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Spontaneous Conversion of Pyridine N-Oxide Ylide Covalent
Organic Framework (COF) into Biradical COF as an Efficient Catalyst
in Catalytic Dehydrogenation of Nitrogen Heterocycles

Wenying Ai, 20 Jiawei Zou, ¥ Zhenfeng Cao, @ Kun Cui, ¢ Jianbing Gu, 2 Lina Du, ¢ Xin Peng, ¢ Mingli
Jiao, " Tao Shen, "¢ and Lingbo Qu ™

Over the past decade, covalent organic frameworks (COFs) have garnered significant attention as supporting materials for
the immobilization of radical species, showing great promise in applications such as catalysis, energy storage, and dynamic
nuclear polarization. While considerable progress has been made in developing monoradical COFs, the creation of COFs with
embedded biradicals remains a substantial challenge. In this study, we present a novel pyridine N-oxide ylide COF, featuring
an electron-withdrawing dicarboxamide group designed to facilitate the formation of a biradical COF (pyridine N-oxide
biradical COF). This biradical generation occurs through a spontaneous intramolecular single-electron transfer process under
ambient conditions. By integrating both electron-withdrawing and m-conjugated units into the pyridine ring, we enhance
the stability and formation of biradical species. The electron paramagnetic resonance results demonstrate that the COF
structure is pivotal in stabilizing and promoting biradical species formation. Further analyses, including Fourier-transform
infrared, X-ray photoelectron, and *3C cross-polarization magic angle spinning nuclear magnetic resonance spectroscopies,
confirm the coexistence of ylides and biradical species within the COF material. Additionally, the COF exhibits promising
catalytic activity, serving as an efficient catalyst in the dehydrogenation of nitrogen heterocycles. This work bridges the gap
between ylide COFs and biradical COFs, expanding our understanding of porous materials and their potential applications in

advanced chemistry.

Introduction

The use of covalent organic frameworks (COFs) as supporting
materials for immobilizing radical species has generated
significant interest in recent years.’> As a novel class of
crystalline porous polymers, COFs feature precisely controlled
structures,® periodic columnar rm-arrays, and tightly packed
stacking in the vertical direction,”12 making them ideal
candidates for stabilizing and immobilizing radical species.13 14
For instance, in 2018, Wang et al. developed a radical-
containing COF? and demonstrated its effectiveness as a
polarizing agent in dynamic nuclear polarization (DNP) nuclear
magnetic resonance (NMR) experiments, owing to the fixed
orientation and homogeneous distribution of unpaired
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electrons. These radical-modified COFs have exhibited
remarkable versatility, recyclability, and efficiency in various
applications. However, despite significant progress in
developing monoradical COFs, the creation of biradical-
containing COFs remains an unsolved challenge due to the
inherent instability of biradicals.’> Their short lifespans and
tendency to form redox-limited dimers by self-combination or
reaction with other active species have hindered their direct

application as stable chemical reagents.
a) Reported of the art single-electron-oxidation of pyridine N-oxides.
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Pyridine N-oxides and their derivatives are readily available and
versatile reagents that play vital roles in synthetic chemistry.6
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Single-electron transfer chemistry involving pyridine N-oxides,
via pyridine N-oxy radical species, is an emerging field with
significant potential to explore new chemical spaces and
address key synthetic challenges.'” 18 As reactive intermediates,
pyridine N-oxy radicals possess unpaired electrons, which make
them highly reactive. Conversion methods for pyridine N-oxides
to pyridine N-oxy radicals typically fall into two categories: (1)
intermolecular single-electron oxidation using chemical
oxidants, electrochemical anodes, or photocatalysts;'°2? (2)
photo-initiated intramolecular single-electron transfer (Scheme
1a).2> 24 The former method is triggered by an intermolecular
single-electron transfer process between pyridine N-oxides and
oxidants, electrochemical anodes, or photocatalysts, often
resulting in the formation of monoradical species.?% 2> The latter
relies on direct photoexcitation to induce intramolecular single-
electron transfer, leading to the generation of biradical
species.?3 In the irradiation-induced pyridine N-oxide ylide
intramolecular single-electron transfer process, numerous
studies have shown that introducing electron-withdrawing
functional groups or extended m-conjugation moieties on the
pyridinium unit enhances the stability of the biradical species.?®
28 Furthermore, in 2020, Zhang et al. observed that the
deprotonation of N-alkyl-substituted pyridinium salts exhibited
radical characteristics and that the introduction of electron-
withdrawing groups or extended m-conjugation moieties
increased the EPR signal.?® They suggested that the pyridinium
moiety could offer a m* orbital “through space” to support
single-electron transfer from the carbon atom to the pyridinium
unit and that electron-withdrawing groups or extended m
conjugation reduced the energy of the m* orbital, thus
enhancing the EPR signal.

