
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
20

/2
02

5 
10

:0
7:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Ketone-function
aKAUST Catalysis Center, KCC, King Abdull

KAUST, Thuwal 23955-6900, Saudi Arabia.
bDepartment of Chemistry, School of Sci

Nanjing, 211198, P. R. China. E-mail: hzha
cKey Laboratory of Pharmaceutical Anal

University), Fujian Province University, 35

sina.com

† Electronic supplementary informa
https://doi.org/10.1039/d4sc05816j

Cite this: Chem. Sci., 2024, 15, 17435

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th August 2024
Accepted 24th September 2024

DOI: 10.1039/d4sc05816j

rsc.li/chemical-science

© 2024 The Author(s). Published by
alized conjugated organic
polymers boost red-light-driven molecular
oxygen-mediated oxygenation†

Hao Zhang, *ab Tingting Yuan, a Nursaya Zhumabay, a Zhipeng Ruan,*c

Hai Qian *b and Magnus Rueping *a

Photocatalytic molecular oxygen activation has emerged as a valuable tool for organic synthesis,

environmental remediation and energy conversion. Most reported instances have relied on high-energy

light sources. Herein, 9-fluorenone-functionalized porous organic polymers (POPs) were reported to

enable red-light-excited photocatalysis for the organic oxygenation reaction. Notably, this modification

extends the conjugated backbone, allowing the capture of lower-energy light. Incorporating ketone

groups into POPs also facilitates charge separation and enhances carrier concentration, thereby

promoting catalytic efficiency. The new POP photomaterials exhibit high activity for the direct a-

oxygenation of N-substituted tetrahydroisoquinolines (THIQs) using O2 as a green oxidant under 640 nm

light irradiation, achieving high yield in short reaction times. Detailed mechanistic investigations clearly

showed the role of oxygen and the photocatalyst. This work provides valuable insights into the potential

of ketone-modified POPs for superior photocatalytic activation of molecular oxygen under low-energy

light conditions.
Introduction

Molecular oxygen is the most environmentally friendly, readily
available, and cost-effective oxidant.1–3 However, directly using
molecular oxygen for organic oxidation or oxygenation under
moderate conditions is challenging. A high activation barrier is
required due to the spin inversion of O2 from the triplet ground
state to the high active singlet state.4–6 Extensive research has
demonstrated that photocatalysis can overcome the inherent
limitations through energy transfer (EnT) or photoinduced
electron transfer (PET). These processes result in the generation
of reactive oxygen species (ROS) with high oxidative potential.7–9

Photocatalytic molecular oxygen activation stands out as an
important oxidation approach for processes including organic
synthesis,3 catalytic degradation of organic pollutants,10,11 and
photodynamic therapy of tumours.12

Several catalysts involving organic dyes, metal-based
complexes, and semiconductors have been developed to use
high-energy near-ultraviolet and blue light for the aerobic
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oxidation of organic compounds.13–16 Our group employed
a carbon nitride (CN) catalyst under blue light, achieving good
yield and selectivity.17 However, challenges persist, such as
scaling up, functional group selectivity and catalyst
durability.18–22 One way to overcome the current shortcomings
and limitations is by utilizing longer wavelengths of light irra-
diation, and photocatalysts (PCs) that are active across
a broader range of the visible spectrum can enhance the effi-
ciency of solar energy conversion.23,24

Typically, extensive conjugation is a characteristic feature of
solar light active organic materials that exhibit broad absorp-
tion across the UV-vis to near-IR range.25,26 Therefore, porous
organic polymers (POPs) featuring large conjugated p-electron
systems are ideal candidates for our goals due to their multi-
functionality, robustness and non-toxicity.27–29 POPs also
possess a rigid and functionalizable backbone architecture,
which enables precise tailoring of their physical and chemical
properties. The Lang group introduced the sulfone group,
signicantly enhancing exciton separation and enabling the
selective oxidation of amines under red-light irradiation.30

