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We present an innovative photocatalytic system for sustainable qui-
nolin-2(1H)-one synthesis with broad substrate scope under mild,
oxidant-free conditions, overcoming limitations of harsh traditional
methods and high-pressure CO dependency. A complementary
electrochemical strategy demonstrates analogous carbonylative
cyclization as a proof-of-concept, while the sunlight-driven
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protocol achieves exceptional versatility across diverse substrates,
directly accessing pharmaceutically vital derivatives. This dual
energy-activation paradigm (light/electricity) merges operational
safety and environmental compatibility, establishing the photo-
catalytic route as a scalable platform for heterocycle construction
while outlining electrochemical potential for future development.

1. Our work centers on a green synthesis strategy that uses solar energy as a light source, eliminating the need for toxic oxidants. By employing readily avail-

able and inexpensive CO gas as the carbonyl source, we achieve high atom economy in the production of quinolinone.

2. Utilizing solar energy, we have overcome the conventional reliance on high-temperature and high-pressure CO, a significant limitation of traditional
methods. This innovation reduces risks associated with extreme conditions and enhances both safety and sustainability.
3. Our future work will advance sustainable catalysis by utilizing CO, as a renewable carbonyl precursor and designing efficient earth-abundant metal cata-

lysts, thereby elevating the methodology’s environmental profile while maintaining its synthetic utility for pharmaceutical applications.

Introduction

Sunlight, as a green, clean, and abundantly available renewable
energy source, has long been a focal point in chemical research
for its efficient utilization and conversion." While visible light
constitutes the predominant component of solar radiation, most
organic molecules lack inherent visible-light absorption capacity,
necessitating photocatalysts to mediate the transformation of
photonic energy into chemical energy.” The potent redox capabili-
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ties of photoexcited catalysts serve as the cornerstone for this
energy conversion process.” Guided by green chemistry principles,
advancements in visible-light photocatalysis have propelled novel
synthetic methodologies, particularly in carbonylation reactions,
offering innovative pathways for constructing carbonyl com-
pounds.® Radical carbonylation reactions employing visible light
as a green catalyst demonstrate superior efficiency, environmental
compatibility, and selectivity compared to traditional carbonyla-
tive approaches.” These transformations typically proceed via oxi-
dative quenching or reductive quenching pathways, both relying
on acyl radical intermediates generated from precursors such as
halides, pseudo-halides, or carboxylic acids.’® Nevertheless, the
direct generation of alkyl/aryl radicals from C-H precursors under
photocatalytic conditions remains underexplored, primarily due
to challenges in overcoming energy barriers for C-H bond acti-
vation. Moreover, the prevalent requirement for high-pressure CO
gas as the carbonyl source poses safety concerns and operational
inefficiencies, underscoring the need for ambient-pressure
alternatives in acyl radical formation (Scheme 1).”

Visible-light photocatalysis and organic electrocatalysis
employ photons and electrons as respective reagents, both

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Visible light-induced carbonylation by interplay of metal
catalyst and carbon radicals.

generating reactive radical species or radical ions through
single-electron transfer processes.® This mechanistic congru-
ence enables successful translation of photochemically driven
transformations into electrochemical regimes.’ Building upon
these fundamental principles, we have developed complemen-
tary solar-driven photocatalytic and electrochemical carbonyla-
tion-cyclization systems for constructing quinolin-2(1H)-one
derivatives which are structurally versatile and biologically sig-
nificant heterocycles.

Quinolinone scaffolds, recognized as ubiquitous structural
motifs in pharmacologically privileged natural products and
therapeutic agents, demonstrate broad-spectrum bioactivity
with significant therapeutic relevance across multiple disease
paradigms.’® As illustrated in Fig. 1, representative derivatives
including PARP-1 inhibitors, crinasiadine, MAPK inhibitors,
and INOS modulators exhibit potent antitumor efficacy
through malignant cell growth suppression, coupled with anti-
inflammatory mechanisms, while HBV-targeting analogues
function by specifically inhibiting viral replication machin-
ery." This structural versatility underscores the imperative for
developing sustainable catalytic strategies enabling atom-econ-
omical construction of quinolinone architectures, which rep-
resents a critical endeavor in modern synthetic methodology.

