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ks the arene C–H bond via
a hydrogen-atom-transfer mechanism in
electrochemical cobalt catalysis†
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Qin-Hao Zhang,a Ji-Ren Liu,a Hua-Jian Xu, *d Fa-He Cao,*c Lutz Ackermann *b

and Xin Hong *a

Combined computational and experimental studies elucidated the distinctive mechanistic features of

electrochemical cobalt-catalyzed C–H oxygenation. A sequential electrochemical–chemical (EC)

process was identified for the formation of an amidylcobalt(III) intermediate. The synthesis,

characterization, cyclic voltammetry studies, and stoichiometric reactions of the related amidylcobalt(III)

intermediate suggested that a second on-cycle electro-oxidation occurs on the amidylcobalt(III) species,

which leads to a formal Co(IV) intermediate. This amidylcobalt(IV) intermediate is essentially a cobalt(III)

complex with one additional single electron distributed on the coordinating heteroatoms. The radical

nature of the coordinating pivalate allows the formal Co(IV) intermediate to undergo a novel carboxylate-

assisted HAT mechanism to cleave the arene C–H bond, and a CMD mechanism could be excluded for

a Co(III/I) catalytic scenario. The mechanistic understanding of electrochemical cobalt-catalyzed C–H

bond activation highlights the multi-tasking electro-oxidation and the underexplored reaction channels

in electrochemical transition metal catalysis.
Introduction

Due to the remarkable availability and sustainability of elec-
tricity, electrochemical C–H bond activation and functionali-
zation has recently emerged as a powerful approach of green
synthesis.1 Themerging of electrochemical C–Hbond activation
and 3d transition metal catalysis has successfully realized
a series of electrochemical cobalt-catalyzed C–H bond trans-
formations,2 including C–H oxygenation3 (Scheme 1a) and C–H
amination4 (Scheme 1b), as well as C–H/N–H annulation5

(Scheme 1c) and carbonylation6 (Scheme 1d). These trans-
formations avoid stoichiometric oxidants, presenting an
appealing synthetic strategy with exceptional resource-
economy.
Scheme 1 Electrochemical cobalt-catalyzed C–H oxygenation.
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Scheme 2 Proposed catalytic cycles of electrochemical cobalt-
catalyzed C–H oxygenation.
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Despite the rich history and fruitful advances in the mech-
anistic studies on transition metal-catalyzed C–H bond activa-
tion,7 the mechanistic understanding of electrochemical C–H
bond activation still remains primitive.8 Currently, little
molecular-level understanding and controlling factors of elec-
trochemical transition metal-catalyzed C–H bond activations
are available, which presents a signicant challenge for rational
reaction design in this eld. Herein, we report a mechanistic
elucidation on electrochemical cobalt-catalyzed C–H oxygena-
tion with combined computational and experimental studies
Fig. 1 DFT-computed free energy changes of mechanism A and compu

This journal is © The Royal Society of Chemistry 2020
(Scheme 1). A key electrochemical–chemical (EC) process was
identied for the generation of amidylcobalt(III) species, based
on density functional theory (DFT) calculations, cyclic voltam-
metry studies, characterization and stoichiometric trans-
formations of the proposed amidylcobalt(III) species which
allows a novel carboxylate-assisted HAT mechanism to cleave
the arene C–H bond. These mechanistic features highlight the
distinctive reaction channels in electrochemical transition
metal catalysis, providing the molecular basis for rational
reaction design in this eld.
Results and discussion

Two mechanisms were proposed for electrochemical cobalt-
catalyzed C–H functionalization (Scheme 2).3–6,9 Mechanism A
is a Co(III)–Co(I) catalytic cycle. It involves initial anodic oxida-
tion of Co(II)pivalate to the corresponding Co(III) species.
Subsequent N–H cleavage leads to the amidylcobalt(III) inter-
mediate. This intermediate undergoes C–H bond activation,
and subsequent C–O bond formation via the arylcobalt(III)
species leads to the amidylcobalt(I) intermediate. Further proto-
demetalation produces the oxygenated product and regenerates
the cobalt catalyst. Mechanism B is a Co(IV)–Co(II) catalytic cycle.
From the Co(III)pivalate, an anodic oxidation and N–H cleavage
lead to the cationic amidylcobalt(IV) intermediate. This inter-
mediate undergoes similar C–H bond activation, C–O bond
formation and proto-demetalation to produce the oxgenated
product.

