 1H NMR yield
(ext. std. = mesitylene). 1H NMR yields (isolated yields in
parentheses).12

Scheme 3. Sequential Methylarene Iodination/Alkylation To
Access Pharmaceutical Intermediates and Compounds

a2f (0.12 mmol), acetylpyrrole (2.0 equiv), NaH (2.0 equiv), DMF (1
mL), RT. b2h (0.2 mmol), permethric acid (1.1 equiv), Na2CO3 (4.0
equiv), DMF (2.0 mL), 50 °C. c2g (0.1 mmol), anisole (4.0 equiv),
AgOTf (1.5 equiv), lutidine (2.0 equiv), CDCl3 (1.0 mL), RT.

Figure 2. Comparison of PINO-mediated HAT and direct-ET
initiated C−H oxidation of methylarenes, including the influence of
electronic effects (1 and 2) and product yields from representative
methods (3). Data for the Figure 2B-3 adapted from ref 20a.
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functionalization of the organic radical may be achieved with a
reagent, such as I2, that is not capable of serving as the
stoichiometric oxidant. This work highlights advantages of
mediated electrolysis methods that access mechanisms distinct
from direct electron transfer, specifically by allowing reactions
to proceed at much lower applied potentials and with less
sensitivity to substrate electronic properties. These features
suggest development of new mediators, such those with
improved stability or other desirable properties, could provide
the basis for important new electrochemical oxidation methods
that access products not readily accessed by more-traditional
chemical approaches.
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