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Homodimerization of 3-substituted-2-oxindoles
for the construction of vicinal all-carbon
quaternary centers: chemical, photochemical
and electrochemical approaches

Sulekha Sharma, Harapriya Behera, Shivani Ahlawat = and Amit Paul "= *

Advancements in organic synthesis are revolutionizing the synthesis of complex natural products, which
are essential in biomedical research and drug discovery due to their intricate structures. Natural products
such as chimonanthine, folicanthine, calycanthine, psychotriadine, etc., with vicinal all-carbon quaternary
stereocenters, are particularly significant for their strong binding properties and biological activities. One
common feature of these natural products is the presence of dimeric 3-substituted-2-oxindoles having
vicinal all-carbon quaternary stereocenters. This review focuses on the chemical, photochemical, and
electrochemical approaches for the homodimerization of 3-substituted-2-oxindoles employed by
different researchers, with a strong focus on the mechanistic details of proton-coupled electron transfer
(PCET). The article also demonstrates that PCET facilitates the reduction of kinetic barriers through the
formation of low-energy intermediates and the expansion of synthetic possibilities. Furthermore, natural
product syntheses (folicanthine and chimonanthine) from dimeric 3-substituted-2-oxindoles are dis-
cussed. Chemical syntheses are time-consuming and, even more importantly, generate significant waste
due to the use of metal-based oxidants and catalysts. In this regard, electrochemical synthesis methods
offer promising solutions by avoiding the use of chemical oxidants and metal catalysts, thus minimizing
environmental impact. The article also outlines the advantages and disadvantages of different synthesis
methods and proposes a new direction for future research in this field.
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Introduction

The field of organic synthesis, focused on producing naturally
occurring organic molecules, is undergoing substantial devel-
opment due to emerging synthesis methodologies. Natural
products are pivotal in biomedical research and drug discovery
due to their intricate and diverse structures, which have
evolved over a very long period of time, optimizing their
functions."™ Through the application of innovative synthesis
methodologies, scientists have been able to replicate some of
nature’s most fascinating molecules in laboratory environ-
ments. In this regard, natural products containing vicinal all-
carbon quaternary stereocenters hold particular significance
due to their distinctive structural characteristics and their pro-
pensity for strong binding to target molecules."

The synthesis of sterically constrained vicinal stereogenic
centers has gained remarkable attention from synthetic che-
mists due to their pervasive structural motifs within complex
natural products and pharmaceuticals.*”® The dimeric hexahy-
dropyrrolo[2,3-b]indole alkaloids, also known as pyrroloindo-
lines (Scheme 1), are particularly fascinating targets as they
share contiguous stereogenic centres and exhibit diverse bio-
logical properties, including antibacterial and anticancer
effects.”” In recent years, synthetic chemists have made sig-
nificant efforts in the synthesis of their representative alka-
loids, such as (+)-chimonanthine (I), (+)-folicanthine (II),
(—)-calycanthine (II1), and psychotriadine (IV) (Scheme 1a).'%™*°

Specifically, nature-inspired strategies such as C-H oxi-
dative methods have gained significant attention as they elim-
inate the need to protect and deprotect functional
groups.®**"** In this regard, 3,3"-bisoxindoles (2) (Scheme 1b)
are a class of molecules that play a crucial role as intermedi-
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ates in the total synthesis of natural products such as chimo-
nanthine and folicanthine.**

However, sterically hindered vicinal all-carbon quaternary
stereocenters pose a formidable challenge in synthetic organic
chemistry due to the constraints faced by chemical oxidants in
approaching these reaction centres.®> Reported methodologies
for the synthesis of these types of molecules can be classified
into three categories: chemical, photochemical, and electro-
chemical methods. Despite the advancements that have been
made in chemical and photochemical methodologies for the
formation of all-carbon quaternary stereocenters, the chemical
oxidant-, organocatalyst- or metal-catalyst-free construction of
vicinal all-carbon quaternary stereocenters remains a consider-
able challenge in contemporary organic synthesis for making
the synthesis process greener. Research in the development of
efficient methods has shown that electrochemical method-
ologies are valuable as they avoid the use of chemical oxidants
or metal catalysts in reactions and are, therefore, atom-econ-
omical and environment-friendly.”>>® These methodologies
are considered green since they utilize the electrode potential
to drive oxidation and reduction reactions, minimizing the
need for traditional chemical oxidants or reductants.*
Furthermore, harnessing the electrode potential to match the
specific potential required for substrate oxidation/reduction
allows precise control of redox reactions.*®*! Moreover, this
approach is considered inherently sustainable since electricity
can be generated from renewable energy resources such as
solar, wind, geothermal, etc.>®

On the other hand, the interaction between electron and
proton transfers has been a significant focus in both experi-
mental and theoretical studies in chemistry and biochemistry.
A key concept in this area is that electron acceptance often
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requires the addition of an acid, while electron donation
requires a base. In this regard, proton-coupled electron trans-
fer (PCET)**"** represents redox mechanisms wherein electron
and proton transfers occur via stepwise or concerted pathways,
enabling energy-efficient bond cleavage or formation® by
avoiding the formation of high-energy intermediates.?”
PCET mechanisms have gained remarkable attention in
various domains of chemistry/catalysis,® with broad appli-
cations in numerous biological redox catalysis such as
photosynthesis,?’® enzymatic C-H oxidation,***® energy con-
version, etc.>>*'™*? Despite these advancements, the utilization
of PCET in electro-organic synthesis has not received great
attention and requires further exploration due to its role in
lowering the kinetic barrier.*?