The DFT-computed free energy changes of mechanism A and
the oxidation potential of the involved intermediates are shown
in Fig. 1.10 The exergonic complexation of the quintet model
complex Co(OPiv)3 with amide substrate 1 leads to the quintet
int2. This intermediate undergoes a facile carboxylate-assisted
N–H cleavage via TS3, generating the amidylcobalt(III) inter-
mediate int4. A subsequent carboxylate-assisted metalation
process cleaves the arene C–H bond through TS5 and generates
ted oxidation potentials of intermediates before C–O bond formation.

Chem. Sci., 2020, 11, 5790–5796 | 5791
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the arylcobalt(III) intermediate int6. int6 further complexes with
methanol through hydrogen-bonding to form int7.

From int7, the C–O bond formation via TS8 requires an
unsurmountable barrier of 34.0 kcal mol�1. We also considered
the C–O bond formation process via reductive elimination of
arylcobalt(III)(OMe) species, and this alternative process is even
less favourable (Fig. S1†). Therefore, mechanism A is not
operative due to the high C–O bond formation barrier of the
arylcobalt(III) intermediate for the room-temperature catalytic
C–H oxygenation. Only the most stable spin states are presented
in Fig. 1; the detailed free energy prole with minimum-energy
crossing point information and IRC conrmations of each
transition state are included in the ESI (Fig. S2–S6†).

Our above computations suggest that the oxidation of Co(III)
species prior to C–O bond formation is necessary. Based on the
computed oxidation potentials of the involved organocobalt
intermediates (Fig. 1), the amide substrate 1 and amidylco-
balt(III) intermediate int4 have the lowest oxidation potentials.
These two species have the same oxidation potentials because
the oxidation of int4 mainly occurs on the coordinating amidyl
fragment (Fig. S7†). The oxidation of int4 leads to a Co(III)
complex with a coordinating amidyl radical, a formal Co(IV)
species int10 (Fig. 2). If the electrochemical oxidation occurs on
int4, Co(IV) generation involves sequential electrochemical
oxidation of Co(II) pivalate and a chemical process (EC process,
Fig. 2). Alternatively, the electrochemical oxidation of the amide
Fig. 2 Cyclic voltammetry studies with varying scan rates. The measurem
s�1 respectively in a solvent mixture of DCM andMeOH (4 : 1), with electr
mM), and Co(OAc)2$4H2O (0.5 mM).

5792 | Chem. Sci., 2020, 11, 5790–5796
substrate leads to two independent electrochemical oxidations
(EE process, Fig. 2).11

The EC process can be identied by varying the scan rate in
the cyclic voltammetry (CV) study.11 The mixture of Co(OAc)2-
$4H2O, NaOPiv$H2O and amide 1 at a scan rate of 0.01 V s�1

showed an oxidation peak which corresponds to the oxidation
of Co(II) to Co(III).12 No reduction peak was identied at this slow
scan rate, suggesting that the oxidized Co(III) species underwent
a chemical transformation and the reduction of Co(III) did not
occur. With increasing scan rate, the rate of the chemical
transformation did not match the fast scan rate, and a reduc-
tion peak appeared (0.05 V s�1 and 1.00 V s�1). CV studies with
additional scan rates are included in the ESI (Fig. S16†). This
observation is strongly suggestive of an EC process, and the key
chemical process has a number of possibilities, including the
coordination of the amide substrate, or the amide N–H bond
cleavage.