Inspired by these studies, we aimed to fully exploit the unique
chemical structure of COFs and incorporate electron-
withdrawing functional groups and/or m-conjugation moieties
into the pyridinium unit of pyridine N-oxide ylides embedded
within COFs. This strategy reduces the energy of the pyridinium
1t* orbital sufficiently to induce the spontaneous intramolecular
single-electron transfer of singlet-state pyridine N-oxide ylides,
resulting in the formation of stable triplet-state pyridine N-oxy
biradicals embedded in COFs (Scheme 1b). The use of COFs as
supporting materials for pyridine N-oxy biradicals offers three
distinct advantages: (1) The tunable structural properties of
COFs facilitate the easy introduction of electron-withdrawing
functional groups, which may reduce the energy of the
pyridinium 1* orbital and promote the formation of triplet-
state pyridine N-oxy radical species. (2) The unique periodic
columnar 1 arrays in the vertical direction and tightly packed
stacking properties of COFs provide ideal pathways for efficient
charge migration. (3) The rigid framework of COFs helps fix the
orientation of the embedded radicals, ensuring their uniform
distribution and enhancing the stability of these radical species.
In this study, we constructed a 2,6-dicarboxamide-substituted
pyridine N-oxide ylide-containing COF to serve as a
spontaneous transforming agent for the generation of pyridine
N-oxy biradical COFs (Scheme 1b). The Fourier transform
infrared (FT-IR), X-ray photoelectron spectroscopy (XPS), and
electron paramagnetic resonance (EPR) spectra of this pyridine
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N-oxide ylide COF indicated that the pyridine N-gxy,hiradical
COF species coexisted with the pyridine RCOXiJEYAH COPIFHB
resonance form. Additionally, the EPR spectra of the pyridine N-
oxide molecules and 2,6-dicarboxamide-substituted pyridine N-
oxide ylide COF suggested that the covalent organic framework
played a crucial role in stabilizing and facilitating the generation
of biradical species.

This hybrid ylide/biradical COF also proves to be an excellent
catalyst for the catalytic dehydrogenation of nitrogen
heterocycles. The dehydrogenation of nitrogen heterocycles is
a straightforward, simple, and atom-economic method to
access the important synthons, aromatic N-heteroarenes.3% 31
Traditional approaches for the dehydrogenation of nitrogen
heterocycles usually involve radical reagents3® 3234 (e.g.
TEMPO) or harsh oxidants33:3> (DDQ, O, balloon, etc.) to capture
H atoms from substrates. However, the difficulty of
regenerating and separating these homogeneous radical
reagents or oxidants limit their potential application in industry.
The development of the pyridine N-oxy biradical COF in this
work provides a recyclable radical reagent, and its ordered
arrangement of radical active sites can improve hydrogen
capture efficiency, avoiding the use of harsh oxidants in the
dehydrogenation of nitrogen heterocycles. Herein, various
tetrahydroquinolines and indolines were evaluated as
substrates, and the desired products were obtained in
moderate to high yields over a broad scope. This research is of
great significance for expanding the application of COF
materials in the field of green catalysis.

