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The development of an electrochemical cobalt catalyzed C-Cl
bond activation at room temperature for the nucleophilic addition
of aryl and vinyl chlorides to a-ketoamides is described. The overall
method operates through an electrochemically induced low valent
cobalt catalyst that oxidatively adds to aryl or vinyl chlorides affording
medicinally important 3-hydroxy oxindole and 3-hydroxypyrrolidinone
scaffolds. The development of an enantioselective version using a chiral
pyrox ligand is also demonstrated.

The activation of carbon-halogen bonds via oxidative addition
with transition metals is one of the fundamental steps in
organometallic chemistry. Particularly, the development of
the direct catalytic nucleophilic reaction of aryl or vinyl halides
with electrophilic reaction partners is an attractive method as
no preceding preparation of stoichiometric organometallic
reagents, such as Grignard-, organo zinc, organoborane, or
organolithium-reagents is required, allowing for a high toler-
ance toward sensitive functional groups. In recent times, earth-
abundant first-row transition metals have gained particular
attention owing to their relatively lower cost and toxicity as
well as greater sustainability.' The organometallic chemistry of
cobalt, in particular, cobalt(n) complexes has proven useful,
especially in several catalytic reactions ranging from hydrogen
evolution,” and cross-couplings® to C-H functionalizations.*
The versatility of Co(u) complexes in electrocatalysis can be
attributed to the reactive nature of their corresponding electro-
chemically generated Co(1) or Co(0) intermediates.’ The oxida-
tive addition process is highly dependent on both the cobalt
complex and the substrate involved and can proceed through a
variety of polar and/or radical intermediates. Mechanistic
investigations involving such complexes have illustrated that
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Co(1) intermediates are highly reactive and also prone to a
multitude of decomposition pathways. The pioneering study
by Périchon’s research group proved that the predominant
decomposition pathway of electrochemically generated Co()
species proceeds via disproportionation to Co(u) and
Co(0), which subsequently results in precipitation of metallic
Co(0), removing cobalt from the electro-catalytic cycle.® To
evade these deleterious pathways, cobalt electrolysis catalysts
have been traditionally stabilized through polydentate ligands
such as salen complexes’ and cobalamin derivatives.®

There have been several literature examples for direct
nucleophilic addition of carbon-halogen bonds under rela-
tively forcing reaction conditions; however, most of the sub-
strates were more reactive aryl bromides and iodides. Aryl
chlorides have not been extensively explored in this field
despite their great diversity, affordability, and ease of access.
This is likely because of their low reactivity, which is generally
attributed to their higher bond energy and thus, making the
activation by transition-metal catalysts more challenging®
[bond dissociation energies (kcal mol™") for PhX: Cl (95); Br
(80); I (65)]. We envisioned that highly reactive in situ generated
cobalt (1) and cobalt (0) species obtained by electrochemical
reduction of Co(u) complexes may activate aryl or vinyl chlor-
ides through oxidative addition processes at relatively less
forcing conditions or even at room temperature to avoid
catalyst deactivation and decomposition pathways.'® Further-
more, an additional hetero-atom in substrate could assist in
stabilizing the insitu generated low valent cobalt intermediate
via cyclic intermediate. Consequently, this stabilized low-
dentate ligands-metal complex, would harbor additional free
coordination sites to bind organic substrates and facilitate
alternative organometallic steps. The corresponding “aryl or
vinyl cobalt” species would then undergo an intramolecular
addition with the carbonyl group to produce addition products.
This hypothesis was also supported by the pioneering work of
Gosmini'® and also Minteer'' who extensively studied the role
of ligand electronics on stabilizing the electrocatalytically gen-
erated low valent Co(1) intermediates.
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Fig. 1 Bioactive 3-hydroxy oxindoles scaffolds.

Herein, we report the electrochemical Co-catalyzed intra-
molecular nucleophilic addition of aryl and vinyl chlorides to
a-ketoamides through C-Cl bond activation at room tempera-
ture to generate 3-hydroxy oxindoles scaffolds. These oxindoles
containing a tetra substituted carbon at the benzylic position
constitute a common structural motif that shows a broad range
of biological activities (Fig. 1).'* Structure activity studies have
also shown that the biological activities of these compounds are
significantly affected by both the configuration of the C3 and its
substitution pattern.'*'?