Building on this work, we aim to achieve red-light-driven
molecular oxygen-mediated oxygenation by incorporating
specic functional sites into POPs. A critical factor inuencing
the PCs' effectiveness is the efficiency of intersystem crossing
(ISC). A rapid and efficient ISC process leads to a greater pop-
ulation of excited triplet states, crucial for ROS generation.31 In
this regard, aryl ketones such as 9-uorenone stand out for its
characteristic n–p* transition, which results in a high ISC
Chem. Sci., 2024, 15, 17435–17443 | 17435
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quantum yield (FISC z 1).32–34 Xie et al. revealed that incorpo-
ration of ketones into the CNmatrix can enhance singlet oxygen
generation.35–37 Capitalizing on the unique properties of 9-u-
orenone, researchers have employed various strategies to
incorporate it into different POPs. This incorporation enables
the activation of molecular oxygen under high-energy light
irradiation.38–40 However, these approaches oen utilize hyper-
crosslinked POPs or less stable imine-linked covalent organic
frameworks (COFs), which inherently break extended conjuga-
tion, thereby restricting light absorption capabilities.

Pyrene is a photoactive unit with bulkyp-conjugated features
and broad light absorption ability. Its high planarity and
abundant reaction sites provide an idea platform to polymerize
small molecular PC building blocks via covalent linkages. The
electron-rich character also makes pyrene an excellent donor
unit in the skeleton of POPs.41–45 The position of substitution
signicantly affects material properties, such as structural
conformation and charge transport. Through a straightforward
one-step cross-coupling strategy, 9-uorenone can be attached
to pyrene rings at different linkage positions, resulting in two
distinct 9-uorenone-functionalized conjugated POPs. Addi-
tionally, a reference POP was synthesized from uorene,
a structural analogue of uorenone, to investigate the role of the
ketone group. The alkynyl group serves as a conjugated con-
necting channel, enhancing both donor–acceptor (DA) interac-
tion and the charge mobility of the polymers.46 The bandgap
can be effectively tuned to as low as 1.75–1.87 eV, which aligns
perfectly with the requirement of red light irradiation (640 nm).
The POP catalysts could swell in various solvents and be easily
separated for reusability and sustainability. The prepared 9-
uorenone-functionalized POPs, serving as heterogeneous PCs,
can efficiently catalyze the a-oxygenation of N-substituted tet-
rahydroisoquinoline (THIQ) using O2 as a green oxidant under
640 nm red-light irradiation.

Results and discussion
Material synthesis and characterization

The bottom-up strategy, combining a core-knot with linkers, is
the most common approach for POP preparation.47–49 As shown
in Fig. 1a, 1,3,6,8-tetraethynylpyrene (TEP) serves as the alkynyl
building block of the pyrene-based knot with D2h symmetry. The
different dibrominated precursors, 2,7-dibromo-9H-uoren-9-
one (27FO), 3,6-dibromo-9H-uoren-9-one (36FO) and 2,7-
dibromo-9H-uorene (27FE) all share the C2 symmetry, acting
as connecting units to respectively generate three POP-based
PCs labelled as TEP-X (X = 27FO, 36FO and 27FE). Using
a mild Sonogashira–Hagihara cross-coupling method not only
enables simple and efficient polymerization of the monomers,
but also effectively extends the conjugated system by intro-
ducing alkyne groups. The detailed synthetic routes are
provided in the ESI (Scheme S1 and S2†). The synthesized POPs
are insoluble and stable in most solvents and have potential
applications as heterogeneous catalysts. The representative
Fourier transform infrared (FT-IR) spectra of TEP, 27FO and
TEP-27FO are shown in Fig. 1b to conrm successful polymer-
ization. The FT-IR spectra and analyses of TEP-36FO and TEP-
17436 | Chem. Sci., 2024, 15, 17435–17443
27FE are respectively presented in Fig. S1 and S2.† The intense
peak at 3280 cm−1, previously attributed to the C–H stretching
vibration of the alkynyl-terminal triple bond in TEP reactants, is
not observed in the TEP-27FO spectrum.50 Additionally, the
characteristic C^C stretching vibration peak has shied from
2100 cm−1 to 2200 cm−1, indicating the alkynyl transformation
from mono-substitution in the TEP monomer into di-
substitution in the TEP-27FO polymer.51 The strong C–Br
stretching vibration peak of the 27FO reactant at 678 cm−1 is
also difficult to detect in the synthesized polymers. Conversely,
the characteristic C]O peak of the 27FO reactant at 1716 cm−1