This review article discusses the construction of structurally
diverse homo-dimeric vicinal all-carbon quaternary centers
according to reaction types in a systematic manner (chemical,
photochemical and electrochemical) and the most probable
reaction mechanisms that the reactions follow in terms of elec-
tron and proton transfer. The primary focus of this article is
on the formation of sterically constrained 3,3"-C(sp®)-C(sp?)
bonds (shown in red in Scheme 1), which, despite being
longer than the typical C(sp®)-C(sp®) single bond (1.54 A), are
still commonly found in nature.

Chemical approaches for dimerization
of 2-oxindole

Chemical strategies for the dimerization of 2-oxindole are par-
ticularly valuable as they enable the synthesis of intricate
dimeric products with control over stereochemistry and regio-
chemistry, which are crucial for tailoring biological activity.
Advances in catalytic systems, reaction conditions, and
mechanistic understanding have expanded the scope of 2-oxi-
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(a) Naturally occurring hexahydropyrroloindole-derived family of alkaloids and (b) general structure of 2-oxindole and 3,3'-bisoxindoles.

ndole dimerization, facilitating the synthesis of diverse
dimeric frameworks. This reaction is of considerable interest
not only for its synthetic utility but also for its potential appli-
cations in drug discovery, wherein dimeric 2-oxindole deriva-
tives are explored for their therapeutic potential.’ In this
context, the dimerization of 2-oxindole through chemical
synthesis is a topic of ongoing research, with a significant
focus on developing efficient, selective, and sustainable meth-
odologies that contribute to the broader research area of
complex molecule synthesis. In the following section, the
dimerization of 2-oxindole through chemical routes is dis-
cussed, focusing on the synthesis methodologies, challenges,
and significance of this reaction in the broader context of
organic synthesis.

The dimerization of 2-oxindole at the C-3 position to form
an all-carbon quaternary center was first described by Rodrigo
et al. in 1994."" They performed the reaction of 3-alkylcarboxy-
late-2-oxindole (3) with 1.05 M sodium hydride in tetrahydro-
furan (THF), followed by addition of 0.48 mol of carbon tetra-
iodide (Cl,) in tetrahydrofuran (THF) at —65 °C, which resulted
in a mixture from which 53% of the desired dimer (4) was iso-
lated (Scheme 2). The mechanism of the reaction involved a
radical anion chain reaction, which involved an initial electron
transfer (ET) from the oxindole enolate (5) (R7) formed after
the removal of a proton by a base (NaH) to 3-(triiodomethyl)
oxindole (6). This step was followed by the chain propagation
steps, which finally led to the dimerized product (4) (Scheme 2).

In 2013, Kim and coworkers developed a method for the
direct dimerization of 3-substituted-2-oxindole derivatives
using manganese(i) acetate or copper acetate/silver acetate as
catalysts.”® In their initial attempts, employing palladium
acetate as the catalyst and 3-substituted-2-oxindole (7) as the
substrate, they achieved a 74% yield of the oxindole dimer (8),
along with the minor byproduct 3-hydroxy oxindole (9)
(Scheme 3). The use of Cu(OAc), and AgOAc under an O, atmo-

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Dimerization of 3-alkylcarboxylate-2-oxindole and the radical anion chain mechanism proposed by Rodrigo et al.**

sphere resulted in a moderate 78% yield of 3-hydroxy oxindole
(9) in a relatively short reaction time of 4 h. However, when
AgOAc was used alone under the same conditions, 3-hydroxy-
2-oxindole (9) was not detected. Similarly, Cu(OAc), alone
under O, was largely ineffective, yielding less than 5% of the
oxindole dimer products. Increasing the amount of Cu(OAc),
improved the yield of the oxindole dimer products to 63% but
required a prolonged reaction time of 72 h. Interestingly,
switching the reaction to a N, atmosphere with Cu(OAc), and
AgOAc further improved the yields to 82%, though the reaction
time had to be extended to 36 h. The use of Mn(OAc); under a
N, atmosphere provided the best results, affording a 90% yield
in just 4 h with no byproducts (Scheme 3).** The proposed
reaction mechanism followed a radical generation pathway,
which involved an oxidative H-atom loss to generate a neutral
radical species (10) catalyzed by Mn(OAc);, wherein Mn was
likely simultaneously reduced from the +3 to the +2 oxidation
state (Scheme 3). The details regarding the involvement of the
catalyst in the oxidation step have not been discussed.
Thereafter, homocoupling of the radical species (10) resulted
in the dimeric oxindole (8). The formation of the neutral
radical intermediate was supported by the increased formation
of the side product 3-hydroxy oxindole (9) under an O,
atmosphere.