Results and Discussion

To verify our hypothesis, we designed and synthesized a 2,6-
dicarboxamide-substituted pyridine N-oxide COF material. A
straightforward post-synthetic modification method was
employed to generate the 2,6-dicarboxamide-substituted
pyridine N-oxide COF through a one-pot oxidation of pyridine
and imine units in a bis(imino)pyridine-linked COF (Bipy-COF).
This approach highlights the structural advantages of COF
materials, such as the ease of introducing amide electron-
withdrawing substituents, extending m-electron delocalization,
and ensuring robust stability. The resulting 2,6-dicarboxamide-
substituted pyridine N-oxide COF (DICPO-COF) exhibits efficient
electron transfer ability and can spontaneously transform into
a 2,6-dicarboxamide-substituted pyridine N-oxy biradical COF
through an intramolecular single-electron transfer process
under natural conditions, without the need for additional
oxidants, photocatalysts, electrochemical anodes, or light. FT-
IR, XPS, and EPR spectra of the pyridine N-oxide ylide COF
confirm that the pyridine N-oxy biradical COF species coexist
with the pyridine N-oxide ylide COF in resonance form.
Furthermore, this ylide/radical COF acts as an efficient catalyst
for the catalytic dehydrogenation of nitrogen heterocycles, with
various tetrahydroquinoline and indoline substrates yielding
the desired products in moderate to high yields.

In the synthesis of Bipy-COF, 1,3,5-tris(4-aminophenyl)benzene
was reacted with 2,6-pyridine dialdehyde in a mixture of n-
BuOH/0-DCB solvents along with a 6.0 M AcOH solution at 120
°C for 3 days (Figure 1a). To demonstrate the oxidation of both

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Preparation routes of Bipy-COF and DICPO-COF; (b) FT-IR spectra of Bipy-COF (grey line) and DICPO-COF (red line);
High-resolution O 1s (c), N 1s (d), and C 1s (e) XPS spectra of DICPO-COF; (f) 13C CP/MAS NMR spectrum of Bipy-COF and DICPO-
COF; (g) Pawley refinements of Bipy-COF (red line) and DICPO-COF (pink line) against their experimental PXRD patterns (black line

and grey line).

pyridine and imine units in Bipy-COF to pyridine N-oxide and
amide, respectively, we conducted a model reaction using
(pyridine-2,6-diyl)bis(N-phenylmethanimine) as the starting
material, diethyl ether (Et,0), and 3 equiv. m-chloroperbenzoic
acid (m-CPBA) as the oxidant. The product, 2-formyl-6-
(phenylcarbamoyl)pyridine 1-oxide, was obtained in 62% yield
after 4 h at 0 °C. The chemical structure of this N*—O~ ylide
product was confirmed using high-resolution exact mass
spectrometry (HRMS), FT-IR, and NMR (Figures S1, S2, and S3).
Although one of the imine bonds in (pyridine-2,6-diyl)bis(N-
phenylmethanimine) underwent hydrolysis during this
oxidation due to the instability of the C=N bond in acidic
conditions, we speculated that the likelihood of imine
hydrolysis in the COFs may be reduced due to the stability of the
COF framework. Encouraged by this model reaction, an m-

This journal is © The Royal Society of Chemistry 20xx

CPBA-induced oxidation strategy was employed to convert
Bipy-COF into the dicarbamoylpyridine-N-oxide-linked DICPO-
COF, which was obtained as a dark brown powder in high yield
under the same reaction conditions. The decrease in COF
crystallinity after oxidation is related to partial hydrolysis of
reaction sites.

