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Abstract: Rhodium-catalyzed C—H activation has emerged as
a powerful tool for forging C—C and C-heteroatom bonds.
Nevertheless, the requirement of stoichiometric chemical
oxidants for oxidative transformations significantly hampered
the overall sustainability of the C—H activation transforma-
tions. The emergence of merging transition metal catalysis

and electrochemistry, called metalla-electrocatalysis provides
an excellent opportunity to construct organic molecules
efficiently and sustainably. This review highlights the recent
developments of rhodium-catalyzed electrochemical C—H
activation transformations, challenges and opportunities for
future developments.

/

1. Introduction

The construction of carbon-carbon (C—C) and carbon-heteroa-
tom (C-het) bonds is the key step to producing all the synthetic
organic molecules commonly used in medicines, agrochemicals,
functional materials, polymers, paints, and many more.'"®
Traditional functional group transformation approaches to get
these chemicals and materials suffer greatly with poor effi-
ciency, regio- and stereochemical issues, and lack of available
starting compounds (Scheme 1). During the past few decades,
transition metal-catalyzed cross-coupling strategy significantly
advanced the organic synthesis field, resulting in shorter
reaction time, high regio- and stereochemical outcomes,
excellent functional group tolerance, and improved yields."”
Despite these advances, the cross-coupling transformations
demand functionalized organic electrophiles and organometal-
lic nucleophiles (Scheme 1).%'% Preparation of starting materials
for various coupling reactions required multiple synthetic steps,
which significantly hampers the resource economy of the
overall transformations.

In the past two decades, transition metal-catalyzed position-
al selective activation of unactivated C—H bonds has been
extensively studied and is now recognized as a promising
strategy for the synthesis of complex organic compounds in
atom-, step-, and resource-economical manners.""?? The C—H
activation strategy holds several advantages; in particular, it
allows the use of readily available, inexpensive, and less/
unfunctionalized feedstocks, thereby ensuring high levels of the
overall sustainability of the synthetic processes (Scheme 1).
Thus, the C—H activation strategy is extensively utilized in
natural  products  synthesis??®  functional = materials
synthesis,”**? and drug discovery.®*> Among the various
transition metal catalysts used for the C—H activation reactions,
rhodium complexes are studied extensively for C—C and C-het
bond formation reactions in an efficient fashion.®’*" The
rhodium(lll)-catalyzed oxidative C—H activation strategy has
proved to be instrumental in developing several key organic
transformations under mild reaction conditions. Despite these
advances, the use of expensive and toxic stoichiometric
oxidants such as copper(ll) or silver(l) salts in rhodium(lll)-
catalyzed oxidative reactions significantly reduces the overall
sustainability of the C—H activation strategy (Scheme 2).
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Recently, electrochemical organic synthesis has experienced
a remarkable renaissance and has emerged as an attractive
alternative to conventional oxidation and reduction reactions
(Scheme 2).#°% Electrosynthesis does not require external
chemical oxidants and reductants, as electron serves as the
reagent. Until recently, the major C—H functionalization reac-
tions were realized only based on substrates inherent reactivity
under metal-free reaction conditions.***® In sharp contrast,
Jutand used electricity to promote palladium-catalyzed organo-
metallic C—H activation in the presence of benzoquinone as the
redox mediator.”'*¥ Later, several exciting palladium-catalyzed
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Scheme 1. Different strategies of organic synthesis. A) Traditional method of
organic synthesis via functional group transformations. B) Organic synthesis
via transition-metal catalyzed cross-couplings. C) Organic synthesis through
transition metal-catalyzed direct functionalization of unactivated C—H
bonds.
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Scheme 2. Transition metal-catalyzed oxidative C—H activation. A) Tradi-
tional oxidative C—H activation with stoichiometric chemical oxidants. B)
Electrochemical oxidative C—H activation with hydrogen evolution.
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electrochemical transformations were realized.”**” Recently,

the merger of transition metal-catalyzed C—H activation and
electrochemistry received substantial attention, and many
exciting works have been reported.”®**” In this review, we
summarize the development of electrochemical rhodium-cata-
lyzed C—H activation for the formation of C—C and C-
heteroatom bonds until February 2023.