In 2015, Bisai et al. developed a metal-free methodology for
the oxidative coupling of 3-carboxylate-2-oxindoles (11)
(Scheme 4). They used 1.2 equiv. of potassium tert-butoxide as
a base and 1.2 equiv. of iodine as an oxidant and achieved
yields in the range of 70-84% for the dimeric products (12)
with a diastereomeric ratio of up to 3.9:1.>* The reaction
mechanism involved a radical-mediated oxidative coupling
wherein the base abstracted a proton (PT) from the enol form

This journal is © The Royal Society of Chemistry 2025

of the substrate (13) to generate an enolate anion (14).
Thereafter, an electron transfer (ET) from the enolate (14) to
the oxidant led to the formation of a 3° radical intermediate
(15), which was stabilized by resonance. The reaction between
two neutral radicals (15) led to the formation of the dimeric
oxindole product (12) (Scheme 4). This work represents a sig-
nificant milestone in the homodimerization of 3-substituted-2-
oxindoles by developing a “transition-metal-free reaction”
methodology.

In 2017, Ooi and co-workers reported an intramolecular
ion-pairing electron transfer catalyst, acridinium phenoxide
(17), that combines a redox-active component with a basic site
within a single molecular framework.”® The effectiveness of
acridinium phenoxide as a chemical redox catalyst was demon-
strated in the homodimerization of 3-aryl-2-oxindoles (16).*’
By employing 2 mol% of the catalyst (17) and 3-aryl-2-oxi-
ndoles (16) under an oxygen-free atmosphere at room tempera-
ture in toluene with 3 h of stirring, the desired dimeric 3-aryl-
2-oxindole (18) was isolated in 82% yield (Scheme 5). The
mechanism of this transformation was proposed to follow a
PCET pathway. A detailed mechanistic investigation, including
kinetic studies, was conducted using in situ infrared (IR) spec-
troscopy, which revealed that the catalyst (17) significantly
accelerated the reaction. The proposed mechanism involved an
initial establishment of equilibrium between acridinium phen-
oxide (17) and 16, followed by sluggish single-electron transfer
(ET) from the enolate ion of 16 to the acridinium unit, generat-
ing radical pair 19 (Scheme 5). Thereafter, this pair underwent
instantaneous single-electron oxidation by O, to produce a
radical enolate of the substrate (19) for subsequent coupling
and an ionic radical pair 17-H:[1/20,]". From this ionic radical
pair, 17 was regenerated either through the abstraction of the
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Scheme 3 Dimerization of 3-substituted-2-oxindole (7) derivatives and the mechanism for the reaction utilizing manganese(i) acetate as a catalyst.

internal phenolic proton by the radical anion of O, ([1/20,]7)
or through the deprotonation of 16 by [1/20,]” to provide
17-16 (Scheme 5). The role of O, was crucial, as evidenced by
the low yield of the dimeric product (18) under argon, and
hydrogen peroxide was detected as a byproduct, supporting
the PCET mechanism.

In 2018, Wei et al. developed a copper-catalyzed oxidative
dimerization of 3-substituted-2-oxindoles (20) employing di-
tert-butyl peroxide (DTBP) (21) as the radical initiator under
base-free conditions (Scheme 6).*> For optimization, initial
experiments were carried out under base-free conditions with
Cu(OAc), as the catalyst and DTBP as the oxidant, achieving
80% yield of the dimer product (22) after 4 h at 120 °C.
Further optimization revealed that the absence of either Cu
(OAc), or DTBP resulted in significantly reduced yields.
Alternatively, copper catalysts, including CuSO,, CuCl,, CuBr,,
Cul, and CuO, as well as different oxidants such as tert-butyl
hydroperoxide (TBHP) and K,S,0g, did not surpass the per-
formance of the original conditions. Solvent screening identi-
fied 1,4-dioxane as the most effective, providing an 80% yield,

3292 | Org. Biomol. Chem., 2025, 23, 3288-3306

whereas solvents such as toluene and DMF resulted in lower
yields. This method offered an efficient pathway for synthesiz-
ing diverse dimeric oxindoles (2) and was a straightforward
strategy for achieving C(sp’)-H functionalization and, sub-
sequently, C(sp*)-C(sp*) bond formation.”® The transformation
occurred through a mechanism wherein the hydrogen atom
(considered as concerted ET and PT from a single bond) of 20
was abstracted by the ¢-BuO’ radical (22), generated from DTBP
(21) under heating conditions with the aid of Cu(i) species
(Scheme 6). This led to the generation of a key neutral radical
intermediate of 3-substituted-2-oxindole (23) and Cu(u)O¢ Bu
(24). Subsequently, the enol tautomer of 3-substituted-2-oxi-
ndole (20) reacted with the 3-substituted-2-oxindole radical
(23) and Cu(u)O¢ Bu (24), which resulted in the formation of
intermediate 25 (Scheme 6) and an O to C migration to gene-
rate another intermediate (26). The dimerization product of
3-substituted-2-oxindoles (27) was obtained in the final step
through a reductive elimination pathway (Scheme 6).

