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organocatalytic radical alkylation
enabled by photoexcitation

Yanji Song, Ruifeng Wang, Xi Lu, Yuqiao Zhou, Xiaoming Feng, Weidi Cao *
and Xiaohua Liu *

Photoinduced single-electron transfer generates radicals that could engage in radical–radical cross-

coupling reactions, but organocatalytic photocatalyst-free systems for enantioselective processes remain

rare and challenging. Herein, we report a light-driven enantioselective alkylation of 3-hydroxyoxindoles

with NHPI esters, providing a new route for a variety of 3-alkyl-3-hydroxy oxindole derivatives. The

reaction follows a light-driven electron transfer/radical cross-coupling process by using a readily

available chiral guanidine organocatalyst and PPh3 without additional photocatalysts. The mechanistic

studies reveal that the guanidine catalyst and phosphine benefit the formation of an excited enol

reductant and an NHPI oxidant for electron transfer, respectively, and the chiral bifunctional catalyst also

provides an H-bond network to guide outer-sphere radical coupling in an enantioselective manner.
Introduction

Radical cross coupling provides a useful route for carbon–carbon
bond formation, which greatly simplies access to various
complex molecules from abundant activated or inert radical
precursors.1 For instance, N-(acyloxy)phthalimides (NHPI esters),
as redox-active esters introduced by Okada and coworkers,2 can
be easily prepared from the corresponding carboxylic acids and
N-hydroxyphthalimide (NHPI), and have been exploited as alkyl
radical precursors without electron bias.3 The decarboxylative
alkylation of NHPI esters via cross-couplings could be achieved
by either transition metal complex catalysis4,5 or
organocatalysis6–10 with or without light-irradiation (Scheme 1).
For instance, Baran and coworkers documented a nickel salt-
enabled C(sp3)–C(sp3) cross-coupling with an alkylzinc reagent as
the partner.4a,b Diuoromethylenated zinc reagents4c and organo-
aluminum reagents,4d as well as protected glycines catalyzed by
copper catalysts,5 also participated in the coupling (Scheme 1a).
Alternatively, in the absence of an Ir-photocatalyst,6 the coupling
reaction could occur via electron transfer methods driven by the
photoactivity of electron donor–acceptor (EDA) complexes
(Scheme 1b).7 Shang, Fu and coworkers disclosed that a PPh3/NaI
combination under blue light irradiation was able to furnish the
coupling with silyl enol ethers to synthesize aryl alkyl ketones.8

Later, Zheng's study revealed that photo-driven cross-couplings
of NHPI esters with 3-aryl oxindoles and 2-aryl oxindoles were
performed in the presence of nBu4NI9 or under catalyst-free
conditions,10 respectively (Scheme 1b).
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Nevertheless, enantioselective control of radical cross-
coupling for the generation of stereogenic carbon centers
remains challenging. Yang and coworkers utilized triple catal-
ysis of photoredox/Fe with a chiral primary amine or nickel
catalyst for the coupling of NHPI esters with carbonyl deriva-
tives (Scheme 1c).11 Huo's group utilized metallaphotoredox
catalysis for the enantioselective cross-coupling of carboxylic
acid via in situ formed NHPI esters as the precursor.12 However,
the progression of asymmetric organocatalytic radical cross
coupling has been relatively constrained, and the majority of
organocatalytic photochemical systems focused on amino-
catalysis, chiral phosphoric acid catalysis, ion-pairing catalysis,
and NHC-catalysis, in combination with photocatalysts or
exogenous promoters in most cases.13 The enhanced redox
activity of excited species under light irradiation enables effi-
cient photoinduced electron transfer processes. Notable exam-
ples include Melchiorre's asymmetric b-alkylation of enals via
direct excitation of chiral iminium ions,14a Akiyama's alkylation
of phosphoric acid-activated imines,14b and our group's alkyl-
ation of Lewis acid-activated ketones, which proceed through
the generation of excited-state oxidants.14c Additionally, asym-
metric a-alkylation of aldehydes14d has been achieved via EDA
complex formation.15 Inspired by these advances, we hypothe-
sized that an electron-rich nucleophile in its excited state could
serve as a suitable radical coupling partner for electron transfer
with NHPI esters (Scheme 1d).