The structural changes in Bipy-COF were analyzed using FT-IR
spectroscopy. In the FT-IR spectrum of DICPO-COF, the
characteristic C=N stretching band at 1664 cm™ was
significantly reduced compared to that of Bipy-COF, indicating
the consumption of the starting material. Additionally, new
stretching bands at 1638 cm™ (C=0) and 1560 cm ' (N-H of
amide) were observed, confirming the conversion of the imine
group to an amide after oxidation.3® Moreover, a new band at
1238 cm™l, attributed to the N*-O- stretching vibration,

J. Name., 2013, 00, 1-3 | 3
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appeared in the spectrum of DICPO-COF, providing further
evidence of the oxidation (Figure 1b).3”

X-ray photoelectron spectroscopy (XPS) analysis further
supported the oxidation mechanism underlying the
transformation from Bipy-COF to DICPO-COF. In the unoxidized
Bipy-COF, the high-resolution C 1s XPS spectrum showed two
main peaks at 284.838 and 286.1 eV,3° corresponding to C=C and
C=N bonds, respectively. The N 1s XPS spectrum displayed two
peaks representing pyridinic C=N (398.9 eV)*° and imine C=N
(399.6 eV)3® bonds (Figure 1c). After oxidation with m-CPBA,
significant changes were observed in both the C 1s and N 1s XPS
spectra. The C 1s XPS spectrum of DICPO-COF revealed four
peaks at 284.8 eV (C=C),38 288.2 eV (C=0), 285.8 eV (C—N),** and
C=N*-0".37 The shift of the C=N* peak*! to a higher binding
energy (288.6 eV) indicates reduced electron density around
the nitrogen atoms (Figure 1d). The N 1s XPS spectrum of
DICPO-COF revealed three distinct nitrogen species: quaternary
ammonium nitrogen (N*—0-) at 402.6 eV,*?> amide nitrogen at
400.4 eV, and pyridinic nitrogen (C=N) at 399.2 eV.*! The O 1s
XPS spectrum confirmed the oxidation state of DICPO-COF,
showing three types of oxygen species: C=0 (531.2 eV), N*-O-
(531.7 eV),3” and adsorbed water or chemisorbed 0,/CO, (534.7
eV) (Figure 1e).%3

The conversion of DICPO-COF from imine to amide linkages was
also validated by *3C solid-state NMR spectroscopy (*3C cross-
polarization (CP) magic angle spinning (MAS) NMR). In Bipy-
COF, the characteristic C signal of the C=N group appeared at
ca. 152 ppm. After oxidation,** the imine C signal disappeared,
and a new signal appeared at ca. 160 ppm in the 13C CP/MAS
NMR spectrum of DICPO-COF, corresponding to the carbon
atoms in the newly formed amide bond (Figure 1f). Additionally,
the chemical shift of the pyridine-C atom shifted from ca. 153
to 138 ppm, further supporting the formation of the N*—O-
ylide. Comparing the 3C CP/MAS NMR spectrum of DICPO-COF
and the 3C NMR spectrum of the model compound 2-formyl-6-
(phenylcarbamoyl)pyridine 1-oxide, the chemical shift of the C
atom connected with the amide group in the pyridine of the
model compound is 137.32 ppm, while it shifts to 138 ppm in
DICPO-COF. This slight downfield shift (A6 = +0.68 ppm)
suggested the presence of more pronounced delocalization
phenomenon in the pyridine ring of DICPO-COF than in the
small molecule model. Such a delocalization effect leads to the
reduction of the electron density on the pyridine ring, thereby
causing the corresponding carbon atom shift in the *C CP/MAS
NMR spectrum.

The long-range order of DICPO-COF was confirmed by powder
X-ray diffraction (PXRD) analysis. The PXRD pattern retained
most of the crystallinity and atomic-scale chemical structure of
DICPO-COF. The dominant peak at 5.05° and two minor peaks
at 9.03° and 18.91° correspond to reflections from the (110),
(300), and (011) planes, respectively, supporting the AA stacking
model (Figure 1g). The experimental PXRD data showed
excellent agreement with the simulated diffraction pattern,
with profile (R, = 2.32%) and weighted profile (Ry, = 2.92%)
values falling within acceptable limits.