is well-preserved in TEP-27FO.40 The solid-state 13C nuclear
magnetic resonance (13C ssNMR) spectra of the samples were
further analysed to verify the formation of the target polymers
(Fig. 1c). The peaks at 191 ppm, not observed in TEP-27FE, can
be assigned to the carbonyl carbons in TEP-27FO and TEP-
36FO, while the characteristic 37 ppm signal of the methylene
carbon in uorene is only detectable in TEP-27FE. Notably, the
presence of C^C connectivity and aromatic rings in all three
samples is also conrmed by the peaks at 83 ppm and the broad
signal between 110 ppm and 150 ppm, respectively.52 The
surface compositions and chemical states of TEP-X were ana-
lysed by X-ray photoelectron spectroscopy (XPS) (Fig. S3–S5†).
The survey spectrum exhibits three main peaks corresponding
to O, C and Br in the polymers. No peaks corresponding to Pd
and Cu are detected in any of the TEP-X samples owing to their
trace amounts. (Table S6†) High-resolution C 1s XPS of TEP-
27FO reveals the existence of carbon in C^C (285.4 eV),
aromatic rings (284.8 eV) and C]O (287.8 eV), consistent with
the designed structure (Fig. 1d). Similar conclusions can also be
drawn from the XPS spectra of other synthesized POPs. These
characterization studies support the successful synthesis of the
target polymers.

The morphologies of TEP-X were characterized by using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images, revealing an uneven and extended
aggregate of layered blocks with a diameter of 2–4 mm. (Fig. S6
and S7†) Powder X-ray diffraction (PXRD) patterns and fast
Fourier transform (FFT) analysis of the TEM images revealed
that all the samples exhibit characteristic features of the
amorphous phase, similar to that of other POPs obtained
through the Sonogashira–Hagihara coupling reaction52

(Fig. S8†). In PXRD spectra, the presence of broad peaks in the
25 to 30° range is likely due to the layered arrangement of 2D
covalent sheets. Thermogravimetric (TGA) measurements
revealed that all the polymers had impressive thermal stabilities
owing to the existence of rigid 3D skeletons and highly cross-
linked molecular structures (Fig. S9†). The 10% weight loss
temperature of the materials ranged from 270 °C to 436 °C. The
porosity and specic surface area of TEP-X were evaluated by N2

gas sorption at 77 K (Fig. 1e). The Brunauer–Emmett–Teller
(BET) surface areas were measured to be 212, 139 and 291 m2

g−1 for TEP-27FO, TEP-36FO and TEP-27FE, respectively. These
differences are primarily attributed to the varying geometries of
the linkers (Fig. S10†). The pore size distributions of TEP-X by
non-local density functional theory (NLDFT) calculations were
in the microporous range (0.5–2 nm), indicating the presence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Synthetic procedure for TEP-27FO, TEP-36FO and TEP-27FE. (b) FT-IR spectra of TEP-27FO and its corresponding monomers. (c) 13C
ssNMR spectra of TEP-X. (d) High-resolution C 1s XPS spectra of TEP-27FO. (e) Nitrogen absorption–desorption isotherms of TEP-X at 77 K.
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abundant micropores in the network (Fig. S11†). The observed
low nitrogen uptake can be attributed to the increased exibility
of the amorphous POP chains. This exibility, particularly at
extremely low temperatures, allows for denser packing of the
polymer. This denser packing results in poor interconnectivity
of the pores, making them less accessible for nitrogen mole-
cules. However, this behaviour is neither unexpected nor
undesirable. Indeed, low-pressure adsorption/desorption
hysteresis observed in the sorption curves indicates the pres-
ence of swelling effects in TEP-X POPs. The exible chains of
POPs can swell during catalysis at room temperature. This
swelling expands the pores, facilitating access for larger
substrates, which has been demonstrated by several recent
studies.53–55
Photophysical and electrochemical investigation