Conventional synthetic approaches to quinolin-2(1H)-one
derivatives frequently require harsh conditions (elevated temp-
eratures, high pressures, and strong bases), suffer from pro-
longed reaction durations, and exhibit poor atom economy,
underscoring the urgent need for greener and more efficient
methodologies (Scheme 2a).’* Building on our group’s exper-
tise in catalytic systems, we have devised a sunlight-driven
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Fig. 1 Selected quinolin-2(1H)-one-containing drugs.
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Scheme 2 Strategies for the synthesis of quinolin-2(1H)-ones.

photocatalytic carbonylative cyclization strategy that operates
under mild conditions with broad substrate tolerance, elimi-
nating the need for external oxidants and ensuring operational
sustainability."* Notably, this transformation is equally achiev-
able via an electrochemical catalytic strategy (Scheme 2b).
Remarkably, the protocol has enabled efficient synthesis of
pharmaceutically relevant derivatives, significantly elevating
its practical applicability in medicinal chemistry.

Results and discussion

We selected 2-(prop-1-en-2-yl)aniline 1a as the model substrate
under carbon monoxide atmosphere with sunlight irradiation
for reaction optimization (Table 1). Systematic parameter

Table 1 Optimization of the reaction conditions?

R? R?
Sunlight, 4 h
Rw@\)VRa co ballogn, CH4CN R R
ZSNH, Pd(OAC), (5 mol%) )
TBAB (0.8 equiv.), HOAG (1.0 equiv.) H
1a 2a

Entry Deviation from standard conditions Yield® (%)
1 None 87
2 Pd(PPhs), instead of Pd(OAc), 54
3 Pd(PPh;),Cl, instead of Pd(OAc), 0
4 TEAB instead of TBAB 85
5 NaCl instead of TBAB 32
6 THF instead of CH;CN 40
7 DMF instead of CH;CN 0
8 Without HOAc 73
9 TMA instead of HOAc 79
10 TFA instead of HOAc 0
11 Without Pd(OAc), 0
12 Without TBAB Trace
13 No light Trace

“Reaction conditions: 1a (0.2 mmol), Pd(OAc), (5 mol%), TBAB
(0.16 mmol), HOAc (0.2 mmol), CH3CN (3 mL), CO balloon, sunlight
irradiation for 4 h at room temperature. ? Isolated yield.
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screening identified optimal conditions as: 0.2 mmol of 1a in
MeCN with tetrabutylammonium bromide (TBAB) and HOAc
as additives, achieving 87% isolated yield (entry 1). Catalyst
evaluation revealed critical structural dependence: substituting
the standard Pd(OAc), catalyst with Pd(PPhj;), reduced the
yield to 54%, while Pd(PPh;),Cl, completely inhibited product
formation (entries 2 and 3). The additive screening process
clearly highlighted the superior performance of TBAB. When
TBAB was substituted with tetraethylammonium bromide
(TEAB), the yield experienced only a marginal decline to 85%.
In contrast, the use of NaCl led to a substantial reduction in
yield, plummeting to just 32% (entries 4 and 5). After screen-
ing various solvents, acetonitrile was identified as the optimal
choice for this reaction (entries 6 and 7). Acid optimization
confirmed HOACc’s necessity: neutral conditions gave 73%
yield (entry 8), with trimethylacetic acid (TMA) and trifluoroa-
cetic acid (TFA) performing suboptimally (entries 9 and 10).
Complete reaction inhibition occurred without Pd(OAc),, con-
firming the catalyst’s irreplaceability (entry 11). TBAB removal
reduced yield to 15%, indicating its critical yet non-absolute
role in ion pairing (entry 12). Photon deprivation resulted in
trace product, demonstrating sunlight’s essential activation
energy (entry 13).

With optimized conditions established, we systematically
evaluated the methodology’s scope and limitations
(Scheme 3). Initial positional variation of benzene ring substi-
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Scheme 3 Substrate scope of 2-alkenylanilines. Reaction conditions: 1
(0.2 mmol), Pd(OAc), (5 mol%), TBAB (0.16 mmol), HOAc (0.2 mmol),
CH3CN (3 mL), CO balloon, sunlight irradiation for 4 h at room tempera-
ture. Isolated yield.
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tuents (2b-2d) demonstrated consistent efficiency across all
substitution patterns. Electronic perturbation studies revealed
broad tolerance for both electron-donating (methoxy, tert-
butyl) and electron-withdrawing groups (halogen, trifluoro-
methyl, nitro), achieving excellent yields (2e-2m), while steri-
cally demanding 3,5-dimethyl (2n) and vinyl-naphthylamine
(20) derivatives maintained high reactivity. Investigation of
o-alkenyl substitutions showed diminished yields for bis
(methyl)-(2p, 41%) and cyclopentyl-substituted (2q, 47%)
systems, contrasting sharply with the cyclohexenyl analogue 2r
(80%), where enhanced efficiency likely arises from the fused
polycyclic system’s superior stability. Targeting pharmacologi-
cally relevant 4-aryl-2-quinolinones, ortho o-styrenyl anilines
(2s-2z) delivered moderate-to-excellent yields (62-86%),
with extended =n-systems (biphenyl 2aa, phenanthrene 2ab)
confirming structural versatility. Critical limitations emerged:
N-substituted anilines failed to react, and phenolic analogues
proved inactive. We propose that this phenomenon can be
attributed to the presence of a substituent on the nitrogen
atom. We propose that the presence of substituents on the
substrate amine may hinder the subsequent coordination with
palladium and the insertion of the carbonyl group. Similarly,
phenolic analogs seem to be unreactive due to their structural
limitations. Practical utility was demonstrated through gram-
scale synthesis (10.0 mmol of 1a), affording product in 62%
yield.