2. C—C Bond Formation
2.1. C—H Activation with Alkenes

Oxidative alkenylation of unactivated C—H bond represents an
important reaction type in organic synthesis.”*”¥ A wide range
of rhodium(lll)-catalyzed C—H alkenylations have been realized
in the presence of stoichiometric chemical oxidants, typically
silver(l) or copper(ll) salts.*®*” In sharp contrast, the Ackermann
group reported the first electrochemical rhodium-catalyzed
oxidative C—H alkenylation without stoichiometric chemical
oxidants (Scheme 3)."¥ Thus, ortho-selective alkenylation of
benzoic acids 1 with alkenes 2 was conveniently realized in a
user-friendly undivided cell setup using reticulated vitreous
carbon (RVC) anode and Pt cathode. Here, rhodium(lll) complex,
[Cp*RhCl,], was identified as a catalyst to obtain expected
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Scheme 3. Rhodium-catalyzed electrochemical C—H alkenylation of benzoic
acids.
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product 3 in satisfactory yields. Similarly, the choice of acetate
additive and reaction media proved crucial for better results. A
wide range of benzoic acids 1 and alkenes 2 took part in the
electro-catalytic reaction to offer desired products 3 in good
yields and excellent regioselectivity. Further, this protocol was
applied to vinylic C—H activation of acrylic acid derivatives 4
with alkenes 2 to give substituted 2-furanones 5 in good yields
(Scheme 4).7¢

The rhodium(lll)-catalyzed electrochemical C—H activation
was not limited to aromatic and vinylic carboxylic acids.
Aromatic amides 6 and indole substrates 8 also proved viable
for oxidative alkenylated products (Scheme 5)."® Thus, the
reaction of N-methyl benzamide 6a with n-butyl acrylate 2a
resulted in isoindolinone derivative 7a in 51% yield. Similarly,
the reaction of N-pyrimidyl (pym) indole 8a with alkene 2a
offered regioselective C2-alkenylated product 9a in 50% yield
(Scheme 5).7 Here, the pyrimidyl group served as directing
group (DG) for regioselective C2—H cleavage of indole sub-
strate.

The author proposed a plausible catalytic cycle based on
detailed mechanistic studies, as shown in Figure 1.7* The in situ
generated rhodium(lll) carboxylate species 1-1 undergo facile
ortho C—H metalation to give five-membered rhodacycle 1-II.
After that, alkene coordination followed by migratory insertion
to rhodium-carbon bond of 1-lll resulted seven-membered
intermediate 1-IV. Subsequently, the 3-hydride elimination and
reductive elimination events formed rhodium(l) intermediate 1-

—
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Scheme 4. Rhodium-catalyzed electrochemical synthesis of 2-furanones.
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Scheme 5. Rhodium-catalyzed electrochemical C—H alkenylation of benza-
mide and indole.
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Figure 1. Proposed mechanism for rhodium-catalyzed electrochemical C—H
alkenylation of benzoic acids.

V. Finally, the anodic oxidation of intermediate 1-V releases the
product 3 and regenerates the catalytically active rhodium (Ill)
species 1-1.

The Ackermann group discovered a suitable electrochemical
reaction system for the formation of uncyclized ortho-alkeny-
lated benzamide products 11 (Scheme 6).”” The reaction was
smoothly accomplished in an undivided cell using graphite felt
(GF) anode and Pt cathode under constant current electrolysis
(CCE). Under the catalytic reaction conditions, various aromatic
and heteroaromatic amides 6 were coupled with styrenes 10 to
offer the desired products 11. Notably, acrylamide 12a was also
identified as the viable substrate under identical reaction
conditions used for aromatic amide C—H activation
(Scheme 7).77

The catalyst's working mode was proposed to commence
by amide chelation-assisted cyclorhodation at the ortho posi-
tion to form five-membered rhodacycle 2-1l (Figure 2)."” After
that, alkene migratory insertion and anodic oxidation events
resulted seven-membered rhodium(lV) intermediate 2-IV. The
cyclic intermediate 2-IV then releases the product 11 and a
rhodium(ll) species 2-V by f-hydrogen elimination. Finally,
electrochemical oxidation of rhodium(ll) species regenerates
catalytically active rhodium(lll) species 2-l. The generation of
molecular hydrogen at the cathode completes the catalytic
cycle.

