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Single-electron transfer is often accompanied by bond cleavage
or bond formation reactions converting initially formed ion
radicals into radicals. Electron transfer and bond breaking may
involve a transient ion radical intermediate or occur in a concerted
manner, as sketched in Figure 1.1

The question of the distinction between these two mechanisms
and of the nature of the molecular factors that favor one
mechanism over the other arises for thermal (electrochemical,
homogeneous)2 as well as for photoinduced3,4 reactions.5 With
aliphatic molecules, injection of an electron leads to a purely
dissociative state, and accordingly, reductive cleavage follows a
concerted mechanism. With molecules containing low lying
orbitals, such asπ* orbitals, able to host transitorily the incoming
electron, reductive cleavage may follow one or the other of the
two mechanisms. When the cleavage of the anion radical is fast,
the rate-determining step of the stepwise pathway is the initial
electron transfer. Under these conditions, the thermodynamic
factor governing the competition between the two mechanisms
is the standard free energy of anion radical cleavage,∆GC

0 (eq 1)

(BDFE: R-X bond dissociation free energy,E0 s: standard
potentials of the subscript couples). The influence of these three
parameters on the mechanism has been illustrated by several
experimental examples.1d,2,6

There are also a few borderline cases where, as shown in Figure
1, for the same cleaving acceptor molecule, a transition between
concerted and stepwise mechanisms has been observed upon

increasing the driving force of the reaction by decreasing the
electrode potential or the standard potential of the donor in
electrochemical6c,7 and homogeneous examples,1c,8 respectively.
The observation of such mechanism transitions demonstrates that
the occurrence of a concerted mechanism is related not merely
to the fact that the intermediate does not exist, but rather to the
energetic advantage of one pathway over the other. It also allows
a clear-cut experimental distinction between the two mechanisms
in situations where the kinetics of the stepwise process is
controlled by the initial electron-transfer pathway and is therefore
not easy to distinguish from the concerted mechanism. In cyclic
voltammetry,9 when the wave remains irreversible whatever the
scan rate, mechanism diagnosis is based on the value of an
apparent transfer coefficient,R that may be derived from the
variation of the peak potential,Ep, with the scan rate,V, or from
the value of the peak width,Ep/2 - Ep,

When the value ofR reaches 0.5 or less, the rate-determining
step is an electron-transfer step andR is then a true transfer
coefficient (symmetry factor). The rate-determining electron-
transfer step may then be either the initial electron transfer of
the stepwise pathway or the dissociative electron transfer of the
concerted pathway. In both cases, the activation free energy is
expected to be a quadratic function of the standard free energy
of the reaction and thusR varies linearly with the later parameter.10

with ∆G0 ) E - E0 (E: electrode potential,E0: standard potential
of the outersphere and dissociative electron transfers respectively)
and 4∆G0

q ) λ0 + λi or λ0 + D, respectively (λ0: solvent
reorganization energy,λi: intramolecular reorganization energy,
D: R-X bond dissociation energy).D is usually larger thanλi,
resulting in a smaller value ofR in the concerted case, but
ambiguous situations may nevertheless be met. In such cases, the
observation of a transition between stepwise and concerted
pathways as the reductive cleavage driving force increases allows
an unambiguous distinction between the two.
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Figure 1. Stepwise and concerted reductive cleavage mechanisms.
Transition as a function of the driving force provided by the electrode
potential or by the standard potential of an homogeneous donor.
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Reductive cleavage of bonds involving an aromatic carbon are
usually considered to follow a stepwise mechanism (see eq 1)
owing to relatively large bond dissociation energies and to the
presence of aπ* orbital able to accommodate the incoming
electron (E0

RX/RX•- is not very negative). A large number of
aromatic chlorides and bromides, including chloro and bromoben-
zene, have indeed been shown to follow a stepwise reductive
cleavage in electrochemical and homogeneous reactions, and no
examples have been provided so far of a one-step reductive
cleavage of bonds involving an aromatic carbon.11 We have found
that the reductive cleavage of aromatic iodides may follow such
a concerted mechanism at low driving forces.