Photocatalytic performance is directly linked to a material's
photo-absorption characteristics, as photocatalysis relies on
photo-induced generation of electron–hole pairs.56 Consistent
with this principle, we carried out UV-vis diffuse reectance
spectra (DRS) measurements, which showed broad absorption
bands from the near-ultraviolet to the near-infrared region
(Fig. 2a). This result indicates that red light can be efficiently
captured by all TEP-X materials, making them promising for
applications requiring red light activation. Intriguingly, all
three TEP-X polymers exhibit a signicantly extended light
absorption range compared to their building block monomers.
This is likely attributed to the formation of extended p-conju-
gated skeletons within the POP structures57 (Fig. S12†). For
example, the yellow powder of TEP and 27FO have absorption
edges below 660 nm. In contrast, the deep red powder of TEP-
27FO displayed pronounced red-shi absorption with
enhanced intensity over a wide range of 200–780 nm. Tauc plots
revealed the optical band gaps of TEP-27FO, TEP-36FO and TEP-
© 2024 The Author(s). Published by the Royal Society of Chemistry
27FE to be 1.78 eV, 1.87 eV and 1.75 eV, respectively (Fig. 2b).
The experimental results seem to contradict the time-
dependent density functional theory (TDDFT) calculations at
the B3LYP/def2-TZVP level of theory using ORCA 5.0.4.58 The
computationally predicted trend of the model unit (M) in
vertical transition is MTEP-27FO z MTEP-36FO < MTEP-27FE (Fig. 3).
Discrepancies between theoretical predictions and experi-
mental observations of polymers may arise from the inability of
approximate model unit calculations to capture the signicant
structural and electronic rearrangements during polymeriza-
tion.50 The non-linear 36FO linker likely impedes efficient
polymerization due to its curved binding site (Fig. 1a). This
could potentially restrict the extension of p-conjugated systems,
resulting in the widest optical band gap in the three polymers.
In contrast, the near-linear and planar linkers of TEP-27FO and
TEP-27FE are benecial for the formation of narrower bandgaps
in conjugated POPs.

However, TDDFT calculations on the model unit provide
valuable insights into the electronic structures as well as visu-
alization of the corresponding frontier molecular orbitals.59 The
optimized structures of TEP-27FO and TEP-36FO model units
exhibit a clear separation of electronic states. The HOMO elec-
tron density is mainly localized on the TEP part, whereas the
LUMO is delocalized across the whole model unit. This distinct
spatial distribution signies the formation of an efficient
donor–acceptor pair. In contrast, different electronic distribu-
tions between the HOMO and LUMO are not evident in TEP-
27FE. This nding suggests that the introduction of a ketone
group facilitates intramolecular charge transfer (ICT) from the
pyrene core-knot to the uorenone linker.

Understanding the PCs' energy band structure is crucial
because their photocatalytic activity is directly linked to the
positions of the conduction band (CB) and valence band (VB),
which can be determined through various techniques,
Chem. Sci., 2024, 15, 17435–17443 | 17437
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Fig. 2 (a) UV-vis DRS spectra of the TEP-X powders (inset: digital photograph). (b) Tauc plots with the band gaps. (c) VB-XPS spectra. (d) Energy
band diagrams. (e) Transient photocurrent recorded under open-circuit conditions. (f) EIS Nyquist plots collected in the dark.

Fig. 3 The model unit of TEP-27FO, TEP-36FO, TEP-27FE named
MTEP-27FO, MTEP-36FO and MTEP-27FE, respectively, and their
HOMO (bottom) and LUMO (top) density plots, computed at the
B3LYP/def2-TZVP level of theory using ORCA 5.0.4. Computed
energies of the HOMOs and LUMOs and the vertical transitions (VT) are
also provided along with each model structure.
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including valence band XPS (VB-XPS) spectra, Mott–Schottky
plots and UV-vis DRS spectra.60 According to the Mott–Schottky
curves, all three TEP-X possess a positive slope characteristic of
an n-type semiconductor, while the at-band potential (E) of
TEP-27FO, TEP-36FO and TEP-27FE is measured to be −0.63 V,
−0.50 V and −0.49 V (vs. Ag/AgCl), respectively (Fig. S13†).
Generally, the E is approximately equal to the Fermi level.61–63