The versatile rhodium(lll)-catalyzed electrochemical C—H
alkenylation strategy was further explored to include alkylide-
necyclopropanes as an alkene coupling partner by the
Ackermann group (Scheme 8)."® Thus, the reaction of N-
pyrimidyl indoles 8 with (cyclopropylidenemethyl)benzenes 14
in the presence of [Cp*RhCl,], as the catalyst, NaO,CAd and
cyclopentanecarboxylic acid (CypCO,H) as the additives in 1,4-
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Scheme 6. Rhodium-catalyzed electrochemical oxidative C—H alkenylation
of benzamides.
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Scheme 7. Rhodium-catalyzed electrochemical oxidative C—H alkenylation
of acrylamide.

dioxane/H,O reaction media gave the dienylated product 15 in
good yields with moderate E/Z diastereoselectivity. Interest-
ingly, when alkylidenecyclopropane switches from 14 to 16, the
reaction afforded diversely substituted cyclopropanes 17
(Scheme 9).7®

The authors proposed a plausible catalytic cycle for the
rhodaelectro-C—H-cyclopropylation (Figure 3)."® Here, in situ
generated active catalyst 3-l1 readily undergoes chelation-
assisted C2 selective C—H cyclometallation. Then, alkene
migratory insertion followed by B-hydride elimination release
the desired product 17a and rhodium(l) species 3-IV. Finally,
the anodic oxidation processes regenerate the active
rhodium(lll) catalytic species while generating molecular hydro-
gen at the cathode to complete the catalytic cycle.

Very recently, versatile rhodaelectrocatalysis has been
successfully applied for the peri C—H alkenylation of 1-
naphthols.”” The finding is important and challenging as
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Figure 2. Proposed catalytic cycle for rhodium-catalyzed electrochemical
oxidative C—H alkenylation of benzamides.
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Scheme 8. Rhodium-catalyzed electrochemical C—H dienylation of indoles
with alkylidenecyclopropanes.

substrate 1-naphthols have been known to readily undergo
undesired dimerization or polymerization.®**% Thus, the Acker-
mann group discovered the catalytic conditions consist of
[Cp*RhCl,], as the catalyst, KOPiv as the additive in t-AmOH/H,0O
for the peri-selective oxidative alkenylation of 1-naphthols 18
with alkenes 10 (Scheme 10).” The reactions were conveniently
realized in the user-friendly galvanostatic conditions (CCE=
4.0 mA) in an undivided cell employing graphite felt (GF) anode
and a platinum cathode. The reaction also proceeds under
potentiostatic conditions at 0.8V, however with increased
reaction time for satisfactory results. Notably, the reaction gave
0-10% yields of desired alkenylation product formation using
chemical oxidants (air, Cu(OAc),-H,O, AgOAc, PhI(OAc),, K;S,0,,
NFSI) in place of electricity, highlighting the crucial role of
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Scheme 9. Rhodium-catalyzed electrochemical C—H cyclopropylation of
indoles.
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Figure 3. Proposed mechanism for rhodium-catalyzed electrochemical C—H
cyclopropylation of indoles with alkylidenecyclopropanes.

electro oxidation. As to the scope, a wide variety of styrenes 10
were proved viable substrates to give the desired products 19
in good yields. Interestingly, the use of 5-hydroxyquinoline 20
as the substrate resulted the unprecedented 2-phenyl-2,3-
dihydropyranoquinoline derivatives 21 under similar reactions
(Scheme 11).7

Based on the detailed experimental and computational
studies, a plausible catalytic cycle was proposed as depicted in
Figure 4.7 The catalytic cycle begins with the in situ formation
of [Cp*Rh(OPiv),] 4-1 from the reaction of pre-catalyst
[Cp*RhCl,], and KOPiv. After that, O-chelation assisted peri-C—H
activation event generates cyclic rhodium intermediate 4-Il.
Next, coordination of alkene 10 to 4-lll followed by migratory
insertion and subsequent anodic oxidation forms the seven-
membered rhodium(lV) intermediate 4-IV. The high valent
rhodium complex 4-IV undergoes 3-hydrogen elimination and
concomitant reductive elimination to afford the desired product
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Scheme 10. Rhodium-catalyzed electrocatalytic C—H alkenylation of 1-naph-
thols with alkenes.
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Scheme 11. Rhodium-catalyzed electrocatalytic C—H alkenylation of 5-
hydroxyquinoline with alkenes.

19 and rhodium(ll) species 4-V. Finally, the anodic oxidation of
4-\V regenerates catalytically active rhodium(lll) species 4-l,
while generating molecular hydrogen as the by-product at the
cathode.