Chiral 3-alkyl-3-hydroxy oxindole skeletons are widely found
in bioactive compounds.16 Besides addition reactions of isatin,
asymmetric alkylation of 3-hydroxyoxindoles with electrophiles
represents a straightforward approach to construct such struc-
tures. Nevertheless, the limited diversity of available alkylation
reagents signicantly restricts structural variation.17 We
Chem. Sci.
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Scheme 1 Overview of the decarboxylative alkylation reaction of NHPI esters for Csp3–Csp3 cross-coupling.
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previously established a chiral guanidine-based polar cascade
reaction of 3-hydroxyoxindoles with coumarins.18 This nucleo-
phile readily undergoes base-assisted enolization to form a diol
intermediate, which exhibits signicant reducing properties
and enhanced hydrogen-bonding interactions with the catalyst.
We envisioned that direct photoredox radical alkylation of 3-
hydroxyoxindoles would provide an efficient route to 3-alkyl-3-
hydroxy oxindole derivatives. Herein, we report a chiral guani-
dine19 and visible-light-driven radical cross-coupling reaction
for the decarboxylative alkylation of 3-hydroxyoxindoles with
NHPI esters in the absence of external photocatalysts. The
chiral catalyst facilitates the formation of an excited state enol
intermediate as a reductant to generate an oxindole radical
stabilized through a captodative effect, and also enables
enantioselective outer-sphere radical cross-coupling through
hydrogen bonds,20 giving access to a number of enantio-
merically enriched 3,30-bifunctional oxindoles (Scheme 1d).
Moreover, we observed that the assistance of PPh3 could further
accelerate the reaction,21 which was proposed to interact with
NHPI esters to reach an excited state at the same time, facili-
tating electron transfer as an electron-shuttle.22 This demon-
strates a new double excited state model for light-driven
transformation.
Results and discussion

Initially, the irradiation of a mixture of N-benzyl-3-
hydroxyoxindole A1 and N-hydroxyphthalimide ester B1 in
MeCN using 385 nm light at 20 °C led to the formation of the
alkylation product C1 in 18% yield. We next introduced chiral
guanidine-amide catalysts developed in our group to promote
the asymmetric alkylation (Table 1). The guanidine-amides G1–
G5, synthesized from different amino acids with di-
phenylmethanamine, could accelerate the reaction slightly (28–
40% yield), but the enantioselectivities were generally poor (2–
21% ee). The sterically hindered aniline-based catalyst G6 gave
less improvement in comparison with G3, which has the same
guanidine subunit. Another kind of guanidine catalysts bearing
Chem. Sci.
a sulfonamide unit (G7–G10) showed better enantioselectivity,
and modication of the sulfonamide substituent into a 1-
naphthyl group (G8) resulted in 87% ee, but the yield remained
unsatised.

Previously, the use of phosphine21 or a Ph3P/NaI system,8,15,23

which are good electron donors for forming EDA complexes,
has been developed for alkylation. We therefore attempted to
add Ph3P to increase the activity. Delightfully, the combination
of guanidine G8 and Ph3P without NaI beneted the reaction,
and 50% yield with 93% ee was obtained when the reaction
temperature was lowered to −20 °C. Aer enhancing the
concentration of the reaction and reducing the light power, the
yield gradually increased to 72% with a maintained ee value.
When the amount of NHPI ester B1 was doubled, the product
C1 could be isolated in 88% yield with 93% ee.

To probe into the role of subunits of the optimized catalyst,
its analogues were tested under the optimized reaction condi-
tions. The guanidine G11, containing ethanesulfonamide
instead of naphthalene-1-sulfonamide, decreased the ee value
a little (71% ee). Changing the substitutions at the amidine unit
from N-cyclohexyl to N-isopropyl (G12) had slightly inuence on
the outcome, but N-phenyl-based G13 dramatically decreased
the reactivity and enantioselectivity. Additionally, the use of an
amine procursor without the guanidine unit also resulted in
lower enantioselectivity. These results imply the critical role of
the basic unit of the catalyst in the reactivity, and the CN3

backbone as well as sulfonamide substitution as the H-bond
acceptor and donor in the enantioselectivity.