The preparation, characterization and stoichiometric trans-
formations of the proposed amidylcobalt(III) species revealed
that the key chemical transformation that connects the two
electro-oxidations is the amide N–H bond cleavage. The
proposed amidylcobalt(III) species A was synthesized by reacting
the amide substrate 1 with cobalt triacetoacetate, in the pres-
ence of silver acetate and sodium pivalate hydrate in chloroform
(Scheme 3a). By the ESI-MS study of the synthesized A,
a consistent molecular weight was found (Scheme 3a), and the
ents were carried out at scan rates of 0.01 V s�1, 0.05 V s�1, and 1.00 V
olyte n-Bu4NPF6 (0.05 M). Amide (substrate 1) (0.5 mM), NaOPiv$H2O (2

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Synthesis, characterization, cyclic voltammetry study and
stoichiometric reaction of amidylcobalt(III) species. aThe measure-
ments were carried out at a scan rate of 0.10 V s�1 in a solvent mixture
of DCM and MeOH (4 : 1), with electrolyte n-Bu4NPF6 (0.05 M). Amide
(substrate 1) (0.5 mM), NaOPiv$H2O (2 mM), and Co(acac)2 (0.5 mM).
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structure of A was unambiguously determined by X-ray
diffraction (Scheme 3b). Additional NMR and UV-Vis charac-
terization of A is included in the ESI.† The CV study of the
amidylcobalt(III) species A is shown in Scheme 3c (red curve).
The oxidation peak of Amatched well with the second oxidation
peak of the reaction mixture involving the amide substrate 1,
Co(acac)2 and NaOPiv$H2O. This further supports the mecha-
nistic proposal that the second electro-oxidation occurs on the
amidylcobalt(III) intermediate with the arene C–H bonds being
intact. A is stable in basic solution without additional oxidants
(Scheme S3†). This is consistent with the above calculations
that the Co(III)-mediated C–O bond formation is unfeasible
(Fig. 1). Under electro-oxidizing conditions, A is smoothly
transformed into the oxygenation product 12 (Scheme 3d). This
corroborated the mechanistic proposal that a second on-cycle
This journal is © The Royal Society of Chemistry 2020
electro-oxidation is necessary for C–O bond formation. It
should be noted that the chemical oxidation with Ag2O also
allowed the desired oxygenation of A to occur (Scheme S4†),
which suggests that the amidylcobalt(IV) intermediate could be
involved in both electro-chemical and chemical oxidation
processes.

We next investigated the mechanistic pathway from the
formal Co(IV) intermediate, and the DFT-computed free energy
changes are included in Fig. 3. A complexation of int10 with the
pivalate anion leads to the neutral intermediate int13. This
intermediate undergoes a carboxylate-assisted HAT process to
cleave the arene C–H bond via TS14 (vide infra), generating
a high-energy intermediate int15 with a phenyl radical. The
alternative proton transfer process for the arene C–H bond
cleavage is much less favorable (Fig. S8†), and the CMD tran-
sition state cannot be located despite extensive efforts. The
phenyl radical of int15 is intramolecularly trapped by cobalt to
form the arylcobalt intermediate int16. This exergonic cobalt–
aryl bond formation compensates the endergonicity of the HAT
step. From int16, the coordinating pivalic acid dissociates to
generate int17. Subsequently, methanol complexes through
hydrogen-bonding in int18, and the C–O bond formation
proceeds via TS19. This C–O bond formation only requires
a barrier of 16.0 kcal mol�1 and is signicantly more efficient
than the corresponding process via TS8 (Fig. 1). Information on
further exergonic proto-demetalation, additional spin states,
and IRC conrmations of each transition state are included in
the ESI (Fig. S9–S12†).