And the Fermi level values versus the normal hydrogen electrode
(vs. NHE) can be converted to be−0.433 V (TEP-27FO),−0.303 V
(TEP-36FO) and −0.293 V (TEP-27FE). Meanwhile, the VB
maximum positions were estimated to be 1.73 eV (TEP-27FO),
17438 | Chem. Sci., 2024, 15, 17435–17443
1.85 eV (TEP-36FO) and 1.54 eV (TEP-27FE) below the Fermi
level from VB-XPS spectra (Fig. 2c).64 Thus, the VB maximum
levels vs. NHE were calculated to be 1.297 V (TEP-27FO), 1.547 V
(TEP-36FO) and 1.247 V (TEP-27FE), respectively. Combining
the band gaps from the above Tauc plots, we can infer that the
CB minimum positions vs. NHE is −0.483 V (TEP-27FO),
−0.323 V (TEP-36FO) and −0.503 V (TEP-27FE) (Fig. 2d).
Considering that the standard electrode potential for reduction
of O2 to O2c

− (Ered(O2/O2c
−)) is −0.33 V, the distinct CB levels in

the TEP-X series could lead to different pathways for oxygen
activation. TEP-27FO and TEP-27FE have CB levels much more
negative than −0.33 V, which indicates that single electron
reduction of O2 to O2c

− will be thermodynamically favourable.
However, the more positive CB level position compared to
Ered(O2/O2c

−) makes TEP-36FO struggle to facilitate this reduc-
tion process.

The energy band diagrams of the TEP-X series show that
their Fermi levels are situated slightly below the CB minimum
and far away from the VB maximum. This observation, aligned
with the positive slope of the aforementioned Mott–Schottky
curves, further conrms their n-type semiconductor character.
In n-type semiconductors, the electrons are the majority charge
carriers, and the electron density (n) can be given by using

n ¼ Ncexp

�
� EC � EF

kBT

�

where T is the Kelvin temperature, kB is the Boltzmann
constant, Nc is the effective density of states in the CB deter-
mined by temperature T and the type of material, Ec is the CB
minimum level and EF is the Fermi level.65,66 Obviously,
a smaller difference between Ec and EF leads to a higher electron
density (n) and more efficient electron–hole separation.
Compared to TEP-27FE, the closer proximity of the Fermi level
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the CB minimum in TEP-27FO and TEP-36FO promotes
superior separation of photogenerated electron–hole pairs. This
may be because the ketone group increases the donor density to
ll surface states located below the CB edge, effectively
increasing carrier mobility and lifetime.67 The charge transfer
ability of the TEP-X series is further supported by electron
paramagnetic resonance (EPR) spectroscopy, photo-current
spectra and electrochemical impedance spectroscopy (EIS)
measurements. The EPR spectra of TEP-X powders show
a single Lorenztian-line with g= 2.003, assigned to the unpaired
electrons of the ketone group in the delocalized p-state system68

(Fig. S14†). Aer 15 min red-light (>600 nm) irradiation, the
signal of all three samples exhibits varying degrees of
enhancement, implying that electrons are excited from the VB
to the CB, forming electron–hole pairs. Among them TEP-27FO
shows the strongest enhancement, indicating that it possesses
the greatest electron density and the best photogenerated
electron–hole separation efficiency. Meanwhile, transient
photocurrent response (i–t) curves demonstrated that the three
TEP-X PCs maintain good reproducibility of the response
intensity across switching cycles. The photocurrent intensities
followed the order: TEP-27FE < TEP-36FO < TEP-27FO. The
highest transient photocurrent density was observed for TEP-
27FO, suggesting that the incorporation of well-ordered 9-uo-
renone signicantly promotes carrier separation and migration
within the photocatalyst skeleton (Fig. 2e). In the Nyquist plot of
EIS, TEP-27FO exhibited the smallest radius of the semicircle
under both light-on and light-off conditions (Fig. 2f and S15†).
The lower charge transfer resistance of TEP-27FO signies its
superior charge separation rate for electron–hole pairs. With its
suitable red-light-absorbing bandgap, favourable oxygen acti-
vation potential, and superior charge separation capability,
TEP-27FO as a photocatalyst holds great promise for efficient
red light-driven oxygen activation.
Table 1 Optimization and control reactionsa