In 2021, Petersen and co-workers developed a new method
to synthesize dimeric oxindoles from acyclic p-oxoanilides

This journal is © The Royal Society of Chemistry 2025
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reaction mechanism.

using Mn(OAc);-2H,O as the catalyst.*® This novel one-step
process involved oxidative cross-dehydrogenative cyclization,
fragmentation, and dimerization, characterized by C(sp®)-H/C
(sp®)-H activation. The reaction yielded dimeric oxindoles
from aldehyde and carboxylic acid with 92% and 81% yields,
respectively, demonstrating its versatility across a range of sub-
strates and its applicability in the formal synthesis of (+)-foli-
canthine (Scheme 7).*® The proposed mechanism involved the
initial formation of oxindole 30 from 28 via two sequential oxi-
dative single electron transfer (ET) processes, followed by
proton transfer (PT), i.e. an ET-ET-PT step. Deprotonation of
oxindole (30) generated a carboxylate anion, which underwent
an oxidative third ET process, forming a methine radical (32)
after concomitant loss of CO,. The neutral radical (32) then
homocoupled to form dimeric oxindole (33) (Scheme 7).
Similarly, 29 underwent two consecutive oxidative ET steps, fol-
lowed by one PT to form oxindole (31). In the next step, the
methine radical (32) was generated from 31 through deformy-
lation processes mediated by polynuclear metal complexes. In
the final step, 32 homocoupled to form dimeric oxindole (33).
The neutral radical species (32) was successfully trapped by
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as a radical sca-
venger, aligning with the cascade sequence hypothesis. The
detailed involvement of the catalyst (Mn(OAc)3) in the reaction
steps was not discussed. This work introduced a new dimen-
sion to this field by forming three C-C bonds in a single one-
pot reaction, shown in red in Scheme 7.

In 2023, Nagasawa and co-workers developed an oxidative
enolate coupling reaction involving oxindoles that yielded

This journal is © The Royal Society of Chemistry 2025

of potassium tert-butoxide as a base and iodine as an oxidant, with the

optically active oxindole dimers, which featured consecutive
all-carbon quaternary stereogenic centers. This reaction was
facilitated by a chiral guanidinium iodide catalyst (34) and
cumene hydroperoxide (CHP) as an oxidant, which resulted
in the formation of the chiral dimeric oxindole (R,R-(40)) in
up to 99% yield with 99% enantioselectivity and a diastereo-
meric ratio up to 19:1 (dl: meso) (Scheme 8).*” The reaction
mechanism was supported by control experiments, indicating
that the active catalyst was chiral guanidinium-hypoiodite,
generated in situ as an essential step from chiral guanidi-
nium-iodide salt. The radical scavenger TEMPO had no
effect, confirming that a two-electron transfer pathway was
operational and the absence of a radical intermediate.
Kinetic studies showed zeroth-order dependence on the sub-
strate (35) and first-order dependence on both the catalyst
(34) and cumene hydroperoxide (36) (CHP), indicating that
oxidation of the iodide anion to hypoiodite was the rate-deter-
mining step (Scheme 8). The enantioselective step involved
hydrogen bonding and ionic interactions between the oxi-
ndole enolate and/or iodonium enolate and the catalyst (gua-
nidinium cation), leading to the enantioselective formation
of dimeric oxindole (R,R-40) (Scheme 8). The proposed
mechanistic cycle involved several key steps. Initially, the oxi-
dation of the chiral guanidinium iodide anion by CHP gener-
ated chiral guanidinium-hypoiodite (37) in the rate-determin-
ing step. The chiral guanidinium-hypoiodite (37) then reacted
with the 2-oxindole substrate (35), which underwent oxi-
dation and deprotonation (PT) to generate intermediate 38.
Subsequently, the intermediate (38) reacted with the enolate

Org. Biomol. Chem., 2025, 23, 3288-3306 | 3293
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Scheme 5 Dimerization of 3-aryl-2-oxindole by an acridinium phenoxide

anion of the substrate attached with the guanidinium cation
(39) and led to the formation of the dimeric oxindole product
(40) and regenerated the catalyst. This last step of the reaction
determined the enantioselectivity of the reaction. The
authors proposed that the CH-n and n-=n interactions invol-
ving the substrate, the aromatic ring of the benzyl (Bn) group
of the catalyst and the deep cavity formed by the catalyst in
the transition state contributed to enantioselectivity in the
reaction. This study introduced a new direction in this field
by offering an enantioselective reaction pathway.

Photochemical approaches for
dimerization of 2-oxindole

Visible light photoredox chemistry has rapidly advanced as a
transformative tool in synthetic organic chemistry, offering a
range of advantages such as mild and environmentally friendly
reaction conditions, exceptional functional group tolerance,
and high reactivity. The ability to harness visible light as a sus-
tainable energy source has enabled chemists to explore new

3294 | Org. Biomol. Chem., 2025, 23, 3288-3306

catalyst and the reaction mechanism by Ooi and coworkers.*®

reaction pathways and intermediates. Photocatalysts such as
fac-Ir(ppy)s and Ru(bpy)s;Cl, are popular due to their excellent
photophysical properties, such as strong absorption in the
visible light range, long-lived excited states, and high redox
potentials.*® These properties enable effective single-electron
transfer (SET) processes that are crucial for generating radical
species. These catalysts are also used to promote the formation
of radical intermediates from enols or enolates. In their
excited state, photocatalysts can either donate an electron to
the enolate, generating a radical anion, or accept an electron
from the enol to form a radical cation. A notable example is
the work by Xiao and colleagues, wherein a visible-light-
induced photocatalytic formyloxylation of 3-alkyl-3-bromooxin-
dole was demonstrated.*® This process involves the generation
of a 3-alkyl-2-oxoindolin-3-yl radical via electron transfer from
an excited photocatalyst, highlighting the potential of photo-
redox catalysis in facilitating complex transformations. The
photochemical approach for the dimerization of 2-oxindole
was first reported by Wu et al. in 2016.>° The group reported
the homocoupling of 3-halo-oxindole (44), and the transform-
ation proceeded through visible light irradiation, employing