2.2. C—H Activation with Alkynes

Rhodium(lll)-catalyzed oxidative annulation reactions with al-
kynes are well studied.®?**3 However, these methods often
suffer by the need of toxic and expensive stoichiometric
oxidants such as copper(ll) or silver(l) salts. To overcome these
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Figure 4. Proposed catalytic cycle for the electro oxidative alkenylation of 1-
naphthol with alkene.

limitations and improve the sustainability of the C—H activation
strategy, Ackermann and coworkers elegantly combined the
rhodium-catalyzed C—H activation, electrochemistry and flow
chemistry.® Thus, the flow-rhodaelectro-catalyzed oxidative
annulation reaction of aryl imidates 22 and alkynes 23 through
C—H activation to form isoquinolines 24 was realized
(Scheme 12).% Here, a modular electro-flow cell with graphite
felt (GF) anode and Ni plate cathode setup was used at a
constant potential of 1.5V and flow rate of 400 plL/min at

,_|
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QMe R3 HOPiv (10 mol%) OMe
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R N + ‘ ‘ R NS
ANy 18 R3
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83% 86% 90%
OMe OMe : OMe :
SN N ; ‘ SN |
“ >ph “ “ph ; ANOH
Me CO,Me : nBu MeMe 1
81% 76% 5 83%["! :
(rr=2.4:1)8 e ;

Scheme 12. Flow-rhodaelectro-catalyzed oxidative annulation reaction of
aryl imidates with alkynes. [a] rr=regioisomeric ratio; major isomer is
shown. [b] 5.0 mol % of [Cp*RhCl,], used for 10 h.
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oxygen atmosphere. The oxygen atmosphere is beneficial
because it prevents the cathodic reduction of highly reactive
rhodium intermediates. As to the scope, a wide range of aryl
imidates 22 and alkynes 23 were compatible and afforded the
products 24 in good yields. Interestingly, the unsymmetrical
alkynes were displayed an excellent regioselectivity. An exam-
ple of alkenyl imidate also shown to form the desired
annulation product under the reaction conditions (Scheme 12).
Furthermore, the rhodium-catalyzed electro-flow approach was
successfully applied for intramolecular C—H/N—H functionaliza-
tion of alkyne tethered N-alkyl indoles 25 to afford azo-
tetracycles 26 in moderate to good yields (Scheme 13).

Based on the competition experiments and kinetic isotopic
effect (KIE), the authors suggested that C—H activation may
occur via base-assisted internal electrophilic substitution
(BIES)®*5 mechanism and C—H metalation step is facile and not
to be rate determining. A plausible catalytic cycle was proposed
based on detailed experimental and computational studies as
illustrated in Figure 5.%% The insitu generated Cp*Rh(OPiv),
undergoes cyclometallation with substrate 22a, providing
rhodacycle 5-ll. Coordination of alkyne 23 to 5-ll followed by
migratory insertion gives a seven-membered rhodacycle inter-
mediate 5-1V. Subsequently, anodic oxidation of 5-IV forms
rhodium(lV) intermediate 5-V, which readily undergoes reduc-
tive elimination to provide rhodium(ll) species 5-VI. Anodic
oxidation of 5-VI regenerates the active catalyst 5-1 and release
the product 24.

The versatile transition metal-catalyzed C—H activation
strategy has been well exploited for the synthesis of m-extended
polycyclic aromatic hydrocarbons (PAHs) by Itami,®*" and
others®™™@ The reported methods are generally required
stoichiometric chemical oxidants. In sharp contrast, in 2019,
Ackermann showcased the potential of rhodaelectrocatalysis for
the synthesis of PHAs 28 from aryl boronic acids 27 and alkynes
23 in the absence of any external chemical oxidants
(Scheme 14)."” The optimization studies of the reaction dis-
played less efficiencies for ruthenium-, iridium- or palladium
based catalysts to deliver the desired PAHs. A wide range of aryl
boronic acids 27 were effectively underwent annulative C—H

o T

MeO. [CP*RhCl,], (2.5 mol%)
NH HOPiv (10 mol%) MeQ
AN
RG] —H
N\\/%RZ
NaOPiv (2.0 equiv)
25 MeOH, 25 °C, O, 18 h 2%
CPE=15V
MeOQ, MeQ, MeQ,
=N —N —N Ph
nBu nBu
\_/ ON \_/ \_7/
N N N
42% 67% 45%