Entry Deviation from the above Yield (%)b

1 None 94c

2 TEP-36FO as the catalyst 26
3 TEP-27FE as the catalyst 43
4 9-Fluorenone as the catalyst ND
5 Fluorene as the catalyst ND
6 TEP as the catalyst Trace
7 No catalyst ND
8 No light ND
9 No base ND
10 Argon instead of O2 ND
11 At 60 °C (dark) ND
12 Open air 18

a Standard conditions: 0.1 mmol of the substrate, 2.5 mg of TEP-27FO as
the catalyst, 1.5 equiv. of DBN, 2 mL of MeCN (0.05 M), 640 nm Kessil
LED lamp (40 W) with fan cooling, room temperature (25–30 °C), 2
hours. b GC yield using n-dodecane as the internal standard.
c Isolated yield. “ND” means not detected.
Photocatalytic performance

Numerous natural products, synthetic analogs, and bioactive
mimetics incorporating the 1,2,3,4-tetrahydroisoquinoline
(THIQ) scaffold have been reported with signicant antiviral,
antifungal, antibacterial, antidiabetic, and antineoplastic
activities. Direct a-oxygenation of the THIQ core efficiently
generates 3,4-dihydroisoquinolones, providing a valuable and
efficient tool for accessing diverse structural scaffolds with
pharmaceutical potential69–71 (Fig. S16†). The Zhang group
developed ketone-based COF PCs to facilitate this oxidation
process under white light irradiation.39 Therefore, we adopted
this model reaction to validate the concept of red-light-driven
molecular oxygen-mediated oxygenation. Initial optimization
experiments identied the prepared TEP-X PCs as particularly
effective for the red-light-driven direct a-oxygenation of the
THIQ core. The reaction utilized 2-(4-methoxyphenyl)-1,2,3,4-
tetrahydroisoquinoline (1a) as the model substrate, 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) as the base, molecular
oxygen as the oxidant, and acetonitrile (MeCN) as the solvent
under 640 nm red light irradiation. Consistent with the
predictions of the optoelectronic characterization, TEP-27FO
© 2024 The Author(s). Published by the Royal Society of Chemistry
exhibited the best catalytic performance, achieving a high iso-
lated yield of 94% in 2 hours. In contrast, TEP-36FO and TEP-
27FE required a longer reaction time of 12 h to achieve
a comparable high yield (Table 1, entry 1–3 and Table S1,† entry
1–2). Employing their buildingmonomer 9-uorenone, uorene
and TEP as the catalyst resulted in negligible product formation
under red light irradiation, suggesting the signicance of
a largep-conjugated skeleton within TEP-X PCs for efficient red-
light absorption during the catalytic process (Table 1, entry 4–
6). Control experiments evidenced that the photocatalyst, base,
light, and oxygen are indispensable for this reaction (Table 1,
entries 7–10). No product was formed when the reaction was
conducted at 60 °C without light, indicating that the process is
photochemical rather than thermal (Table 1, entry 11). Addi-
tionally, the product yield signicantly decreased when the
reaction was carried out under open air conditions (Table 1,
entry 12). Detailed optimization studies, including screening of
different bases, solvents and light are given in the ESI† (Tables
S2–S4†).

As TEP-27FO has a high photocatalytic efficiency in direct a-
oxygenation of THIQ, we performed trapping experiments to
gain mechanistic insight. First, CuCl2 and triethanolamine
(TEOA) almost completely inhibited the oxidation reaction,
indicating the important roles of the electrons and holes
produced by photoexcitation. Aerwards, three ROS scavengers,
benoquinone (BQ) for O2c

−, t-butanol for cOH and NaN3 for
1O2,

were added to verify the active species of the oxidation process.
The yields were also dramatically decreased when the super-
oxide radical (O2c

