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ABSTRACT: Disproportionation of dipyrrolylquinoxaline
radical anions occurs via hydrogen atom transfer from the
pyrrole moiety to the quinoxaline moiety to produce
monodeprotonated dipyrrolylquinoxaline anions and
monohydrodipyrrolylquinoxaline anions. In contrast, sim-
ple quinoxaline radical anions without pyrrole moieties are
stable, and disproportionation occurs only in the presence of
external protons.

Disproportionation of one-electron-reduced species plays an
important role in converting one-electron processes to two-

electron processes in a variety of chemical and biological redox
reactions.1,2 Notable examples are the disproportionation (dis-
mutation) of superoxide anion and the disproportionation of
semiquinone radical anions in photosynthesis.3�5 In both cases,
external protons are required for the disproportionation to occur.6�8

Furthermore, to the best of our knowledge there are no examples
in the literature, chemical or biological, where disproportionation
of radical anions is mediated by internal protons, i.e., those
present within the compounds that are reduced.

We report herein the first example of such a transformation.
Specifically, we describe the preparation and chemical fate of
dipyrrolylquinoxaline-derived radical anions and show that the
internal pyrrole protons are involved in the disproportionation of
these radical anions. The electron-transfer reduction of the dip-
yrrolylquinoxalines of this study is compared with that of the
same quinoxaline units without pyrrole moieties, and, as detailed
below, dramatic differences are seen. In particular, the radical
anions of simple quinoxalines lacking appended pyrrole subunits
are stable, with disproportionation occurring only in the presence
of external protons.

In this study, the redox properties of the three dipyrrolylqui-
noxaline derivatives shown in Chart 1, namely, 2,3-dipyrrol-20-yl-
6,7-dinitroquinoxaline (1H2), 2,3-dipyrrol-20-yl-6-nitroquinoxa-
line (2H2), and 2,3-dipyrrol-20-ylquinoxaline (3H2),

9,11 were
examined. Also studied were the corresponding quinoxalines
bearing the same number of electron-withdrawing nitro groups

butwithout the twoNH-containing pyrrole substituents (compounds
4�6).

Figure 1 shows cyclic voltammograms of 1H2�3H2 and 4�6
in acetonitrile (MeCN). In the case of 1H2 and 2H2, the first
reduction is reversible when the negative potential scan is reversed
just after the first cathodic peak (broken line in Figure 1). After the
second and third cathodic peaks are observed, however, the
corresponding anodic peak of the first reduction disappears
(black line in Figure 1). In the case of 4 and 5, which have the
same quinoxaline units as 1H2 and 2H2 but lack the pyrrole
moieties, the first and second reductions are both reversible and
lead stepwise to formation of the corresponding radical anion
and dianion. Only one reduction wave of 6was observed without
the electron-withdrawing NO2 substituent. The differential pulse
voltammetry (DPV) current of the first reduction of 1H2 is twice
as large as the current for the second and third reductions, as
shown in Figure S1 (see Supporting Information (SI)). The data
from the DPV analysis of 1H2 are self-consistent with the cyclic
voltammetry results and lead us to suggest that the first reduction
is followed by a disproportionation of 1H2

•� to produce 1H�

and 1H3
� (Scheme 1). The anion 1H� is then further reduced in

a series of stepwise one-electron transfers. Under these condi-
tions, the DPV current for the first reduction of 1H2 is twice that
measured for the reduction of 1H� and 1H•2� because 1H3

� is
not reduced.10

Chart 1
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The reductions of 1H2 and 2H2 occur at more positive potentials
than the reduction of 3H2, which lacks the electron-withdrawing
NO2 groups (Figure 1). In addition, the single observed reduction
of 3H2 is irreversible under the same experimental conditions and
also remains irreversible at rapid scan rates. Such a finding is
consistent with the disproportionation of 3H2

•� being significantly
faster than that of either 1H2

•� or 2H2
•�.

In order to identify the processes that occur following the first
reduction of 1H2, chemical reduction, involving electron transfer
from cobaltocene (CoCp2) to 1H2, was examined. The UV�vis
spectral changes that occur during this reaction are shown in
Figure 2a. Here, both the absorption changes at 325 and 553 nm
were found to obey second-order kinetics, as illustrated in
Figure 2b (for the second-order plot, cf. Figure S3). The kinetic
isotope effect was determined to be 1.9 by using deuterated 1H2

(1D2) (see Figure S4). This leads us to suggest that rapid
electron transfer takes place from CoCp2 to 1H2 to afford the
radical anion 1H2

•� (λmax = 325 nm) and CoCp2
þ (λmax =

260 nm), a process that is followed by the disproportionation of
1H2

•� via a hydrogen-atom transfer or a concerted proton-
coupled electron-transfer (not stepwise) process, as shown in
Scheme 1. The products of the disproportionation were exam-
ined by 1H NMR spectroscopy and confirmed to be 1H� and
1H3