Encouraged by the successful application of ortho-alkenyl
anilines and drawing mechanistic parallels with established
sp> C-H activation pathways, we systematically extended the
carbonylation protocol to o-aryl anilines bearing diverse het-
erocycles (Scheme 4). While pyrrole- (2ah, 60%) and naphtha-
lene-containing (2ak, 66%) substrates demonstrated moderate
reactivity, pyrazole analogues (2ai, 74%) exhibited enhanced
efficiency, likely benefiting from nitrogen’s dual coordination
capability. Notably, the oxygen-rich furan system (2aj, 30%)
displayed significantly reduced yield, potentially due to com-
peting oxygen coordination or electronic deactivation. This
marked variation (30-74%) highlights the critical influence of
heteroatom identity and electronic environment on catalytic
performance. Nevertheless, successful transformation of these

| Ar\‘i :
Sunlight, 4 h
X ;
@E A CO ballon, CHsCN
NH,

Pd(OAc), (5 mol%)
TBAB (0.8 equiv.), HOAC (1.0 equiv.)

1,X=CorN
— N= o}
@EN Y, ﬁ% |
S
N Yo ©: S, N, O
N N (0]
H ge N

2ah, 60% 2ai, 74% 2aj, 30% 2ak, 66%

Scheme 4 Scope of 2-heteroarylanilines. Reaction conditions: 1
(0.2 mmol), Pd(OAc), (5 mol%), TBAB (0.16 mmol), HOAc (0.2 mmol),
CH=CN (3 mL), CO balloon, sunlight irradiation for 4 h at room tempera-
ture. Isolated yield.
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structurally distinct systems-spanning electron-rich five-mem-
bered heterocycles (pyrrole, furan) to extended n-systems
(naphthalene)-confirms the method’s adaptability to diverse
aromatic architectures, while establishing clear boundaries for
optimal heteroatom selection in carbonylative cyclization
processes.

Significantly, this methodology demonstrates robust appli-
cability in constructing structurally complex quinolinones with
established bioactivity, effectively extending to pharmacologi-
cally valuable targets including PARP-1 inhibitor phenanthri-
din-6(5H)-one 2A, hepatitis B virus suppressor 6-chloro-4-phe-
nylquinolin-2(1H)-one 2B, and the naturally inspired alkaloid
[1,3]dioxolo[4,5-f]phenanthridin-6(5H)-one 2C (crinasiadine)
(Scheme 5). The successful implementation of these syntheses
underscores the platform’s capacity to access diverse bioactive
architectures through streamlined carbonylative cyclization,
positioning it as a strategic tool for modular assembly of drug-
like heterocycles. This multifaceted adaptability not only con-
firms the method’s proficiency in accessing pharmaceutically
privileged molecular architectures but also underscores its
strategic value in streamlining lead candidate evolution within
medicinal chemistry campaigns.

To elucidate the reaction mechanism, systematic control
experiments were conducted. Radical pathway interrogation
via TEMPO, BHT, and ethene-1,1-diyldibenzene scavengers
revealed no significant inhibition, effectively excluding radical
intermediates (Scheme 6a). Photochemical necessity was
further established through light interruption experiments,
with the complete reaction arrest under dark conditions
unequivocally confirming the continuous photon requirement
and providing mechanistic evidence for photoinduced catalytic
cycle initiation (Scheme 6b). Mechanistic probing through
acetic acid loading variation identified optimal performance at
three equivalents, with excessive acid (22 equivalents) redirect-
ing the pathway toward byproduct I formation (Scheme 6¢-d).
This acid-dependent behavior suggests proton concentration
modulates reaction trajectory: moderate H' levels facilitate cat-

O Ph
Cl N
®0 .
N™ O N (0}

H H
2A, 67% 2B, 61%
PARP-1 inhibitor HBV inhibi - 2C, 82%
r

Scheme 5 Synthetic utilization. Reaction conditions: 1 (0.2 mmol), Pd
(OAc), (5 mol%), TBAB (0.16 mmol), HOAc (0.2 mmol), CH3CN (3 mL),
CO balloon, sunlight irradiation for 4 h at room temperature. Isolated
yield.
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Scheme 6 Control experiments.

alysis, whereas excess protons impede olefinic C-H activation,
favoring uncyclized byproduct I. These collective insights criti-
cally inform the proposed mechanistic framework.

