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Concertedness in proton-coupled electron transfer
cleavages of carbon–metal bonds illustrated by the
reduction of an alkyl cobalt porphyrin†

Cyrille Costentin,* Guillaume Passard, Marc Robert and Jean-Michel Savéant*

The cleavage of metal–oxygen or metal–carbon bonds is an essential step in the activation by transition

metal complex catalysis of small molecules involved in the resolution of modern energy challenges.

Deciphering the role of proton transfer as promoter of such reactions is an essential piece of knowledge

in this connection, notably in establishing the degree of concertedness between the three associated

events; electron transfer, proton transfer and bond breaking. The reductive cleavage of the cobalt–

carbon bond of a tetraphenylporphyrin, reminiscent of vitamin B12 derivatives, is taken as an example. A

systematic cyclic voltammetric analysis of the catalytic currents resulting from the reduction of the

cobalt(II) porphyrin upon addition of an alkyl halide and an acid shows that, among all possible

mechanisms, proton transfer and bond breaking are concerted but are not concerted with electron

transfer.
Proton-coupled electron transfers (PCET) are the object of
current active theoretical and experimental attention in view of
their implication in a huge number of natural and synthetic
processes.1–5 Concerning the latter, particular interest is pres-
ently devoted to the electrochemistry of small molecules such
as H2, O2, H2O, and CO2 in an effort to address contemporary
energy challenges. In most cases activation of the electro-
chemistry of these small molecules requires catalysis, usually
by means of high or low oxidation degrees of transition metal
complexes. In these processes, proton transfer is not merely
coupled with electron transfer but it is coupled with electron
transfer and the breaking of a bond linking heavy atoms. In
these catalytic processes, the coupling of PCET with bond
breaking may then be of two kinds. It may concern the bond to
be broken in the substrate like the O–O bond of dioxygen or
one carbon–oxygen bond in CO2, as it is also in the case with
the direct electrochemical PCET–bond breaking reaction. It
may also involve the bond that is transitorily established
between the metal of the catalyst and a heavy atom, such as O
or C, in the substrate.6 So far, precise analyses of the mecha-
nism and kinetics of a PCET–coupled bond breaking reaction
have concerned a single instance, namely the direct electro-
chemical reduction of the O–O bond of an organic peroxide.7 It
was shown that, in this case, proton transfer, electron transfer
and heavy-atom bond breaking are all concerted. On this
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occasion a kinetic model for this type of reaction was devel-
oped, which combines the model of concerted electron trans-
fer–heavy-atom bond breaking reaction with the model of
concerted PCET reactions (i.e. CPET reactions). As an example
of a proton-promoted dissociative electron transfer of
a heteroatom–metal bond in the framework of a catalyzed
electrochemical reaction, we have selected the catalysis of the
electrochemical reduction of an alkyl halide, chloroacetoni-
trile, by an electrogenerated cobalt(I) tetraphenylporphyrin,
CoITPP (Chart 1). As shown in Fig. 1, CoIITPP gives rise to
a reversible cyclic voltammetric wave (upper Fig. 1) represent-
ing the reductive generation of the corresponding CoITPP
complex, which is stable in the time framework of slow scan
cyclic voltammetry. The corresponding standard potential is
E0
CoII=CoI ¼ �0:785 V vs. SCE. From the peak current, the

diffusion coefficient may be estimated as DTPPCo ¼ 4 �
10�6 cm2 s�1.
Chart 1
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Fig. 1 Cyclic voltammetry of CoIITPP (1 mM) in DMF + 0.1 M n-NBu4ClO4 in the
absence (upper diagram) and presence (lower diagram) of 50 mM ClCH2CN and
10 mM PhOH. Scan rate: 0.1 V s�1. R ¼ CH2CN, X ¼ Cl.
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Upon addition of chloroacetonitrile and an acid, here
phenol (lower Fig. 1), this wave becomes irreversible and
a second wave appears at a more negative potential. The latter
wave is much higher than the rst, suggesting the occurrence
of the catalytic sequence shown in Fig. 1.

The rst step of the catalytic process is the alkylation of the
CoITPP produced by the electrochemical reduction of the
starting CoIITPP yielding the TPPCoIIIR (R ¼ CH2CN) complex.8

This reaction can also be observed at the level of the rst wave,
which is rendered irreversible according to an “EC” reaction
scheme, where the “C” reaction is the CoI alkylation reaction.
Addition of increasing amounts of ClCH2CN results in an
Fig. 2 Variation of the first wave with the concentration of ClCH2CN. (a)
Current–potential curves, from right to left: 1, 2, 5, 10, 20mM. [CoIITPP]¼ 1mM in
DMF + 0.1 M n-NBu4ClO4. Scan rate: 0.1 V s�1. Temperature: 22 �C. (b) Full dots:
experiments; open dots: value according to eqn (1).