This journal is © The Royal Society of Chemistry 2025
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Scheme 6 Copper-catalyzed dimerization of 3-substituted-2-oxindole and the mechanism by Wei and coworkers.*®

0.5 mol% of the photocatalyst fac-Ir(ppy)s (41) and 1,5-diazabi-
cyclo[4.3.0]non-5-ene (DBU) (47) as the electron donor. Initial
reactions in dry THF led to the formation of a dimeric product
in 57% yield, but further optimization identified acetonitrile
as the most effective solvent, significantly improving the yield
to 82%. Replacing DBU with other electron donors such as 1,5-
diazabicyclo[4.3.0]Jnon-5-ene (DBN) was slightly less efficient,
producing the dimer in a 76% yield. Other electron donors,
including 1,4-diazabicyclo[2.2.2]octane (DABCO) and triethyl-
amine (Et;N), were less effective. Furthermore, among various
photocatalysts, Ru(bpy)s;Cl, and Eosin B were the most ineffec-
tive, while Eosin Y and FIrPic produced yields of 51% and
75%, respectively, though both were inferior to fac-Ir(ppy)s.>°
This report includes several crucial intermediates that were
essential for the total synthesis of natural products.>® The pro-
posed mechanism involved a radical intermediate pathway
(Scheme 9). First, [Ir(ui)] (41) transformed into excited [Ir(m)]*
(42) after the absorption of a photon (Scheme 9). Thereafter,
[Ir(m)]* (42), which is a strong reductant, oxidized to [Ir(iv)]
(43) via electron transfer (ET) to 3-halo-oxindole (44), leading
to the formation of a C-centered radical anion (45) (Scheme 9).
A spontaneous loss of a halide anion from this radical anion
(45) produced a 3-alkyl-2-oxoindolin-3-yl radical (46)
(Scheme 9). Subsequent ET between [Ir(iv)] and DBU (47)
regenerated the photocatalyst and formed the DBU radical
cation (48), which oxidized to the corresponding iminium ion
via PT. Finally, the homocoupling of the 3-alkyl-2-oxoindolin-3-
yl radical (46) led to the desired dimeric oxindole product 49
(Scheme 9).

This journal is © The Royal Society of Chemistry 2025

Electrochemical approaches for
dimerization of 2-oxindole

In pursuing sustainable development, seeking new reaction
pathways that circumvent the need for expensive toxic
metals and chemical oxidants is highly advantageous.
Electrochemical reactions have emerged as a favourable option
due to their environmentally friendly nature, safety, and atom-
efficient characteristics, making them a cornerstone of green
chemistry.>*>* Electro-organic synthesis, in particular, offers a
promising alternative by eliminating harmful oxidants and
reductants, leveraging the electrode potential as a reversible
electron transfer agent instead.>”>*~*° This approach facilitates
selective oxidation, allowing for precise targeting of specific
bonds while minimizing the generation of undesired by-pro-
ducts.”” Recent advancements in electro-organic synthesis
have witnessed a notable rise in applications, specifically in
metal-free functionalization, serving as a pivotal step in the
total synthesis of natural products.’”

In 2020, Paul and Bisai et al. introduced an electrochemical
3-carboxylate-2-oxindole
milder reaction conditions, enabling access to a diverse array
of dimeric 2-oxindoles featuring vicinal all-carbon quaternary
centers with good yields and satisfactory diastereoselectivity.>*
Most importantly, this approach obviates the need for toxic
chemical oxidants and metal by-products. The study used a
simple undivided cell with a two-electrode setup, wherein the
electrodes acted as the greener oxidant. Furthermore, the

dimerization method for under
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Scheme 7 Cross-dehydrogenative cyclization and dimerization for the synthesis of 3,3’-bisoxindole and the PCET mechanism by Peterson and

coworkers.*®

choice of solvent, base, and electrolyte greatly influenced the
reaction, and it was found that DMF (solvent), NaH (base), and
NH,PFs (electrolyte) demonstrated notable efficiency. In
addition, a wide variety of substrate scopes were demonstrated
to depict the versatility of this methodology. Moreover, these
dimeric frameworks played a pivotal role in the total synthesis
of pyrroloindoline alkaloids. Electrochemical investigations
were conducted to elucidate the mechanistic intricacies of a

3296 | Org. Biomol. Chem., 2025, 23, 3288-3306

reaction involving the compound 3-carboxylate-2-oxindole (35).
Cyclic voltammetry unveiled two oxidation peaks: the first one
at 0.17 V vs. Ag/Ag', indicative of radical cation formation, and
the second peak at 1.14 V, suggesting carbocation gene-
ration.”* Controlled potential experiments at 0.2 V vs. Ag/Ag",
involving only one electron oxidation, yielded the desired
product with low efficiency in 22% yield, supporting the
hypothesis of a radical-radical reaction; nevertheless, a low

This journal is © The Royal Society of Chemistry 2025
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radical concentration near the electrode surface led to a slow
reaction. The formation of radicals was verified by performing
the reaction between the substrate and DPPH (2,2-diphenyl-1-
picrylhydrazyl), a known radical scavenger, under the same
electrolytic conditions. The successful identification of the
DPPH-substrate complex confirmed the generation of a
radical. In the absence of a base, the reaction mechanism pro-
ceeded stepwise, starting with single electron transfer (ET)
from 3-carboxylate-2-oxindole (35), generating a radical cation
(50), followed by deprotonation (PT) yielding a neutral radical
(51), and further oxidation (ET) producing a resonance-stabil-
ized carbocation (52/53) (Path A of Scheme 10). Subsequently,
the reaction between the carbocation (53) and the substrate’s
enol form (54) resulted in the desired dimeric oxindole
product 40, after losing a proton (Path A of Scheme 10).
Therefore, this mechanism suggests an electron transfer—-
proton transfer-electron transfer (ET-PT-ET) pathway. An
alternative pathway was also involved wherein the dimerization
of neutral radicals (51) potentially led to the formation of the
targeted dimeric product (40), bearing a vicinal all-carbon qua-
ternary center (see Path B in Scheme 10).