Scheme 13. Synthesis of azo-tetracycles via flow rhodaelectro-catalyzed
intramolecular C—H/N—H functionalization.
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Figure 5. Proposed catalytic cycle for flow-rhodaelectro-catalyzed oxidative
annulation reaction of aryl imidates with alkynes.
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Scheme 14. Rhodaelectro-catalyzed annulative C—H activation of aryl bor-
onic acid with alkynes. [a] CCE=3.0 mA.
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activation with alkynes 23 to deliver the desired products 28.
The meta-substituted arenes regioselectively functionalized at
less-hindered site due to the steric factors. Interestingly, the
unsymmetrical alkynes delivered the desired annulative prod-
ucts in a highly regioselective manner. The DFT analysis was
performed to understand the excellent regioselectivity; sug-
gested that non-covalent interactions are the key for regiose-
lective insertion of alkynes. Furthermore, the rhodaelectrocatal-
ysis is shown to be compatible with iodo-substituted arenes,
deliver the annulation products 28 in good yields, without
affecting the sensitive C—I bond (Scheme 14).”

Further, the Ackermann group exploited the rhodaelectro-
catalysis for nitrogen-containing polycyclic aromatic hydro-
carbons (aza-PAHs) via a cascade C—H activation and annulation
of amidoximes 29 with and alkynes 23."® These multiple C—H
activation reactions were performed in methanol as the solvent
in the presence of cationic rhodium complex [Cp*Rh-
(MeCN),1(SbF), as the catalyst. The reactions were conveniently
performed in an undivided cell, using GF anode and Pt cathode.
Amidoximes 29 having different substituents nicely reacted
with a range of alkynes 23 afforded the desired products 30 in
good yields (Scheme 15).°® Notably, unsymmetrical alkynes
delivered the annulation products with two regioisomers.

Alkenyl C—H bond activation and annulation of alkene
substrates with alkynes is attractive approach for construction
of a wide range of heterocycles. Inspired by Miura’s seminal
work of acrylic acid C—H activation and annulation reaction,
several groups have reported the related C—H annulation with
alkynes by means of various metal catalysts.®*'% Recently,
iridium-""7 and ruthenium-based electrochemical reactions
have also developed."* However, ruthenium-catalyzed reaction
required elevated reaction temperature (140°C); whereas
iridium-catalyzed transformation not compatible with terminal
alkynes. To overcome these limitations, Ackermann employed
rhodium-catalysis under electrochemical reaction conditions for
acrylamide C—H activation."® Thus, synthesis of cyclic imidates
32 and o-pyridones 34 were realized from alkynes 23
annulation of N-tosyl acrylamides 31 and N-phenyl acrylamides
33, respectively (Scheme 16 and Scheme 17). As to the scope,
various vinylic substrates having diverse a- and B-substituents
underwent the reaction to give the desired products in very
good yields. Unsymmetrical internal alkynes afforded the
products with excellent regioselectivities. Terminal alkynes were
proved viable substrates to give the desired products in good
yields and excellent regioselectivities.

Based on the detailed computational and experimental
mechanistic studies, authors proposed a plausible reaction
mechanism as shown in Figure 6."% Initially, cyclometalated
intermediate 6-1l formed through chelation-assisted C—H activa-
tion of acrylamide 31 or 33. Then, alkyne coordination to the
rhodium center by ligand exchange followed by migratory
alkyne insertion resulted in the seven-membered rhodacycle 6-
IV. This intermediate 6-IV undergoes reductive elimination
(neutral concerted reductive elimination or ionic step-wise
reductive elimination) to provide the rhodium(l) intermediate 6-
V or 6-VI. Upon anodic oxidation, the desired product 32 or 34

© 2023 Wiley-VCH GmbH
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Scheme 15. Rhoda-electro catalyzed synthesis of aza-polycyclic aromatic
hydrocarbons.

released from 6-V or 6-VI, respectively, and catalytically active
rhodium(lll) species 6-1 are regenerated.