� (see Figures S5 and S6). The same monodeprotonated
product (1H�) could also be obtained by the reaction of 1H2

with tetrabutylammonium hydroxide (Bu4NOH), as described
in the literature;12 this species is characterized by an absorption
band at λmax = 553 nm, as seen in Figure 2 and also in Figure S8.13

Our assignment of a strong N�H�N hydrogen bond in the
monodeprotonated product from 1H2

•� (Scheme 1) is based
on the observation of 1H NMR spectral features analogous to
those seen previously for the same compound.12 The anion
1H3

� was also produced by the electron-transfer reduction of
1H2 with 2 equiv of CoCp2 in the presence of 1 equiv of
trifluoroacetic acid (Figure S6d).14

The disproportionation equilibrium of 1H2
•� was examined

by measuring the electron paramagnetic resonance (EPR) spec-
trum of 1H2

•� produced by electron transfer fromCoCp2 to 1H2

at various temperatures (Figure 3a). The simulated hyperfine
coupling constants of 1H2

•� agree well with the values estimated
by DFT calculations (Figure 3b), providing support for spin
delocalization on the quinoxaline moiety. Delocalization of spin
on the quinoxaline moiety is also observed in the EPR spectrum
of the related compound 4•� produced by electron transfer from
CoCp2 to 4 inMeCN (Figure 4). The radical anion 4•�, a species
that lacks the NH proton-containing pyrrole substituents present
in 1H2

•�, is stable and does not undergo disproportionation on
the time scale of the experiment. However, the addition of
external protons (in the form of trifluoroacetic acid) to a solution
of 4•� in MeCN results in the rapid disappearance of the signals
ascribed to 4•� as the result of facile disproportionation of 4H•�

under these solution conditions (see Figure S9).

Scheme 1

Figure 1. Cyclic voltammograms of 1H2�3H2 and 4�6 in deaerated
MeCN containing Bu4NClO4 (0.10 M) at 298 K. Scan rate, 0.1 V s�1.

Figure 2. (a) Absorption spectral changes observed upon electron
transfer from CoCp2 (5.0� 10�5 M) to 1H2 (5.0� 10�5 M) in MeCN
at 303 K. (b) Time courses for these changes recorded at 325 and
553 nm.

Figure 3. (a) EPR spectra of 1H2
•� produced via electron transfer from

CoCp2 (1.0 mM) to 1H2 (1.0 mM) in MeCN at various temperatures.
(b) Simulated spectrum of 1H2

•� using hyperfine coupling constants
(hfc) and those predicted by DFT. (c) DFT optimized structure of
1H2

•� with hfc values together with the calculated values given in
parentheses.
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The disproportionation equilibrium constant (K) for 1H2
•�

was determined using the observed concentration of 1H2
•�, a

value that was determined by comparing the value of the double
integration of the EPR signal with that of diphenylpicrylhydrazyl
(DPPH), a stable radical reference (Table S1). A van’t Hoff plot,
shown in Figure 5, afforded ΔH and ΔS values of 18 kcal mol�1

and 68 cal mol�1 K�1, respectively. The positive ΔH value
obtained in this way indicates that the disproportionation of
1H2

•� is endothermic.
The activation enthalpy (ΔHq) and entropy (ΔSq) were

calculated to be 33 kcal mol�1 and �20 cal mol�1 K�1,
respectively, from the Eyring plot of the disproportionation rate
constants determined from the second-order decay of 1H2

•� at
various temperatures (cf. Figure 6 and Table S2).

The disproportionation of 1H2
•�, 2H2

•�, and 3H2
•� to

producemonodeprotonated dipyrrolylquinoxaline anions (1H�,
2H�, and 3H�) and monohydrodipyrrolylquinoxaline anions
(1H3

�, 2H3
�, and 3H3

�) was confirmed by spectroelectro-
chemical measurements as shown in Figure S10.15 The absorption
spectra of the monodeprotonated dipyrrolylquinoxalines (2H�

and 3H�) produced by the reactions of 2H2 and 3H2 with
Bu4NOH, respectively, are shown in Figure S11 for comparison
(the spectrum of 1H� is shown in Figure S8).

In summary, the disproportionation of dipyrrolylquinoxaline
radical anions produced by electron-transfer reduction of dipyr-
rolylquinoxaline occurs via hydrogen-atom transfer from the
pyrrole moiety to the quinoxaline moiety. This gives the mono-
deprotonated dipyrrolylquinoxalines and monoprotonated dihy-
drodipyrrolylquinoxaline. In contrast, the same quinoxaline radical
anions without the pyrrole moieties are stable in aprotic solvents.
The present study furthers our understanding of disproportiona-
tion processes and provides a unique way to convert a one-electron
reduction to a two-electron process without the need for external
protons.
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