Additional experiments were conducted to explore the
impact of a base (NaH) in the reaction mechanism.>" From the
CV experiments in the presence of a base, two peaks at 0.55
and 1.15 V vs. Ag/Ag" were observed. Therefore, controlled
potential electrolysis at 0.55 V vs. Ag/Ag" was conducted with
DPPH, and the formation of a substrate-DPPH complex con-
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firmed that the first CV peak corresponded to the generation
of a neutral radical species (51) (Scheme 11) and the second
peak presumably corresponded to the generation of a carbo-
cation species (52) (Scheme 11). Based on these observations,
the proposed base-assisted mechanism involved proton
abstraction (PT) by the base from the substrate (35), forming
an enolate ion (55). Oxidation (ET) of this enolate ion (55) gen-
erated a neutral radical (51), followed by further 1e™ oxidation
(ET) to yield a resonance-stabilized carbocation (52). The reac-
tion between the carbocation (52/53) and the substrate after
the removal of a proton by the base resulted in the formation
of the dimeric oxindole product (40) (Scheme 11). This mecha-
nism suggests a proton transfer-electron transfer-electron
transfer (PT-ET-ET) pathway, differing from the pathway
observed in the absence of a base. Another pathway was also
proposed, which involved the dimerization of the neutral
radical (51), leading to the formation of the dimerized product
(40) in a low yield (Path B in Scheme 11).

In 2021, the extension of the previous work was carried out,
focusing on the effect of the pK, of the C-H bond at the pseu-
dobenzylic position of 2-oxindoles on the reactivity of the sub-
strate and the mechanism of the reaction.”® In this regard,
3-alkyl-2-oxindole (pK, ~ 21-24), having a higher pK, than
3-carboxylate-2-oxindole (pK, ~ 17-18), was chosen as the sub-
strate. A comprehensive optimization of electrochemical syn-
thesis conditions was conducted utilizing Pt electrodes in a
two-electrode configuration. The experimental findings indi-
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Scheme 10 Electrochemical synthesis and the reaction mechanism for C—C coupling of 3-carboxylate-2-oxindole without the addition of a base

under constant current conditions.
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cated that acetonitrile, possessing the highest dielectric con-
stant and low viscosity, favoured synthesis over other solvents,
while nBuy,NPFs emerged as the optimal electrolyte.
Furthermore, a base (NaH, 5 mM) was necessary to enhance
the yield.>* The effect of the pK, of the C-H proton at the pseu-
dobenzylic position of 2-oxindole on the reaction mechanism
was investigated, and the generation of a neutral radical
species was confirmed by cyclic voltammetry experiments in
the presence of nitrogen and oxygen and controlled potential
experiments with DPPH, a radical scavenger. Based on these
findings, the mechanism for the electrochemical oxidative
dimerization of 3-alkyl-2-oxindole (7) was proposed, involving
a stepwise proton-coupled electron transfer (PCET) pathway
comprising an electron transfer (ET) from the substrate
3-alkyl-2-oxindole (7) to generate a radical cation (11), followed
by a proton transfer (PT) step to generate a neutral radical
species (10) (Scheme 12). Thereafter, two neutral radicals (10)
reacted and led to the formation of dimerized 3-alkyl-2-oxi-
ndole (8) (Scheme 12). This mechanism remained consistent

This journal is © The Royal Society of Chemistry 2025

both in the presence and absence of a base. Unlike prior
investigations, the electro-oxidative dimerization of 3-carboxy-
late-2-oxindole (35) showcased a notable shift in the mecha-
nism. This observation underscores a complete alteration in
the reaction mechanism, which correlates with the variation in
the pK, of the C-H bond at the pseudobenzylic position.

In 2023, Paul and Bisai’s research group developed an indir-
ect electrocatalytic dimerization method for 3-substituted-2-
oxindoles using TEMPO as a redox mediator.”” This method
was able to resolve the electrode passivation problem and
lowered the activation barrier for reactions. The reaction was
conducted in an undivided cell at only 0.8 V (vs. Ag/Ag") with a
three-electrode setup, and the methodology used greener
electrochemical conditions to synthesize various dimeric 2-oxi-
ndoles with moderate to good yields. The reaction did not
proceed without TEMPO, highlighting its crucial role as a
redox mediator/electrocatalyst. Therefore, compared to pre-
vious methods, TEMPO-mediated indirect oxidation was
milder and more energy-efficient, allowing product formation