Recently, the same group reported an elegant method for
rhodium-catalyzed electrochemical C—-H/O—H activation to
access seven-membered benzoxepines 36 in external chemical
oxidant-free conditions (Scheme 18).""” Among the tested
metal catalysts such as Pd(OAc),, Cp*-ligated iridium and cobalt
complexes, [Cp*RhCl,], only proved to be effective for the
desired [5+ 2] annulation of 2-vinylphenols 35 and alkynes 23.
The reaction was performed in an undivided cell using tAmOH/
H,O (3:1) as the media at 100°C. A wide range of alkynes was
compatible, giving the desired products 36 in good yields. The
annulation reaction with unsymmetrical alkynes 23 gave the
corresponding products 36 in high regioselectivity. The compu-
tational studies revealed that the regioisomeric having an aryl
group proximal to the heteroatom is favored because of the
non-covalent secondary interaction stabilization of the pre-
ferred transition state.
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Scheme 16. Synthesis of cyclic imidates from N-tosyl acrylamide and
alkynes.
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Scheme 17. Synthesis of a-pyridones from N-aryl acrylamides and alkynes.
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Figure 6. Proposed mechanism for rhodium(lll)-catalyzed electrochemical
alkenyl C—H activation and annulation with alkynes.
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Scheme 18. Rhodaelectro-catalyzed [5 + 2] cycloaddition of 2-vinylphenols
with alkynes. [a]5.0 mol % of [Cp*RhCl,], used.

A catalytic cycle was proposed to account for the possible
reaction pathway (Figure 7).""” The reaction of in situ formed
Cp*Rh(OPiv), with 2-vinyl phenol substrate 35a via a facile
O—H/C—H activation resulted a six-membered rhodacycle 7-II.
Subsequently, alkyne 23 coordination followed by migratory
insertion provided eight-membered intermediate 7-IV. Reduc-
tive elimination of 7-IV delivers the rhodium(l) complex 7-V.
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Figure 7. Proposed catalytic cycle for rhodaelectro-catalyzed [5+ 2] cyclo-
addition of 2-vinylphenols with alkynes.
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Scheme 19. Rhodium(lll)-catalyzed electrochemical synthesis of chromones.
[a] Reaction time: 7 h.
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Scheme 20. Rhodaelectro-catalyzed late-stage functionalization of peptides.
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Figure 8. Proposed mechanism for rhodaelectro-catalyzed synthesis of
chromones.

The authors mechanistic studies suggested that the rhodium(l)
complex 7-V was likely the catalyst resting state. Finally, anodic
oxidation of 7-V releases the desired product 36 and active
catalytic species 7-1 for the next catalytic cycle.

Rhodaelectro catalysis was not limited for activation of aryl
and vinylic C—H bonds. Chelation-assisted formyl C—H activation
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Scheme 21. Rhodium-catalyzed annulation of alkynes with arylhydrophtha-
lazinediones.
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Scheme 22. Electrochemical rhodium-catalyzed synthesis of naphthalenes.
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Scheme 23. Rhodium-catalyzed electrochemical enantioselective C—H annu-
lation with alkynes.
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Figure 9. Proposed catalytic cycle for the electrochemical rhodium-catalyzed synthesis of naphthalenes.

Cp*Rh(1) 101
, OH ol
BPO RS 5

N \
N\
 anodic oxidation CpRh(lll) R3 R?
10411 44
0 R® .4  Cp*Rh(l)
R JS Ttom
N

R® R! Cp*
46 " o-RN
N 8 /
, OGP RS R‘
Z Rh R®
N
. V—re 10-111

Figure 10. Proposed mechanism for rhodium-catalyzed electrochemical
enantioselective C—H annulation with alkynes.

also viable as was reported by the Ackermann group."" This
method provide access to chromones 38 from ortho hydrox-
ybenzaldehydes 37 and alkynes 23 via formyl C—H activation
and annulation (Scheme 19).""" The reaction exhibited ample
scope with respect to both aldehydes 37 and alkynes 23.
Interestingly, unsymmetrical and terminal alkynes provided
products with excellent regioselectivities. The synthetic utility
was further explored for the late stage modifications of amino
acids and peptides 39 (Scheme 20).""" The detailed experimen-
tal and computational studies supported for the oxidatively
induced reductive elimination via Rh(lll/IV/I) (Figure 8).'"