Next, a variety of 3-hydroxyoxindoles with NHPI ester B1were
subjected to the catalyst system of G8/PPh3 under the illumi-
nation of light. As shown in Scheme 2, N-benzyl-3-hydrox-
yindolinones, regardless of the electronic and steric properties
of substituents located at the C5–C7 positions on the phenyl
group, mostly proceeded well, and the desired products C3–C12
were isolated in moderate to good yields (60–97%) with excel-
lent enantioselectivities (90–94% ee), except for the one bearing
a 5-methoxyl substituent (C2). 4-Chloro-subsituted product C9
could be isolated in excellent yield, but the enantioselectivity
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00272b


Table 1 Identification of the optimized reaction conditionsa

a Reaction conditions: unless otherwise noted, all reactions were carried out with A1 (0.10 mmol), B1 (1.0 equiv.), and G (10 mol%) in MeCN (0.1 M)
at 20 °C under a N2 atmosphere with 10 W LED (l = 385 nm) irradiation. Isolated yields. Ee values were determined by SFC analysis. b G (10 mol%)
and PPh3 (20 mol%) at −20 °C. c MeCN (0.2 M). d 5 W LED. e B1 (2.0 equiv.).
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slightly dropped probably due to the steric hindrance (72% ee).
Moreover, 3-hydroxyoxindoles containing different N-substitu-
tions could be well tolerated, delivering a series of chiral 3-
alkylated 3-hydroxyindolinones with good results (C14–C21, 46–
82% yield, 85–94% ee), except for less hindered N-methyl (C13)
and bulky N-triphenylmethyl (C20) substituted ones, whose
enantioselectivity decreased a lot.

The catalytic system could be extended to other NHPI esters
(Scheme 2). NHPI esters synthesized from bulky tertiary
carboxylic acids were compatible in the reaction with 3-
hydroxyoxindole A1 (55–57% yield, 92–97% ee), with represen-
tative examples such as 1,1-diphenylethyl (C22) and 1-phenyl-
cyclobutyl (C23) substituted ones. The product C24 from
a diphenylmethyl-bearing precursor was isolated in up to 98%
ee, although the isolated yield was not good, partly due to the
isolation problem raised by its solubility. The alkyl/arylmethyl-
containing NHPI esters, such as 1-phenylethyl and 1-phenyl-
propanyl, as well those derived from naproxen, ibuprofen and
urbiprofen, could deliver the related alkylation adducts (C25–
C29) in good yields. Although the diastereoselectivities are not
good, each diastereomer could be isolated with excellent
enantioselectivities (88–94% ee). In addition, NHPI ester
derivatives of 2-(naphthalen-1-yl)acetic acid and various
substituted 2-phenylacetic acids, regardless of electron-
withdrawing or electron-donating groups at ortho-, meta- or
para-positions, also performed well to afford the coupling
products with moderate to good yields and excellent ee values
© 2026 The Author(s). Published by the Royal Society of Chemistry
(C30–C38, 84–90% ee). For benzyl radicals derived from 4-
chloro (C32) and 3-bromo (C34) substituents, the reaction
system generates oxidation byproduct isatins, resulting in a low
yield of the target product. The synthesis of product C37
suffered from a low yield due to the poor reactivity. The absolute
conguration of C1was determined to be (S) by X-ray diffraction
analysis.24 To explore the synthetic utility of this methodology,
gram-scale synthesis and transformations of the products were
conducted. The alkylation of 3-hydroxyoxindole A1 at
a 4.0 mmol scale occurred smoothly, giving the product C1 in
69% yield with 93% ee under the standard reaction conditions.

Control experiments and mechanistic studies were carried
out in order to reveal the process of the reaction. The radical
trapping reaction using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) was carried out under the standard conditions (Scheme
3a). The formation of the product C1 was decreased to 26%
yield, and radical species R-1, R-2 and homo-coupling species R-
3 were identied based on high-resolution mass spectroscopy
(HRMS) analysis. Electron paramagnetic resonance (EPR)
measurement using DMPO as a trapping reagent further
conrmed the presence of a stable alkyl radical from NHPI ester
B1 and radical species derived from 3-hydroxyloxindole (see the
SI for details).

The UV-vis absorption spectra of the reaction components
were characterized as shown in Scheme 3b. There is no obvious
absorption in any single or mixture systems of the two
substrates in MeCN in the visible-light region; only A1 at high
Chem. Sci.
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Scheme 2 Substrate generality of 3-hydroxyoxindoles and NHPI esters. Otherwise noted, all reactions were carried out with A (0.10 mmol), B
(2.0 equiv.),G8 (10 mol%), and PPh3 (20mol%) in MeCN (0.5 mL) at−20 °C under a N2 atmosphere with 5W LED (l= 385 nm) irradiation. Isolated
yields. The ee values were determined by SFC analysis. The dr values were determined by isolated yield. aA1 (4.0mmol) in MeCN (30mL) with LED
(5 W × 6). bIn MeCN (1.0 mL).
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concentration showed obvious absorption (Scheme 3b, le and
middle). The mixture of A1 and G8 exhibited obvious absorp-
tion in the visible light band, and the addition of PPh3