Org. Biomol. Chem., 2025, 23, 3288-3306 | 3299
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at lower potentials, thereby reducing energy requirements.
Additionally, electrochemical experiments were performed to
assess electron transfer rates and diffusion coefficients in
different solvents and electrolytes, using TEMPO as the electro-
catalyst to streamline optimization. The mechanism of the
reaction was found to be significantly different from the pre-
vious report (Scheme 13).>” In this case, the proposed mecha-
nism involved a hydride transfer from 3-carboxylate-2-oxi-
ndoles (35) to TEMPO' thus generating TEMPOH. At the
working electrode surface, TEMPO underwent oxidation to
TEMPO', which then accepted a hydride from 3-carboxylate-2-
oxindoles (35) to form TEMPOH, and a resonance-stabilized
carbocation (53) was formed. The carbocation (53) reacted
with the enol form of 3-carboxylate-2-oxindoles (54), producing
the dimerized product (40) after releasing a proton
(Scheme 13). TEMPOH can regenerate TEMPO through either
a comproportionation reaction with TEMPO' or direct oxi-
dation at the electrode surface. The mechanism was supported

.
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by spectroelectrochemical experiments, which indicated the
formation of TEMPOH during the reaction. This mechanism
outlined a TEMPO-catalyzed two-electron transfer pathway for
the dimerization of 3-carboxylate-2-oxindoles (35) and similar
substrates.

Furthermore, for 3-alkyl substituted-2-oxindole (7), the pro-
posed mechanism was different from that of the dimerization
of 3-carboxylate-2-oxindoles (35). In this case, the applied
potential oxidized TEMPO to TEMPO', and simultaneously,
the base (NaH) abstracted a proton from 3-alkyl-2-oxindole (7),
producing the carbanion (56). This carbanion (56) then
reacted with TEMPO' (oxoammonium cation) to form an
adduct (57) (Scheme 14), which underwent homolytic cleavage
to regenerate TEMPO and produce the neutral radical species
(10) (Scheme 14). Subsequently, this radical species (10) dimer-
ized to form the dimeric oxindole product (8) (Scheme 14).
This mechanism demonstrated that the formation of a dimeric
product (8) from 3-alkyl substituted-2-oxindole (7) involved a
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Scheme 14 TEMPO-catalyzed electro-oxidative dimerization of 3-alkyl-2-oxindole.
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one-electron-transfer pathway from 3-alkyl substituted-2-oxi-
ndole (7) to TEMPQ", as the two-electron-transfer pathway was
energetically unfavorable.

Syntheses of natural products from
dimeric-2-oxindoles

Over the decades, one of the major purposes of synthesizing
dimeric 3-substituted-2-oxindoles has been to demonstrate
their application towards synthesizing natural products, such
as alkaloids. Rodrigo et al.'" performed a reduction reaction
on one of the chemically synthesized dimers ((+) 57) using BH3
in THF solvent at room temperature, which resulted in a bis-
borane complex ((+) 58) in 71% yield (Scheme 15). Thereafter,
(x) 58 was reacted with saturated NH; in methanol solvent for
2 h under refluxing conditions, which resulted in (+) foli-
canthine (II) with an excellent yield (75%) (Scheme 15).

Bisai et al** took the chemically synthesized Nphth-pro-
tected dimeric oxindole ((+) 59) and reacted it in two steps
employing hydrazine and methylchloroformate, which
afforded (+) 60 in 70% yield. Thereafter, (+) 60 was reacted
with Red-Al at 110 °C for 15 h, resulting in (+) folicanthine (II)
in 68% yield (Scheme 16).

Petersen and co-workers*® employed the chemically syn-
thesized (+)-p,L 61 to synthesize azide (+)-p,. 62 using NaN; in
DMF solvent at 60 °C for 12 h (Scheme 17). Folicanthine (II)
can be synthesized via a formal synthesis route previously

O NN H% e e
N 3 NN MeOH solvent
l l @ Q@ saturated with NHs,
BH, 2h
©\I\17/\Nj So

Me |
Me
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shown by Bisai and co-workers®® in three steps from (+)-p,. 62
(Scheme 17).

Bisai, Paul and co-workers®® exploited electrochemically
synthesized dimeric 3-(2-furyl)-2-oxindoles (+) 63 for foli-
canthine synthesis (Scheme 18). First, oxidative cleavage of the
furan ring with the help of a RuCl; catalyst and NalO, resulted
in a dicarboxylic acid. Thereafter, the dicarboxylic acid was
reacted with dimethyl sulfate and K,CO; to obtain the ester
derivatives ((+) 64). Ester-aminolysis of () 64 with methyl-
amine resulted in bis-carboxamides ((+) 65). In the last step,
reduction of () 65 by Red-Al in toluene solvent in under reflux
conditions yielded (t) folicanthine (II) (Scheme 18).

In yet another effort, Bisai, Paul and co-workers®” used
dimeric 2-oxindole ((t) 66) for the total synthesis of (+) foli-
canthine (II) and (x) chimonanthine (I) (Scheme 19).
Reduction of (+) 66 by LiAlH, in THF solvent at 0 °C resulted
in a diol ((+) 67) in 95% yield. Thereafter, (+) 67 was converted
to bis-azide ((+) 68) using DPPA (diphenyl phosphoryl azide)
under Mitsunobu conditions. Thereafter, Staudinger reduction
of () 68 by triphenylphosphine, followed by protection with
methyl chloroformate, yielded bis-carbamate ((x) 69) in 86%
yield in two steps. Further reduction of (+) 69 by Red-Al
resulted in N-benzyl protected chimonanthine ((+) 70) in 89%
yield. Hydrogenation of chimonanthine completed the total
synthesis of (+) chimonanthine (I) (61% yield). In the final
step, reductive amination of (+) chimonanthine with formal-
dehyde in the presence of sodium triacetoxyborohydride pro-
duced (t) folicanthine (II) in 79% yield.