−) was quenched with BQ. In contrast, the
reaction could proceed smoothly when t-butanol and NaN3 were
present, implying that hydroxyl radicals (cOH) and singlet
Chem. Sci., 2024, 15, 17435–17443 | 17439
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oxygen (1O2) have almost no inuence on the reaction (Fig. 4a
and Table S1,† entry 3–9). 2,2,6,6-Tetramethylpiperidine-1-oxyl
(TEMPO) and butylated hydroxytoluene (BHT), typically
known to quench radicals, surprisingly exhibit minimal impact
on the catalytic process, unlike many observed oxygen activa-
tion reactions16,72,73 (Table S1,† entry 3–4). Meanwhile, high
resolution mass spectrometry (HRMS) analysis of the reaction
mixture also suggested the absence of potentially generated
TEMPO-captured or BHT-captured THIQ radicals. These results,
coupled with TEMPO's ability to act as a hydrogen atom transfer
(HAT) agent, indicates that free radicals might not be the main
intermediates in this reaction.74,75 In addition, in situ electron
paramagnetic resonance (EPR) measurements were carried out
to detect the formation of the spin reactive species. 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-tetramethyl
piperidine (TEMP) are employed as O2c

− and 1O2 trapping
agents, respectively. In line with expectations, the characteristic
peak signals for DMPO-O2c

− and TEMP-1O2 exhibited a certain
degree of enhancement following red light irradiation of the
TEP-27FO suspension, conrming the efficacy of TEP-27FO in
activating molecular oxygen to produce O2c

− and 1O2. Note-
worthily, the addition of the reaction substrate THIQ 1a to the in
situ EPR system caused a prominent enhancement in the
characteristic peak signal of DMPO-O2c

−, which was approxi-
mately seven times stronger than that observed in the absence
of the substrate. In contrast, a similar operation led to a dimi-
nution of the TEMP-1O2 characteristic peak signal (Fig. 4b and
c). This nding suggests an interaction between TEP-27FO and
the reaction substrate THIQ 1a, leading to a substantial
enhancement in the generation of O2c

− while suppressing the
formation of 1O2. We guess that O2c

− and 1O2 could originate
from separate competing pathways. We also investigated the
potential role of trace metal impurities like Pd and Cu as active
sites in the studied reaction, which were introduced during the
Fig. 4 (a) Active species trapping experiments for mechanistic studies.
mixture in the dark and under 15 min of red-light irradiation (>600 nm)
mixture in the dark and under 15 min of red-light irradiation (>600 nm). (d
direct a-oxygenation of THIQ derivatives under standard conditions.

17440 | Chem. Sci., 2024, 15, 17435–17443
synthesis of TPE-X. The combination of acid washing and
Soxhlet extraction proved to be an effective post-treatment
method for minimizing Pd and Cu residues in the samples.52

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was employed to determine that only trace amounts (ppm
level) of transition metals were detected (Table S6†). Further-
more, the addition of Pd(Ph3P)2Cl2 and CuI to the standard
reaction signicantly inhibited the catalytic process (Table S1,†
entry 10–11). Trace metal impurities are very unlikely to exert
a strong catalytic inuence on the reaction.

Under standard conditions, gas chromatography mass
spectrometry (GC-MS) analysis of the reaction solution aer 0.5
hours revealed the presence of a key imide cation intermediate,
2-(4-methoxyphenyl)-3,4-dihydroisoquinolin-2-ium (Fig. S17†).
Upon screening acetone as the reaction solvent, trace amounts
of the byproduct 1-(2-(4-methoxyphenyl)-1,2,3,4-
tetrahydroisoquinolin-1-yl)propan-2-one (2aa) were detected,
indicating a cross-dehydrogenative coupling (CDC) reaction
between N-aryl substituted THIQ and acetone. Interestingly,
adding a catalytic amount of L-proline promoted the trans-
formation of 2aa into the main product, achieving a remarkable
isolated yield of 83% (Table S5, Fig. S18 and S19†). L-Proline is
well-known for its ability to catalyze the formation of nucleo-
philic enamines from ketones, which can then attack THIQ
imide cation intermediates to generate the product 2aa
(Fig. S20†). This result indirectly conrms the existence of a key
imide cation intermediate.76 Based on the detailed mechanistic
experiment and previous report,72,73,77,78 we propose the
following catalytic cycle as described in Fig. 4d. First, a ketone-
modied POP, acting as a photosensitizer (PS), is excited under
red light irradiation to generate an excited state species (PS*).
PS* can activate molecular oxygen through two competing
pathways: photo-induced electron transfer (PET) and energy
transfer (EnT). The 1O2 species typically arises from the EnT
(b) In situ ESR spectra of DMPO-O2c
− for TEP-27FO and its TIHQ 1a