contributed little to this absorption (Scheme 3b, middle). This
is consistent with the observed solution color change, in that
the combination of substrate A1 and the guanidine catalyst led
to a yellow solution. We rationalized that this visible-light band
is generated from the enolized form of A1, which could be
accelerated by the basic guanidine catalyst. This enolization is
supported by the 1H NMR spectra analysis, in which the C3-
hydrogen of 3-hydroxyl oxindole A1 disappeared upon the
addition of guanidine G8 (see the SI for details). The formation
of an electron donor–acceptor (EDA) complex between enolized-
A1 and NHPI ester B1 is ruled out.8 From the absorption spectra
of the B1/PPh3 mixture (Scheme 3b, right), it is revealed that the
Chem. Sci.
interaction between NHPI ester and phosphine exists, which
could be excited under light irradiation in the reaction. This
bathochromic shi is in line with Fu's spectra.8

The excitation of the substrate A1 as well as its interaction
with the guanidine catalyst could also been conrmed from
uorescence emission spectra (Scheme 3c). Upon irradiation
with 410 nm light, the guanidine-combined system yielded the
maximum emission wavelength at 433 nm. The Stern–Volmer
quenching studies revealed that redox-active ester B1 effectively
quenched the excited state of oxindole-species of A1/G8
(Scheme 3d). Cyclic voltammetry analysis was conducted
(Scheme 3e) and it revealed that the oxidation potential of G8/
A1 was around 1.61 V. According to the Rehm–Weller equation,
the excited state oxidation potential of G8/A1 was calculated
[E0ox* = −1.25 V vs. Ag/AgCl in MeCN] (see the SI for details),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Control experiments and spectra for mechanistic study.
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which is able to reduce B1 [E0red =−1.21 V vs. Ag/AgCl in MeCN].
Finally, light on/off experiments showed that the continuous
irradiation was essential for the reaction, and the quantum
yield was found to be 5.41 × 10−3, suggesting that a radical
chain mechanism via a radical addition pathway may not be the
predominant process (see the SI for details).

Based on the mechanistic studies, we proposed a possible
mechanism as shown in Scheme 3f. First, the basic guanidine
unit promotes the enolization and deprotonation of 3-hydrox-
yoxindole, forming a zwitterionic intermediate Int 1. Then, this
Int 1 absorbs light to reach its excited state and serves as
a reductant to take part in the SET process with NHPI ester B1,
affording an enol radical and an alkyl radical pair, respectively,
aer carbon dioxide and isoindoline-1,3-dione are released
(path a). With the assistance of PPh3, the complex with B1 is
© 2026 The Author(s). Published by the Royal Society of Chemistry
excited, allowing the SET process to generate a radical cation of
PPh3 and a radical anion of NHPI ester, simultaneously. The
latter species decomposes into an alkyl radical intermediate,
and the former species readily undergoes SET as an electron
shuttle with excited Int 1 (path b) to yield the enol radical. This
pathway might reduce the back-electron transfer between enol
and NHPI ester, beneting the following radical cross-coupling.
Overall, the formed enol radical is trapped tightly by an inter-
molecular H-bond network with the guanidine (H-bond
acceptor) and two amides (H-bond donors). As shown in the
proposed transition state TS, one face of the enol radical species
is blocked by the guanidine unit. The subsequent enantio-
selective outer-sphere radical coupling occurs at the Re-face,
generating the nal product (S)-C1 and releasing the chiral
guanidine catalyst.
Chem. Sci.
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Conclusions

In summary, we have developed a photocatalytic charge-transfer
enantioselective radical cross coupling reaction of 3-hydrox-
yoxindoles with NHPI esters under the catalysis of an organic
chiral guanidine with the assistance of a catalytic amount of
PPh3. A series of chiral 3-alkyl-substituted 3-hydroxyoxindole
derivatives were obtained in good yields with excellent ee
values. Detailed mechanistic experiments have elucidated the
reaction process, which involved the excitation of the enol
intermediate of 3-hydroxyoxindole and chiral guanidine, as well
as the complex of NHPI ester with PPh3, respectively, followed
by the SET processes as a reactive reductant and oxidant to
generate stable radical coupling partners, and an enantio-
selective radical coupling process between two types of radical
species through an outer-sphere mechanism.
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