820 | Chem. Sci., 2013, 4, 819–823
increasingly positive shi of the peak potential, Ep (Fig. 2a) as
expected for an EC mechanism (Fig. 2a) from which the rate
constant, ksubst, may be derived (Fig. 2b) according to:9

Ep ¼ E0
CoII=CoI

� 0:78
RT

F
þ RT lnð10Þ

2F
log

�
RTksubst½RX�

Fv

�
(1)

(v is the scan rate). The slope, 27 mV per log unit, matches the
occurrence of a pseudo-rst order reaction following a fast
electron transfer step. From the intercept and the value of the
CoII/CoI standard potential one obtains, ksubst ¼ 1.9 � 104 M�1

s�1.
With these parameters in hand, the catalytic process taking

place at the second wave may now be analyzed. We rst note
that this reaction sequence involves the reductive cleavage of
a TPPCoIIIR complex, which is reminiscent of the same reaction
in Vitamin B12 derivatives10–16 even though the corrin ring in B12

is somewhat different from the porphyrin ring considered here
(Chart 1).

The results of a systematic investigation of the catalytic wave
as a function of addition of an acid, phenol or acetic acid, are
displayed in Fig. 3. In both cases, the catalytic current increases
Fig. 3 Cyclic voltammetry of CoIITPP (1 mM) in DMF + 0.1 M n-NBu4ClO4 in the
presence of: (a and a0) 50 mM ClCH2CN and increasing amount of phenol; (b and
b0) 100 mM ClCH2CN and increasing amount of phenol; (c and c0) 200 mM
ClCH2CN and increasing amount of acetic acid. Acid concentration (mM) 10
(blue), 20 (green), 50 (red), 100 (yellow), 200 (magenta), 500 (orange), 1000
(cyan). (a–c) Experimental. (a0–c0) Simulation (see text). Scan rate: 0.1 V s�1.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Potential energy profiles for metal–carbon bond cleavage concerted with
proton transfer. M is a metal center.
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considerably upon acid addition as expected from the reaction
sequence sketched in Fig. 1. The kinetics of the catalytic process
is governed jointly by reactions (1) and (2), reaction (3) (see
Fig. 1) being fast enough (close to the diffusion limit) to ensure
that the steady state approximation applies to the CoIIR�

intermediate.17 If ClCH2CN and the acid were in sufficiently
large concentrations for not being signicantly consumed
within the reaction-diffusion layer, one would expect the wave to
be plateau-shaped.18 This is indeed what tends to be observed
for large ClCH2CN concentrations upon increasing the acid
concentration (highest curves in Fig. 3). For lower acid
concentrations, the wave is peak-shaped as expected for a non-
negligible consumption of the acid. Relatively large concentra-
tions of ClCH2CN were selected to examine the effect of acid
addition in the largest possible concentration range. Upon
raising the acid concentration, the increase of the catalytic wave
levels off at a value that is dictated by the concentration of
ClCH2CN as can be seen by comparing Fig. 3a–c. This obser-
vation falls in line with the fact that upon accelerating reaction
(2) through acid addition, reaction (1) becomes the rate-deter-
mining step of the catalytic process. The maximal value of the
quasi-plateau current thus obtained is proportional toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kpcc½ClCH2CN�

p
as expected when reaction (1) is rate-deter-

mining and the consumption of ClCH2CN is negligible, i.e.
when:18

iplateau ¼ FS
�
CoIITPP

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCoIITPP

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kpcc½ClCH2CN�

q

We may therefore simulate the experimental current–
potential curves in Fig. 3 with the reaction sequence of Fig. 1.19

Taking for the diffusion coefficients, DTPPCoCH2CN z DCoIITPP ¼
4 � 10�6, DClCH2CN ¼ 10�5,20 DPhOH z DPhO� z DAcOH z
DAcO� ¼ 5 � 10�6 cm2 s�1,21 adjustment of the various param-
eters led to the following values: E0