(%) folicanthine (II)

Scheme 15 (4) Folicanthine (lI) synthesis by Rodrigo and co-workers from dimerized oxindole.**

(a) NH,-NH,
(b) CICOOMe
—_—

(*) 59

(+) 60

(%)-folicanthine (IT)

Scheme 16 (+) Folicanthine (lI) synthesis by Bisai et al. from Nphth-protected dimeric oxindole.?*
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Conclusions and future outlook

In conclusion, dimerization of different 3-substituted-2-oxi-
ndoles employing chemical, photochemical and electro-
chemical methodologies has been discussed. Furthermore, the
total syntheses of folicanthine and chimonanthine from
chemically and electrochemically synthesized dimeric 3-substi-
tuted-2-oxindoles have been discussed. The chemical method-
ology revealed both diastereoselectivity and excellent enantio-
selectivity, although the conditions for chemical synthesis

This journal is © The Royal Society of Chemistry 2025

(£) 65

(+) Folicanthine (Il) synthesis by Bisai, Paul and co-workers from electrochemically synthesized dimeric 3-(2-furyl)-2-oxindoles.

were comparatively harsh, since it was difficult for chemical
oxidants to approach the sterically crowded 3-position of oxi-
ndoles. However, the use of metal catalysts or stoichiometric
amounts of oxidants may introduce limitations, such as
increased costs and adverse environmental impact, which
should be considered when evaluating the overall efficacy and
practicality of the method. Furthermore, the chemical reac-
tions cannot proceed through different mechanistic pathways
employing the same set of chemicals. Controlling the oxi-
dation process in terms of the number of electron transfers in
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Scheme 19 Total synthesis of (+) folicanthine (I1) and (+) chimonanthine () by Bisai, Paul and co-workers.

chemical methodologies is challenging. On the other hand,
the photochemical method is a valuable tool due to its unique
capability of using light and efficiency in driving specific
chemical reactions. However, this method has a notable draw-
back in that it requires the use of expensive noble metal cata-
lysts based on iridium or ruthenium. This dependency can
lead to higher overall costs, and for large-scale industrial appli-
cations, the development of low-cost catalysts will be impor-
tant. In this regard, electrochemical techniques provided an
eco-friendly, atom-economical alternative, eliminating the
need for chemical oxidants and metal catalysts by utilizing
controlled electron transfer. The effectiveness of electro-
chemical strategies in creating diverse quaternary centers,
emphasizing the role of proton-coupled electron transfers
(PCETs), gives the methodology an advantage. Compared to
chemical methods, electrochemical approaches are more sus-
tainable and efficient, lowering kinetic barriers and expanding

3304 | Org. Biomol. Chem., 2025, 23, 3288-3306

synthetic  possibilities in natural product synthesis.
Additionally, controlling the oxidation processes in terms of
electron transfer is straightforward. This precise control over
electron transfer allows the reactions to follow diverse mechan-
istic pathways, providing flexibility in achieving different reac-
tion outcomes and optimizing the process for specific desired
products. The ability to navigate through multiple pathways
enhances the versatility and effectiveness of the electro-
chemical methodology. It is worth noting that from Rodrigo
et al’s™ research in 1994 to our recent work in 2023, the
homodimerization of 3-substituted-2-oxindoles has seen a
remarkable journey. Rodrigo and co-workers employed a
chemical methodology that involved harsh reaction con-
ditions, including the use of an oxidant (Cl,), a strong base
(NaH), and extremely low temperature (—65 °C), with a total
reaction time exceeding 75 h.'' In contrast, our recent study
introduced a TEMPO-catalyzed electrochemical dimerization

This journal is © The Royal Society of Chemistry 2025
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of 3-substituted-2-oxindoles that takes only 15 min for syn-
thesis at a very low applied potential (0.8 V vs. Ag/Ag’) using a
solvent and electrolyte.’” This development suggests that the
formation of the unique 3,3"-C(sp*)-C(sp®) sterically crowded
vicinal all-carbon quaternary stereocenters found in natural
products can be achieved under much milder conditions,
potentially replicating nature’s ability to form this bond
without the need for harsh chemicals.

Finally, it is important to highlight that although signifi-
cant progress has been made in constructing molecules with
quaternary stereogenic centres, more comprehensive investi-
gations are required to fully understand the mechanistic path-
ways. The development of efficient electrochemical processes
in this field is ongoing, with a focus on enhancing reaction
efficiency. Identifying and utilizing appropriate catalysts is
crucial, as the appropriate catalysts can substantially reduce
energy requirements further, making the pathways even more
energy efficient. However, the development of enantioselective
syntheses is still lacking in electrochemical methodologies.
Achieving progress in enantioselective synthesis is vital for pro-
ducing optically pure compounds. Therefore, future research
should prioritize not only the optimization of catalyst selection
to improve energy efficiency but also the incorporation of strat-
egies for enantioselective synthesis. This dual focus may
broaden the applicability and effectiveness of electrochemical
methodologies.
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