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ABSTRACT

A new class of metal-free, easy to synthesize redox catalysts based on a triarylimidazole framework is described. With those synthesized thus far,
one can access a potential range of ca. 410 mV. They proved to be useful mediators for the activation of benzylic C�H bonds under mild
conditions.

Electroorganic chemistry provides convenient access to

the chemistry of radical ions. Its unique ability to effect

charge reversal (umpolung) makes it possible to achieve

bond constructions that are otherwise very difficult to

accomplish.1 The transformations can be carried out either

directly or indirectly. In the former, the redox reaction of

interest occurs at the electrode, while the latter uses an

electron transfer mediator. When the mediator is oxidized

(or reduced) at the electrode, then it can serve as a

homogeneous electron transfer agent toward the substrate.

Use of a mediator frequently means that the chemistry can

be carried out at a potential that is less than that needed for

the direct process. Mediators come in many varieties

including, for example, metal ions, organometallic com-

plexes, halides, and polycyclic aromatics.2

Since Nelson and co-workers first demonstrated that

para-substituted triarylamines are electrochemically stable,3

these compounds have found applicability as photoconduc-

tors,4 light emitting devices,5 and in optical data storage.6
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Triarylamines have also served as redox mediators for a
host of interesting transformations. For example, Steck-
han applied triarylamines to the deprotection of dithio-
acetals, the oxidation of alcohols and alkyl benzenes, and
so on.7 Fry and co-workers studied the anodic oxida-
tion of alkenes bearing one or more strongly electron-
withdrawing substituents.8 We have also performed the
triarylamine-mediated rearrangement of housanes and
have used the transformation as the key step in the total
synthesis of daucene.9

Despite the great success of triarylamines as redox
catalysts and in materials research, the synthesis of sub-
stituted frameworks can be problematic. Positional iso-
mers are frequently generated, and tedious chromatographic
separation may be required.10 Also, the low solubility of
nitro-substituted triarylamines in organic solvents restricts
their application.
Given these shortcomings, we sought to develop a new

class of organic redox catalysts subject to the conditions
that they be (a) easy to synthesize, (b) metal-free, and (c)
capable of providing access to a wide range of potentials.
In this manuscript we report that systems based on a
triarylimidazole framework fulfill these conditions and
demonstrate their applicability to the oxidation ofmethoxy-
substituted benzyl alcohols and benzyl ethers.
The synthetic route used to access the mediators is

shown in Table 1. Thus, by following a known procedure,11

a mixture of benzils (1), aldehydes (2), methylamine, and
ammonium acetate in the presence of a catalytic amount
of sodium dihydrogen phosphate was heated to 150 �C
under solvent-free conditions. The reaction proceeds
smoothly to afford the desired triarylimidazoles in 85�92%
yield (see Supporting Information).
Cyclic voltammetry was performed first in order to

observe the electrochemical behavior of the aryl imida-
zoles. The cyclic voltammogram (CV) of triarylimidazole
3a exhibits three oxidation peaks at 1.26, 1.54, and 1.80 V
vs Ag/AgCl and one cathodic peak at 1.19 V when 0.1 M
LiClO4/CH3CNwas usedas the supporting electrolyte (see
Supporting Information (SI)).Wewere pleased to discover
that the first oxidation peak and the reduction peak are
quasi-reversible with the current being slightly smaller
during the reduction scan. These observations indicate
that the initially formed cation radical is stable on the
CV time scale. Of additional interest is the fact that
following an initial decrease in current during the first
three scans, the system settles down and the curve remains
quasi-reversible; we have gone to 20 scans without obser-
ving a significant change (see SI). This behavior contrasts
sharply with that for triphenylamine since its aminium
cation radical is known to dimerize thereby leading to a
nonreversible redox couple. It is noteworthy that the
voltammogram is completely irreversible when the imida-
zole nitrogen is not alkylated (viz., NH vs NCH3); this is
reasonable since the cation radical ought to be strongly
acidic and capable of protonating the starting material.
Similar CV behaviors were also observed for N-methyl

substituted triarylimidazoles, 3b�3e, and the results are
summarized in Table 1. Note that the Pox