In order to realize the proof of concept, we initiated our
study using CoBr,(2,2'-bipyridine) complex'* as it appeared to
be a particularly suitable catalyst for the activation of a variety
of aromatic substrates ranging from halides to triflates. We
began our study by examining the reaction using a o-keto
2-chloroanilide 1a as substrate in the presence of CoBr,(bpy)
(10 mol%) as the catalyst and Nal as supporting electrolyte in
DMA as solvent (Table 1). The reaction was performed in an
undivided cell equipped with a stainless steel as anode and
cathode that yielded 81% of the expected product 2a. The
further development concentrated on optimizing the reaction
parameters, including variation of the electrodes (cathodes and
anodes), electrolytes, current densities, solvents, and cobalt
complexes (for detailed optimization studies see ESIf). After
extensive efforts, the desired product 2a was obtained in 92%
isolated yield by using CoBr,(bpy) as the catalyst, Nal as an
electrolyte, in DMA solvent (entry 1, Table 1). Use of different
cobalt catalysts resulted in slightly lower yields of product
along with some dehalogenation of 1a as a side reaction
(entries 3 and 4, Table 1). Altering the anode or cathode
resulted in decreased yields (entries 5 and 7). The use of a
sacrificial donor such as Et;N yielded no product (entry 8).
Subsequent examination revealed that the reaction outcome
was significantly dependent on the solvent. The reaction
was less efficient in solvents such as ACN, DMF and NMP
(entries 9-11). Noticeably, use of other supporting electrolytes
such as quaternary ammonium salt and KBr also proved to be
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Table 1 Optimization of reaction conditions

. SS(+)/SS(-), /\\\

@: m CoBrybpy (10 mol%), HO M
0 Nal (50 moi%), ®
Me O DMA (0.1 M), rt, A
= 12h, 2.0 mA 2aie

Entry Variation from standard conditions™” 2a (%)
1 Standard conditions 92°¢
2 10 mol% CoBr,(dtbbpy) 87¢
3 10 mol% CoCl,(PPhj;), 74¢
4 10 mol% CoCl,(dppe) 78
5 (+) 8S/(—) Ni foam 81
6 (+) Fe/(—) Ni foam 86°
7 (+) Zn/(-) 8S 89°
8 (+) RVC/(—) SS, EtzN nr
9 ACN as solvent 42
10 DMF as solvent 78
11 NMP as solvent 72
12 (nBu)4NBr instead of Nal 81
13 KBr insted of Nal 84
14 w/o CoBr,(bpy) nr
15 w/o electricity nr

“ Standard conditions. 1a (0.4 mmol), CoBr,(bpy) (10 mol%), Nal
(50 mol%) DMA (dimethylacetamide 4.0 mL), rt, 12 h. ” Yields were
determined by GC analysis, calibrated using dodecane as an internal
stand. ¢ Isolated yield.

efficient in this reaction (entries 12 and 13). Finally, the control
experiments verified that the electricity and cobalt catalyst were
both indispensable for this transformation (entries 14 and 15).

With the optimized conditions in hand, we next explored
the scope of this nucleophilic addition of aryl chlorides to
a-ketoamides. As shown in Table 2, good to excellent yields of
the corresponding 3-hydroxyoxindoles 2a-2q were observed for
the substrates bearing either electron-withdrawing groups or
electron-donating groups on the phenyl rings. The replace-
ment of methyl group to easily removable benzyl protected
a-ketoamide afforded the product 2b in 81% yield. In general,
methyl groups at various positions such as ortho to keto group
or ortho and meta-substituted with respect to the amide group
is well tolerated under the optimized reaction conditions
(2d-2f). A variety of substituents, both electron-rich and
electron-poor groups on either of the aromatic rings as
well as methoxy, halogens, or naphthyl groups resulted in
the corresponding products 2g-21. In addition, heteroaromatic
a-ketoamides with groups such as thiophene (2m), furan (2n), and
indole (20), also provided corresponding 3-hydroxyoxindoles in
good to moderate yield. Notably, the current methodology is also
suitable for aliphatic a-keto amides, affording butyryl cholinester-
ase inhibitor 2p as well as 2q in moderate yields. Surprisingly, the
a-ketoester did not undergo cyclization to give 3-hydroxy-3-
phenylbenzofuranone 2r.