. (c) In situ ESR spectra of TEMPO-1O2 for TEP-27FO and its TIHQ 1a
) Proposed catalytic mechanism. (e) Substrate scope for photocatalytic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process between PS* and triplet oxygen. In the PET process,
a single electron transfer (SET) from the THIQ substrate to PS*
initiates reductive quenching to obtain a radical anion PSc− and
aminyl cation radical THIQc+. Following a redox reaction
between oxygen and PSc−, a superoxide radical anion (O2c

−) is
formed. This key ROS species then facilitates the HAT process
from THIQc+, leading to the formation of the key imide cation
intermediate (THIQ+) and hydroperoxide anion (HOO−).
Finally, the nucleophilic HOO− undergoes an addition reaction
with THIQ+ to form hydroperoxide intermediate THIQ–OOH,
which could provide the desired product through a proton
abstraction by using a base. The PET process involves two
consecutive SET steps with a THIQ substrate as the electron
donor (D) and O2 as the electron acceptor (A).23 Upon the
addition of a THIQ substrate, the excited triplet state of TEP-
27FO preferentially undergoes the PET pathway for O2c

−

generation, rather than the EnT pathway for 1O2 formation. This
is consistent with the EPR experimental result previously
mentioned.

To evaluate the reusability and stability of TEP-27FO as
a heterogeneous PC, we subjected it to repeated catalytic cycles.
Notably, the catalytic activity remained largely unchanged aer
at least ve cycles (Fig. S21†). Furthermore, characterization
techniques like FT-IR and UV-vis spectroscopy revealed
minimal alterations in the composition and functionality of
TEP-27FO before and aer the repeated reactions (Fig. S22 and
S23†). TEP-27FO is also stable and robust in acidic and basic
solutions and common organic solvents for long-term photo-
catalytic cycling processes (Fig. S24†). Encouraged by TEP-
27FO's exceptional efficiency and sustainability as PCs for red-
light-driven molecular oxygen-mediated oxygenation, we also
investigated the substrate scope of dihydroisoquinolone
synthesis to further demonstrate its broad applicability
(Fig. 4e). Notably, the reaction was tolerant to various N-
substituted THIQs as shown in Table S7.† The desired a-
oxygenation products were obtained in moderate to high yields
(70–94%) in less than 12 h. Various N-aryl substituted THIQs
provided the desired dihydroisoquinolones in the presence of
both electron-donating (–OMe, –Me, –butyl, and –phenyl) and
electron-withdrawing (–F, –Cl, –Br, and –CF3) substituents. The
electron-rich THIQ derivatives presented higher reaction rates
compared to those of electron-decient ones. Specically,
longer reaction times were required for uoro and tri-
uoromethyl substituents. Furthermore, this method could be
applied to the heterocyclic substituted THIQ with good yield.
We also observed that steric hindrance did not signicantly
impact the yield of the corresponding products. Introducing the
substituents (–OMe and –Br) on the THIQ aryl ring resulted in
a modest reduction in yield.

Conclusions

In summary, our study demonstrates that incorporating a 9-
uorenone unit into conjugated POPs signicantly enhances
good performance in direct a-oxygenation of THIQ via red-light-
driven molecular oxygen activation. The modular design
strategy effectively combines the unique advantages of both aryl
© 2024 The Author(s). Published by the Royal Society of Chemistry
ketones and POPs: a 9-uorenone unit serves as the catalytic
centre, effectively activating oxygen to form O2c

− through the
PET process, while the large conjugated feature of POPs lowers
the bandgap, enabling the absorption of low-energy light.
Additionally, the ability of POPs to swell in various solvents
provides them with excellent reusability and sustainability,
overcoming the solubility challenge faced by homogeneous
catalysts. These promising results highlight the potential for
developing high-performance organic photocatalysts that
leverage aryl ketones as the core scaffold for mild and sustain-
able red-light-driven molecular oxygen activation.
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