CoIIIR=CoIIR� ¼ �1:05 V vs. SCE,
kS ¼ 0.05 cm s�1 (kS is the standard rate constant for the CoIIIR/
CoIIR� couple, assuming a Butler–Volmer rate law with a 0.5
transfer coefficient22) and kPhOHpcc z kAcOHpcc ¼ 5 � 104 M�1 s�1.
Repeating the same experiments with deuterated phenol and
acetic acid led to practically the same values of kpcc. In the
proton-coupled cleavage of the CoIIR� complex (reaction (2) in
Fig. 1) the initial state is better viewed as an anion radical of the
Co(II) porphyrin with the R moiety being present as the radical
R� by analogy with methyl cobinamide,13a as represented in
Fig. 4. In the nal state, the electron has been ultimately
transferred onto R� as the Co–C bond is broken. The reaction
may thus be regarded as a proton-coupled electron transfer
from the porphyrin p* orbital to the s* Co–C orbital in which
proton transfer and Co–C bond cleavage are concerted. The
driving force of the reaction is quite large, 0.65 and 0.98 eV for
PhOH and AcOH respectively,23 leading to the representation of
the potential energy proles sketched in Fig. 4. Because of this
large driving force, the transition state resembles the initial
state, implying that the symmetry factor is very small. For the
same reason proton tunneling in the transition state is quite
easy, meaning that the reaction is adiabatic toward proton
transfer. It follows that the magnitude of the reaction rate is
This journal is ª The Royal Society of Chemistry 2013
dictated by the non-adiabaticity of electron transfer. These
considerations also explain why the rate constant is practically
the same with PhOH and AcOH in spite of the difference in
driving forces as well as the absence of a signicant H/D kinetic
isotope effect.

The mechanism in which electrode electron transfer is fol-
lowed by a proton transfer concerted with Co–C bond cleavage
thus matches the experimental facts. It is however necessary to
examine the other mechanistic possibilities that are summa-
rized in Scheme 1.

In all cases, the formation of CoII is followed by a reaction
that closes the catalytic loop (3) and by a reaction that regen-
erates the starting molecule by means of CoI alkylation (1) as
recalled in Scheme 1.

In the completely stepwise mechanism (blue pathway in
Scheme 1), reaction (3) is so fast (at or close to the diffusion
limit as already discussed) that it outruns the backward
cleavage reaction. The cleavage reaction is thus the rate-deter-
mining step, which renders the overall kinetics insensitive to
the next protonation step. The overall rate constant should
therefore be insensitive to the acid concentration, contrary to
experimental facts, and thus ruling out the possible occurrence
of this pathway.

If themechanism consisted of a concerted reductive cleavage
followed by a protonation step (magenta pathway in Scheme 1),
Chem. Sci., 2013, 4, 819–823 | 821
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Scheme 1
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the protonation step, following an irreversible step, would have
no inuence on the overall kinetics. The observed strong vari-
ation of the catalytic current with the addition of acid thus rules
out this mechanism.

We examine nally the possible occurrence of a mechanism
in which electron transfer, Co–C bond breaking and proton
transfer would be concerted (red pathway in Scheme 1). When,
at large ClCH2CN concentration, a plateau-shape is reached
upon increasing acid concentration, the wave should shi
toward positive potentials because the acid is then a reactant in
the single-step termolecular reaction that involves, besides
itself, the electrode and ClCH2CN.24 This is not observed
experimentally (Fig. 3), ruling out this last mechanistic
possibility.

We may thus conclude that in this proton-assisted reductive
cleavage of the cobalt–carbon bond, bond breaking and proton
transfer are concerted but that electron transfer is not concerted
with these two events. This is not actually very surprising since
the all-concerted pathway, being a termolecular reaction, would
require a very large concentration of acid to compete. It is worth
recalling in this connection that the only example recognized
today of an all concerted electron–proton transfer bond
cleavage involves the presence of an acid attached to the
molecule being cleaved, equivalent to a very large local
concentration.7

The above described reaction and the analysis of its mech-
anism is an illustrative example of a general problem, namely
the detection and mechanism characterization of proton-
coupled electron transfers as crucial steps of important catalytic
processes involving coordination complexes. The present study
has established a method to recognize the place of the proton-
coupled electron transfer reaction within the catalytic process
and to delineate its mechanism in the framework of the general
reaction scheme shown in Scheme 1. The competition between
822 | Chem. Sci., 2013, 4, 819–823
the various pathways depends on a number of molecular and
environmental parameters. It is too early to start establishing
a general theory of such processes. It should indeed be borne in
mind that the present system is merely the second in which the
coupling between electron transfer, proton transfer and bond
breaking has been analyzed. Although not our main goal, we
also hope that the present ndings will help future investiga-
tions of the reactivity and mechanisms in the reactions of
methylcobalamin and coenzyme B12.
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Am. Chem. Soc., 2005, 127, 5049–5055.

17 The driving force of reaction (3) is:
E0
CoII=CoI � E0

CoIIIR=CoIIR� ¼ 0:365 V (see main text for the
determination of E0

CoIIIR=CoIIR� ).
This journal is ª The Royal Society of Chemistry 2013
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