1 values can be
correlated with the electronegativity of the substituents,
viz., the more electron-donating the substituent(s), the
easier the substrate is to oxidize. Notice too that these five
systems allow access to a potential range of 410 mV;
compare, for example, structures 3c and 3e.
We envisioned that, similar to substituted triarylamines,

our systems might be able to serve as redox catalysts. To
explore this hypothesis, the electrochemical behavior of
triarylimidazole 3a in the presence of p-methoxy benzyl
alcohol (4a) and an excess of lutidine was investigated. As
shown in Figure 1, the anodic peak current for 3a increases
slightly when an excess of 4a is present (compare curves a
and b).When lutidine is added, the anodic peak current for
3a increases dramatically while the cathodic peak current
disappears (curve c). Since the substrate (4a) and base are
not oxidizable at the potentials shown inFigure 1 (the peak
potential of p-methoxy benzyl alcohol and 2,6-lutidine are
1.52 and 1.89 V vs Ag/AgCl, respectively), the enhanced
anodic current results from its re-entering the catalytic
cycle in the manner illustrated in Scheme 1; it is referred to
as a “catalytic current”. These observations provide clear
evidence that the mediator serves as the hole carrier and

Table 1. Synthesis and Peak Potentials of Imidazole Mediators

med. Ar1 Ar2
Pox

1

(V)

Pox
2

(V)

Pox
3

(V)

Pred

(V)

3a p-BrPh Ph 1.26 1.54 1.80 1.19

3b p-BrPh p-MeO-Ph 1.00 1.27 1.48 0.92

3c p-BrPh p-BrPh 1.30 1.58 1.84 1.17

3d p-MeO-Ph Ph 1.15 1.32 1.70 0.71

3e p-MeO-Ph p-MeO-Ph 0.89 1.15 1.36 1.05
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that the neutral form is regenerated following oxidation of
the substrate. It also indicates that the added base has a
large effect on the catalysis (vide infra).
To further demonstrate the applicability of triarylimi-

dazoles as redox catalysts, preparative scale electrolysis of
a series of benzylic alcohols, 4a�4e, was performed using
10mol%of themediator 3a and 2,6-lutidine (5 equiv) as a
base in CH3CN/CH2Cl2 (v/v = 4:1) with lithium perchlo-
rate serving as the supporting electrolyte. The transforma-
tions were carried out at a controlled potential that
matched that of the mediator (i.e., at 1.26 V = Pox

1 for
3a), and not that of the substrate (1.52 V vs Ag/AgCl for
4a). When charge was allowed to pass, a greenish color
appeared immediately at the surface of the working elec-
trode (Pt mesh) and diffused into the bulk solution. The
addition of substrate led to an immediate color change
from green to pink (see SI).
We were delighted to discover that the transformation

proceeded smoothly, converting 4a to p-methoxybenzal-
dehyde (5a) in a 65% isolated yield (entry 1, Table 2). To
confirm that the outcome was due to electron transfer
between the mediator and substrate, a control experiment
was performed using identical conditions, but in the
absence of themediator.Onlybackground levels of current
were observed, and no reaction took place.
In order to explore the generality and scope of the

reaction, other examples were investigated. As shown in
Table 2, under the exactly same conditions, m-methoxy-
benzyl alcohol, 4b, deliveredm-methoxybenzaldehyde in a
60%yield (entry 2).This example constituted ameaningful

challenge for the mediator in that the oxidation potential
for the substrate 4b (1.68VvsAg/AgCl) is ca. 420mVmore
positive than that of the mediator, 3a (1.26 V). The
chemistry also proved applicable to secondary alcohols.
Compound 4c, for example, was oxidized to the corre-
sponding ketone in a good yield (entry 3). Alkylbenzenes
can also be indirectly oxidized; for example, p-methoxy-
benzaldehyde was generated from 1-methoxy-4-methyl-
benzene, 4d, under the same reaction conditions albeit in
diminished yield (entry 4).

It is worth noting that, for an efficient electron transfer
to occur, the difference between the oxidation potential of
the mediator and substrate should not be “too large”.
When it is, no observable reaction takes place.7f,12 This
proved to be the case with 4e; here, the 490 mV difference
between the potentials of the mediator 3a and substrate 4e
proved to be an unsurmountable thermodynamic impasse
(entry 5).
Basedupon the results described thus far and the seminal

works of Steckhan and co-workers,7 we propose that the
products arise from the oxidative activation of benzylic
C�Hbonds (note Scheme 2).This hypothesis suggests that
the indirect oxidation of unsymmetrically substituted
ethers, wherein one of the groups is an electron-rich benzyl
unit, ought to lead to an oxocarbenium which can then
undergo nucleophilic addition. To explore this hypothesis,
p-methoxybenzyl ethers 6were subjected to indirect oxida-
tion in the presence of 0.1 mL of water using 10 mol % of
3a as a redox catalyst. As shown in Table 3, for all
p-methoxy substituted substrates 6a�6f, differing by less
than 320 mV of the oxidation potentials of 3a, moder-
ate yields of the corresponding 4-methoxybenzoate
(42�55%) were isolated, along with a trace amount of