In order to further expand the scope and generality of the
developed protocol we studied the Co-catalyzed intramolecular
nucleophilic addition to o-keto amide 3 having a vinyl chloride
group. As anticipated the reaction of 3a proceeded well to
afford 3-hydroxy-4-methylene-1,3-diphenylpyrrolidin-2-ones 4a,
albeit in lower yield (68%). Further increase in current from
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Table 2 Scope of electrochemical Co-catalyzed intra-molecular addition
of aryl chlorides to a-ketoamide 1
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Table 3 Scope of electrochemical Co-catalyzed intramolecular addition
of vinyl chlorides to a-ketoamide 3

SS(+)/SS(-),
‘ 2 o = CoBr,bpy (10 mol%),
¥z SN
L X', Nal (50 mol%),
R' O DMA (0.1 M), t,
1 12h, 2.0 mA

2a, R = Me, 90% ke

2b,R"=Bn, 81%
2¢,R' = allyl 51%
M
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2 mA to 3 mA proved beneficial for complete consumption of
starting material to afford corresponding product 4a in 87%
isolated yield. As expected, a variety of substituents having
various steric and electronic properties at different positions
of both aryl rings were well tolerated under the standard
reaction conditions. Substituents, including methoxy (4b),
fluoro (4c), styrenyl (4d), and thiophenyl (4e) groups were well
tolerated under the optimized reaction conditions affording
3-hydroxypyrrolidinones. The electron-donating p-methoxy
(af-a), as well as electron-withdrawing substituents on the
aromatic ring of aniline part such as cyano (4f-b), CF; (4g),
and a keto group (4h-a), ester (4h-b), resulted good to moderate
yields. Further to compare and confirm the reactivity between
aryl and vinyl chloride we prepared the substrate 3j having both
chloro (aryl and vinyl) groups and subjected them to optimized
reaction conditions. The reaction outcome confirmed that
the vinyl chloride underwent the nucleophilic addition on
a-ketoamide that led to the formation 4j-a in 30% yield as well
as dehydro-chlorinated product 4j-b in 32% yield (Table 3).
Furthermore, the scalability of the developed protocol is
exemplified with the use of a-keto 2-chloroanilide 1a as a
substrate on a 1.2-gram scale affording 90% of 3-hydr-
oxyoxindoles 2a. Moreover, we also aimed to develop an
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enantioselective version of this electrochemical cobalt-catalyzed
reaction. To realize the proof of concept, we tested the reaction
of intramolecular nucleophilic addition of aryl chloride to o-keto-
amides 1a in the presence of cobalt catalyst along with a variety of
chiral ligands (for detailed optimization study see ESIt). Under
electrochemical conditions, enantioenriched 3-hydroxyoxindoles
2a bearing a quaternary stereogenic center was obtained in 86%
yield with 80:20 er (Scheme 1)."

Based on the literature reports, experimental results, and
cyclic voltammetry study (for a detailed study see ESIT) we
propose a reaction mechanism that accounts for the formation
of the observed product (Scheme 2). The reaction is initiated by

SS(+)/SS(-),
Nal (50 mol%),
DMA (0.1 M), rt,

12h, 2.0 mA
(10 mol%)

o
1a 7N
\
o ”
Br/ \Br N
Scheme 1 Enantioselective version of electrochemical Co-catalyzed
intramolecular addition of aryl chlorides to a-ketoamide.

2a, 86%, 80:20 er
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Scheme 2 Plausible reaction mechanism.

the reductive generation of the low valent cobalt species at the
cathode surface from pre-catalyst CoBr,bpy via the electron
transfer process. The low valent cobalt then undergoes oxida-
tive addition with aryl chloride of 1a to provide 7-membered
organometallic Co(u) intermediate B which subsequently
undergoes nucleophilic addition to the electrophilic carbonyl
group resulting in the formation of intermediate C. The Co(u)
intermediate C then undergoes transmetalation with iron gen-
erated at the anode to give the Co(u) species that again
participates in the next catalytic cycle. Another feasible pathway
involves the generation of a low-valent Co(i) which undergoes
oxidative addition to 1a to give a Co(u) intermediate B’. Sub-
sequent addition and reduction leads to C which is
hydrolysed during the acidic workup to afford the 3-hydroxy
indole 2a.

In summary, we have developed a cobalt-catalyzed nucleophilic
addition of aryl and vinyl chlorides to a-ketoamides via C-Cl bond
activation at room temperature under electrochemical conditions.
The overall method operates via an electrochemically induced low
valent cobalt catalyst that first oxidatively adds to the aryl or vinyl
chlorides followed by Grignard type addition to the carbonyl group
affording medicinally important 3-hydroxy oxindole and 3-hydroxy-
pyrrolidinone scaffolds with a quaternary carbon center. Of note, the
use of stoichiometric Zn, Mn, alkyl zinc reagent,16 or expensive
silanes in such reductive couplings can thus be avoided. An enantio-
selective version of the established protocol demonstrates the
feasibility under electrochemical conditions,"” thereby affording
valuable enantioenriched products and paving the way for numerous
prospective asymmetric electrochemical cobalt-catalyzed reactions.
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