The cyclic voltammetry of iodobenzene exhibits a wave that
remains irreversible in the scan rate domain we have explored
both in acetonitrile and inN,N′-dimethylformamide (DMF).12 In
both solvents, at 21°C, the apparent transfer coefficient,R,
derived from the peak-width (Figure 2), begins to increase with
the scan rate and passes through a maximum before decreasing
in the rest of the range of explored scan rates. These variations
are typical of the passage from a concerted mechanism, at the
lower end of the scan rate domain, to a stepwise mechanism, at
its upper end, upon increasing the driving force as schematically
depicted in Figure 1 (see similar behaviors in refs 6c and 7a).
Over this range of scan rates, the variation of the driving force,
measured by the location of the peak potential, is ca. 200 mV on
total.13

At a higher temperature, 56°C, the same type of variation of
R are observed (Figure 2b), confirming the existence of a
transition between the two mechanisms. We also note that the
increase of temperature shifts theR - logV profile toward higher
scan rates, thus giving more room to the concerted mechanism.
This effect of temperature provides a further confirmation of the
existence of a transition between the two mechanisms, since, as

detailed elsewhere,7b an increase in temperature is equivalent to
a decrease of the scan rate and hence of the driving force, thus
favoring the concerted pathway over the stepwise pathway.

Comparing iodobenzene with bromobenzene (Figure 3a) clearly
shows that the later undergoes a stepwise reductive cleavage with,
unlike the former, no trace of mechanism transition at the lower
end of the scan rate domain, in line with the mechanism previously
found for its homogeneous reductive cleavage by a series of
aromatic anion radicals.11b

Why is the concerted mechanism more favorable with iodo-
benzene than with bromo and chlorobenzene? Using eq 1, we
can see from the following approximate figures14 that, because
of mutual compensation of the three terms, thermodynamics does
not favor clearly the possibility of a concerted mechanism in the
case of iodobenzene (Table 1). However, in terms of intrinsic
barrier, the concerted cleavage is favored for iodobenzene as
compared to bromobenzene by ca. 0.17 eV (∆D/4), i.e., a factor
of 103 in terms of rate constants, whereas the rate of the
outersphere initial electron transfer of the stepwise pathway is
not expected to vary much from I to Br.

As seen in Figure 3b, the reductive cleavage of another aromatic
iodide, namely 3-methyl-iodobenzene, also shows a transition
between stepwise and concerted mechanisms at scan rates closely
similar to values observed with iodobenzene. In contrast, 1-io-
donaphthalene undergoes a stepwise reductive cleavage, with
mixed kinetic control by electron transfer and follow-up bond
breaking, whatever the scan rate. The later observation may be
explained as follows. While theBDFE is about the same in both
cases, the energy of theπ* orbital is expected to be lower in the
first case than in the second in line with the difference of peak
potentials,-2.08 vs.-2.30 (V vs SCE), at a scan rate, 10V/s,
where both molecules undergo a stepwise reductive cleavage.

As seen earlier, at 56°C and at a scan rate of 0.1 V/s the
reductive cleavage of PhI follows a concerted mechanism. The
values of the peak potential,-2.14 V vs SCE, andR ) 0.32 are
in good agreement with the predictions of the dissociative electron
transfer theory.10d,f,15

In conclusion, the reductive cleavage of iodobenzene and
3-methyl iodobenzene provides two novel examples of a transition
between concerted and stepwise mechanisms upon increasing the
driving force of the reaction. Evidence is thus provided that bonds
involving an aromatic carbon may be cleaved in one step by
single-electron transfer at low enough driving forces. Other
examples, not necessarily restricted to electrochemical reactions,
that may appear in the future concern other leaving groups with
weak cleaving bonds (e.g., oniums) or cleavages assisted by strong
ion-pairing of the leaving anions.
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Figure 2. Cyclic voltammetry of iodobenzene (1.35 mM) in acetonitrile
(a) and DMF (b)+ 0.1 M n-Bu4BF4. Variation of the apparent transfer
coefficient, with the scan rate. Temperature: 294 (b) and 329 (0) K.

Figure 3. Cyclic voltammetry of 1.35 mM iodo-benzene (b), 1 mM
bromobenzene (O), 3-methyl-iodobenzene (]), 1-iodonaphthalene (3)
in DMF + 0.1 M n-Bu4BF4. Variation of the apparent transfer coefficient,
with the scan rate. Temperature: 294 K.

Table 1.

X BDFEa E0
RX/RX•- b E0

X•/X- b ∆GC
0 a

I 2.52 -2.24 0.99 -0.71
Br 3.21 -2.44 1.48 -0.71
Cl 3.86 -2.78 1.85 -0.77

a In eV. b In V vs SCE.
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