The nature of hydrogen-atom-transfer of the carboxylate-
assisted C–H bond activation was further characterized by the
natural spin density distribution (Fig. 4). In the doublet int13,
the radical spin is mainly located in O1, N and O2. The radical
character of the pivalate oxygen O1 allows the hydrogen-atom-
transfer though TS14, and a signicant radical distribution
exists on the forming phenyl radical in this transition state. The
overall hydrogen-atom-transfer produces the phenyl radical in
int15, and the spin density is now mainly distributed in the
carbon radical atom. This change of spin distribution is
consistent with previous theoretical studies on HAT,13 and our
computational Hammett analysis also conrmed that the
radical-stabilizing substituents can facilitate this HAT process
(Scheme S1†).14

We want to emphasize that the radical character of the
coordinating pivalate is crucial for the HAT mechanism. Piv-
alate is generally considered as a basic and anionic ligand
instead of a radical ligand. This is why the carboxylate-assisted
arene C–H bond activation generally proceeds via a concerted-
metalation-deprotonation mechanism in which the hydrogen
transfers as a proton.7c,g In the electro-oxidized formal Co(IV)
intermediate int13, considerable radical distribution exists on
the coordinating heteroatoms (Fig. 4). This allows the coordi-
nating pivalate to behave as a radical-type hydrogen atom
acceptor, leading to the HAT mechanism for arene C–H bond
cleavage.

The mechanistic elucidation indicates that the anodic
oxidation is not simply responsible for the regeneration of the
active transition metal catalyst at the end of the catalytic cycle,15
Chem. Sci., 2020, 11, 5790–5796 | 5793
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Fig. 3 DFT-computed free energy changes of the pathway from formal Co(IV) intermediate int10 and computed oxidation potentials of
intermediates.

Fig. 4 DFT-optimized structures and the spin density distribution of
the C–H activation transition state and intermediates.

Scheme 4 Overall catalytic cycle of electrochemical cobalt-catalyzed
C–H oxygenation.
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or the oxidation of an organometallic intermediate to a high-
valent species for efficient reductive elimination.16 In the case
of the studied electrochemical cobalt-catalyzed C–H oxygena-
tion with the pyridine-N-oxide directing group, the anodic
oxidation plays two important roles in transforming cobalt(II)
into cobalt(III) and oxidation of the amidylcobalt(III) species to
the corresponding formal cobalt(IV) intermediate. These
insights emphasized the mechanistic importance of a redox
non-innocent ligand17 in 3d transition metal catalysis, which
requires cautious mechanistic proposals. In addition, the
5794 | Chem. Sci., 2020, 11, 5790–5796
change of the directing group may also alter the mechanistic
picture, which is currently under investigation in our labora-
tories. It should be noted that the related C–H activated cyclo-
metallated cobalt(III) species was recently discovered under the
electro-oxidative conditions, whose transformations followed
the sequence of C–H activation and a following oxidatively
induced reductive elimination upon anodic oxidation.18
Conclusions

In summary, the potential mechanism of electrochemical
cobalt-catalyzed C–H oxygenation was revealed by combined
This journal is © The Royal Society of Chemistry 2020
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computational and experimental studies (Scheme 4). An initial
electrochemical oxidation generates Co(III) pivalate, and
subsequent N–H bond cleavage leads to the amidylcobalt(III)
intermediate. This intermediate undergoes a second electro-
chemical oxidation, which oxidizes the coordinating amidyl
fragment to the corresponding radical in the formal Co(IV)
intermediate. In the formal Co(IV) intermediate, the radical
character of the coordinating carboxylate allows a HAT process
to cleave the arene C–H bond. Subsequent C–O bond formation
proceeds in a concerted fashion, and the formed amidylco-
balt(II) intermediate undergoes a proto-demetalation to release
the oxygenated product as well as regenerate the Co(II) catalyst.
A Co(II/III/I) catalytic cycle involving a CMD-type mechanism
could be excluded by computational studies due to the unfea-
sible Co(III)-mediated C–O bond formation. This HAT-type C–H
bond activation is distinctive from the general CMDmechanism
in thermal catalysis, which could provide advantages for
C(sp3)–H bond activation. Further studies on the controlling
factors of the carboxylate-assisted HAT and mechanism-based
design of electrochemical C–H functionalizations are ongoing
in our laboratories and will be reported in due course.
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