Figure 1. Cyclic voltammogram of triarylimidazole 3a in the
absence and presence of p-methoxy benzyl alcohol (4a) and
lutidine at a glassy carbon working electrode, platinum wire
counter and Ag/AgCl reference electrodes, in 0.1 M of LiClO4/
CH3CN, scan rate: 0.1 V/s. (curve a) 1 mmol/L 3a; (curve b)
1 mmol/L 3a, 20 mmol/L 4a; (curve c) 1 mmol/L 3a, 20 mmol/L
4a, 50 mmol/L lutidine.

Scheme 1. Catalytic Cycle

Table 2. Oxidation Potentials of Substrates 4a�4e and Yields of
the Oxidation Products Using 3a as a Redox Mediator

entry substrate

substrate

POX vs

Ag/AgCl

(V) product

yield

(%)

1 4a 1.52 5a 65

2 4b 1.68 5b 60

3 4c 1.66 5c 64

4 4d 1.53 5a 44

5 4e 1.75 � �

(12) Miranda, J. A.;Wade, C. J.; Little, R.D. J. Org. Chem. 2005, 70,
8017.
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4-methoxybenzaldehyde; good to excellent yields were
obtained based on the recovered substrates (column 7 of
Table 3). The electron transfer did not occur when 6g and
6h were examined, presumably because the difference
between their oxidation potential and that of 3a was too
large (>500 mV).

A mechanism that accounts for the formation of both 5

and 7 is shown in Scheme 2. It begins with oxidation of
triarylimidazole3at the anode.The resulting cation radical
then accepts an electron from the substrate, either 4 or 6, to
afford a new cation radical 8 and regenerate the mediator,
3. Subsequent deprotonation by lutidine,B, and oxidation
of the resulting benzylic radical 9 leads to 10. When X =
OH, its reaction with lutidine affords 5, while a sequence
involving capture by water, loss of two protons, and
oxidation leads to 5 when X = H and benzoate 7 when
X = OR0. The prominent influence of lutidine on the
voltametric behavior shown in Figure 1 presumably re-
flects its role in the conversion of 8 to 9. That transforma-
tion shifts the original redox equilibrium toward 9 and
facilitates catalyst turnover (3þ• to 3).
In summary, we have uncovered a new class of organic

redox catalysts based on a triarylimidazole framework.
The systems are easy to synthesize and are capable of

accessing a reasonable range of potentials simply by
adjusting the substituent pattern on the aromatic rings.
The mediators exhibit quasi-reversibility, and a catalytic
current is observed for the oxidation of benzyl alcohol in
the presence of lutidine. The preparative scale experiments
demonstrate that they can be used to catalytically mediate
the oxidation of p-methoxybenzyl alcohols and benzyl
ethers.We are hopeful that our systemswill find additional
uses in materials science and in industrial settings. Further
demonstration of their applicability to radical cation ver-
sions of [4þ 2] and [2þ 2] cycloaddition is currently being
developed in our laboratory.
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Scheme 2. Plausible Mechanism for the Triarylimidazole In-
duced Oxidation of 4 and 6

Table 3. Oxidation Potentials of Benzyl Ether 6 and Yields of
Benzoate 7

sub. Ar1 Ar2
POX

(V) prod.

yield

(%)a
yield

(%)b

6a p-MeO-Ph p-BrPh 1.54 7a 55 87

6b p-MeO-Ph p-ClPh 1.58 7b 54 89

6c p-MeO-Ph Ph 1.54 7c 40 92

6d p-MeO-Ph m-BrPh 1.57 7d 42 88

6e p-MeO-Ph p-MePh 1.57 7e 45 86

6f p-MeO-Ph p-MeO-Ph 1.56 7f 50 89

6g m-MeO-Ph p-BrPh 1.74 � � �
6h m-MeO-Ph m-BrPh 1.77 � � �

a Isolated. bThe yield based on the recovered starting material.
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