Chem Asian J. 2023, e202300060 (12 of 17)

Recently, Roy and coworkers have exploited the rhodium-
catalyzed electrochemical C—H activation strategy for the
annulation of alkynes 23 with arylhydrophthalazinediones 41
(Scheme 21).""? Here, the reactions were performed in an
undivided cell setup using graphite plate (GP) as both anode
and cathode under CCE 5.0 mA. The annulation was proved
viable for a range of symmetrical and unsymmetrical alkynes to
give the desired annulation products 42. In the case of
unsymmetrical alkynes, excellent regioselectivity was observed.
The authors have proposed a mechanism like Figure 5 (vide
supra).

Transition metal-catalyzed C—H activation directed by -
chelation has been well established.®>'*"""¥! Recently, Zhang,
Xie, and coworkers exploited this strategy for cyclodimerization
of alkynes 23 to provide substituted naphthalenes 43
(Scheme 22)."'® This rhodium-catalyzed transformation was
smoothly realized in an undivided cell setup using platinum as
both anode and cathode under CCE 4.0 mA. Based on the
mechanistic  studies, a possible mechanism involving
rhodium(lV)/(V) and rhodium(l) dual catalysis was proposed
(Figure 9).""® Thus, anodic oxidation of [Cp*RhCl,], to high-
valent rhodium(lV/V) complex 9-1 followed by electrophilic
metalation resulted aryl-rhodium species 9-ll. Migratory inser-
tion of two alkynes one after another gives intermediate 9-IV.
Then, protodemetallation release the product 43a and active
catalyst 9-1. Meanwhile, cathodic reduction of [Cp*RhCl,],
produces rhodium(l) species 9-V, which undergoes C—H metal-
lation via oxidative addition to form intermediate 9-VI. Then,
consecutive alkyne migratory insertion gives a seven-mem-
bered intermediate 9-IX which undergo reductive elimination
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Scheme 24. Rhodaelectro-catalyzed C—H methylation of (hetero)arenes
using potassium methyltrifluoroborate.

to afford the desired product 43a and regenerate the
rhodium(l) species 9-V.

The preparation of biologically relevant spiropyrazolones
has been achieved via a rhodium-catalyzed enantioselective
C—H activation and annulation with alkynes.""” Thus, the
reaction of a-arylidene pyrazolones 44 with alkynes 23 in the
presence of catalytic amounts of chiral rhodium catalyst 45,
benzoyl peroxide (BPO), and nBu,NPF, in methanol provided
the desired product 46 in good yields and enantioselectivities
(Scheme 23). The reaction was realized in an undivided cell
setup using reticulated vitreous carbon (RVC) anode and Pt
cathode under constant potential of 1.2V. The controlled
experiments showed that no desired product formed in the
absence of electric current or BPO. The authors proposed a
catalytic cycle involving cyclometalated rhodium intermediate
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Scheme 25. Rhodaelectro-catalyzed C—H ethylation and propylation of 2-
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Scheme 26. Rhodium-catalyzed electrochemical C—H phosphorylation. “Re-
action with CCE=10 mA.

10-1ll formed by the reaction of in situ generated rhodium(lll)
species 10-1l and substrate 44’ (Figure 10)."'” Then, migratory
insertion of alkyne 23 leads to eight-membered intermediate
10-1V, which readily undergoes isomerization to intermediate
10-V due to the unfavorable steric interactions of R' and R® in
10-1V. The reductive elimination of 10-V released the desired
product 46. The anodic oxidation of rhodium(l) species 10-VI
regenerates the active rhodium(lll) catalytic species 10-ll for the
next cycle.
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2.3. C—H Alkylation

Derivatization of aryl- and heteroaryl bio-relevant molecules
with alkyl groups are of great interest due to specific roles of
alkyl groups in modulation of molecular properties.""®'?" In this
context, recently, the Ackermann group was successfully
applied rhodaelectro catalysis for the challenging methylation,
ethylation and propylation of (hetero)arenes using trifluorobo-
rates as alkylating agents.'”? The reaction conveniently per-
formed in an undivided cell setup using nBuOH/H,O as the
reaction media. The optimization studies showed that catalysts
based on other transition metals such as cobalt, iridium, and
ruthenium are ineffective. As to the scope, the reaction nicely

Chem Asian J. 2023, e202300060 (14 of 17)

Scheme 27. Rhodium-catalyzed electrochemical C—H oxygenation of amides
and ketones.

worked for methylation of 2-arylpyridines 47, indoles 8, purines
and diazepam (Scheme 24)."? Furthermore, the authors
achieved C—H ethylation using vinyltrifluoroborate 50 via an
unprecedented paired vinylation/reduction (Scheme 25).'*?
Here, unsubstituted or para substituted 2-phenylpyridines gave
dialkylated products, whereas ortho- or meta-substituted 2-
phenylpyridines resulted mono-alkylated products due to the
steric factor. In addition, potassium allyltrifluoroborate 51 was
also proved viable alkyl source, providing propylated arenes 53
(Scheme 25).'#
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Figure 13. Proposed mechanism for rhodium-catalyzed electrochemical C—H
oxygenation of amides.