The proposed mechanism commences with photoexcitation
of Pd° to its reactive state, followed by oxidative addition of
hydrogen bromide to form a palladium hydride complex.*
Subsequent coordination of substrate 1a induces hydrogen lib-
eration while generating intermediate B, which undergoes CO
insertion into the Pd-N bond to yield intermediate C.
Divergent elimination pathways were identified: Pathway A pro-
ceeds via C-H activation of intermediate C, ejecting HBr to
form a seven-membered palladacycle D that releases product
2a through reductive elimination, regenerating Pd°.
Alternatively, Pathway B involves vinyl insertion of the Pd-CO
moiety to create alkylpalladium species E, where
B-hydroelimination furnishes 2a alongside Pd° recovery.
Proton saturation effects were mechanistically rationalized,
wherein elevated H' concentrations obstruct olefinic C-H clea-
vage in intermediate C, diverting the pathway toward uncy-
clized byproduct I formation. Critically, the light-dependent
activation steps observed in light interruption experiments
strongly favor Pathway A as the predominant mechanism
(Scheme 7).

Photocatalytic and electrochemical systems exhibit funda-
mental mechanistic parallels, with visible light-mediated pro-
cesses employing photons and organic electrosynthesis utiliz-
ing electrons as respective reagents, both initiating transform-
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Scheme 7 Possible reaction mechanism under photocatalytic conditions.

ations through single-electron transfer to generate reactive
radical intermediates."> This shared activation paradigm
enables transference of chemical transformations between
photochemical and electrochemical regimes, as evidenced by
our successful implementation of carbonylative cyclization
under purely electrochemical conditions. Mechanistic interrog-
ation reveals a catalytic cycle commencing with nucleophilic
attack of the aniline nitrogen on Pd", forging a Pd-N bond
with concomitant acetic acid liberation (Scheme 8).
Subsequent CO insertion into the Pd-N linkage yields a Pd-car-
bamoyl Intermediate, whose C-H activation generates a seven-
membered palladacycle that releases product 2a via reductive
elimination while regenerating Pd°. Anodic reoxidation of Pd°
to Pd" sustains catalytic continuity, while concurrent cathodic
proton reduction to H, maintains charge equilibrium through-
out the electrochemical cycle.

5mA, 4h

CO ballon, CH3CN

Pd(OAc); (5 mol%)
TBAB (0.8 equiv.), HOAc (1.0 equiv.)

Me Me
N N
S
NH, N0
H

1a, 0.2 mmol 2a, 65%
Anode o
Pd
Pd(OA
(OAc),
2H* Hy
Me co Me Me
X N —
pd'
1l
N 0ac NH N
H J H o
07" Pd"-0Ac

Scheme 8 Possible reaction mechanism under electrocatalytic
conditions.>? 2 Reaction conditions: 1a (0.2 mmol), Pd(OAc), (5 mol%),
TBAB (0.8 equiv.), HOAc (1.0 equiv.), CH3CN (3 mL) in an undivided cell
with a graphite cloth anode, a nickel foam cathode, CO balloon, rt,
5 mA, 4 h. ?Isolated yield.
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Conclusions

In summary, this work demonstrates the viability of energy-
mediated catalytic systems for sustainable heterocycle syn-
thesis, where sunlight-driven photocatalysis emerges as a
robust platform for constructing quinolin-2(1H)-ones with
operational simplicity, broad functional group tolerance, and
direct access to bioactive derivatives. By establishing a dual
activation paradigm (photonic/electronic), we reconcile syn-
thetic efficiency with green chemistry principles-eliminating
harsh reagents, minimizing hazardous waste, and circumvent-
ing high-pressure CO requirements. While the photocatalytic
route showcases immediate applicability in drug-relevant
molecule production, the complementary electrochemical
approach lays groundwork for future energy-adaptive synthetic
designs. Collectively, this research redefines heterocyclic archi-
tecture assembly through renewable energy utilization, priori-
tizing atom economy and scalability while expanding the
toolbox for medicinal chemistry innovation.
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