The authors proposed a plausible reaction mechanism to
account the mode of operation (Figure 11)."?? The initial
chelation-assisted ortho C—H metalation resulted five-mem-
bered rhodacycle 11-II. Subsequent transmetalation and anodic
oxidation resulting in the rhodium(lV) intermediate 11-IV, which
readily undergo reductive elimination to give vinylated product
55 and rhodium(ll) species 11-V. The vinylated arenes undergo
in situ reduction to provide the ethylated product 53 a. Catalyti-
cally active rhodium(lll) species 11-1 is regenerated by anodic
oxidation.

3. C—Heteroatom Bond Formation
3.1. C—P Bond Formation

Rhodium-catalyzed electrochemical C—H activation was not
limited to C—C bond formation. In 2019, Wen/Zhang/Xu and
coworkers demonstrated the potential of electrochemical
rhodium catalysis for direct aryl C—H phosphorylation
(Scheme 26)."*' A wide variety of arenes bearing various
directing groups (DGs) smoothly functionalized with phosphine
oxides 57. The reaction was performed using catalytic amounts
of Cp*Rh(OACc), as the catalyst and KPF, as an additive in an
undivided cell setup under constant current electrolysis (CCE=
3.0 mA). Based on their mechanistic studies, the authors
proposed a catalytic cycle involving oxidation-induced reduc-
tive elimination for C—P bond formation (Figure 12).['**
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3.2. C—0 Bond Formation

Recently, Ackermann and coworkers reported an elegant
approach for electrochemical C—H oxygenation of amides 59
and ketones 61 (Scheme 27).*¥ Here, [Rh(OAc),], was identified
as the suitable catalyst, and trifluoroacetic acid (TFA)/trifluoro-
acetic anhydride (TFAA) (1:1) as the solvent. The reactions were
performed using graphite felt (GF) anode and platinum cathode
under CCE (2.0 mA) at room temperature. The use of TFA-NEt,
as electrolyte was found to be beneficial for the desired product
formation. As to the scope, a wide range of Weinreb amides
and N-dialkyl amides 59 were found compatible to give the
expected oxygenated products 60 in good yields. Notably,
under similar reaction conditions, aromatic ketones 61 also
underwent the C—H activation reaction afforded the ortho-
hydroxylated aryl ketones 62 in satisfactory yields.

A plausible catalytic cycle was proposed based on detailed
experimental and computational mechanistic studies (Fig-
ure 13)."" The catalytic cycle is commenced by the formation
of bimetallic rhodium(lll) species 13-l from [Rh(OAc),l, by
anodic oxidations. Then, substrate 59 coordination followed by
ortho C—H rhodation resulted intermediate 13-lll. In subsequent
steps, coordination of trifluoroacetates, and reductive elimina-
tion resulted 13-V, which released the product upon decoordi-
nation. The active catalytic species 13-l regenerated by anodic
oxidation.

4. Summary and Outlook

In this review, we have summarized rhodium-catalyzed electro-
chemical C—H activation reactions. The electrochemical ap-
proach enabled many oxidative transformations devoid of toxic
and expensive chemical oxidants. Thus, this strategy represents
an environmentally friendly organic synthesis. Thus far, rhodae-
lectrocatalysis was successfully realized for several oxidative
alkenylations and alkyne annulation reactions. On the other
hand, carbon-heteroatom bond formations were limited to C—P
and C—O bond formations. Despite the significant advances,
there are several exciting areas remain to be developed,
including (i) non-directed regioselective C—H activation, (ii)
rhodium-catalyzed direct C(sp®)—H functionalization, (iii) expan-
sion of the scope of C—heteroatom bond formation reactions,
and (iv) enantioselective C—H activations. Overall, rhodaelec-
trochemical C—H activation has already enabled several trans-
formations in a sustainable manner; further exciting develop-
ments will continue to provide an amicable solution to
challenging molecular synthesis.
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