Scanning electron microscopy (SEM) images confirmed that the
oxidation of Bipy-COF did not significantly alter its morphology
(Figures 2a and 2b).3¢ The optical properties of DICPO-COF were
investigated using solid-state UV-vis spectroscopy. Compared

4| J. Name., 2012, 00, 1-3

to that of Bipy-COF, the UV-vis spectrum of, DICPO-COF
exhibited a slight red shift, which can e attributedcte2the
formation of amide bonds and N*-O- ylide units (Figure 2c).
DICPO-COF also displayed a characteristic absorption band
around 400-600 nm, which is likely associated with the
formation of biradicals.2® The optical band gap of Bipy-COF was
calculated to be 2.60 eV, while that of DICPO-COF was 2.22 eV,
suggesting an enhanced charge transfer capability (Figure
S$19a). The valence band position of DICPO-COF was determined
tob eV through XPS measuremeﬁ (Figure S19b).
- e
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Figure 2. SEM images of Bipy-COF (a) and DICPO-COF; (c) solid-
state UV-vis spectra of Bipy-COF (black) and DICPO-COF (red);
(d) thermogravimetric curves of Bipy-COF (black) and DICPO-
COF (red).
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Figure 3. Nitrogen adsorption—desorption isotherms of Bipy-
COF and DICPO-COF.

The thermal stability of DICPO-COF was assessed by
thermogravimetric analysis (TGA). The TGA curves indicated
that Bipy-COF and DICPO-COF were stable up to 468 and 449 °C,
respectively, under a nitrogen atmosphere (Figure 2d), making
them suitable for catalytic applications.

The permanent porosity of Bipy-COF and DICPO-COF was
analyzed through nitrogen adsorption—desorption isotherms.
The Brunauer—Emmett—Teller (BET) surface area of Bipy-COF
was calculated to be 583 m? g1, whereas the surface area of
DICPO-COF decreased to 351 m? g1 after oxidation, likely due
to reduced crystallinity (Figures 3a and 3b). The total pore
volume of Bipy-COF was 0.536 cm?3 g1, while that of DICPO-COF
was 0.485 cm?3 g 1. According to the simulation results (Figure
S21), the pore sizes of the DICPO-COF material at three distinct
locations were measured as 36, 29, and 16 A, whereas the
experimentally determined pore size was 17 A (Figure $22). To
determine the pore size correctly, argon adsorption isotherm
analysis was conducted (Figure S23), and revealing a

This journal is © The Royal Society of Chemistry 20xx
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predominant pore size distribution peak at 36 A, which closely
matches the largest simulated pore size distribution. This
consistency between experimental and simulated results
confirms that DICPO-COF possesses a highly ordered
mesoporous structure with a pore size of 36 A, thereby

determining its precise pore size distribution.
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Figure 4. EPR spectra of DICPO-COF in the dark and without air
(a) in the dark and with air, (b) under natural light and without
air (c), and under natural light with air (d).

EPR spectroscopy was used to detect radical signals under four
different conditions: (1) the sample was stored in a dark,
anhydrous, and oxygen-free environment for 20 d and tested

3450 3800 3450

under the same conditions; (2) the sample was stored in an
anhydrous, oxygen-free environment and exposed to natural
light for 2 d and then tested; (3) the sample was stored in the
dark and exposed to air for 2 d and then tested; and (4) the
sample was tested under air and natural light. As shown in
Figure 4a, although the DICPO-COF material was stored in a
dark, anhydrous, and oxygen-free environment for 20 d, a clear
EPR signal was observed. This observation indicates that the
2,6-dicarboxamide-substituted pyridine N-oxide COF can
spontaneously transform into a 2,6-dicarboxamide-substituted
pyridine N-oxy biradical COF under natural conditions.
Furthermore, the presence of natural light or air led to a
significant enhancement in the EPR signal (Figures 4b-d),
confirming that the pyridine N-oxy biradical COF species and
pyridine N-oxide ylide COF coexist in the resonance form. Based
on the literature?® 4> 46 the EPR signals of peak a and a’ in Figure
4d belong to the pyridine N radical, and peak b and b’ belong to
the O singlet in the biradical and monoradical, respectively. In
addition, the linewidth of the O EPR signal generated in the dark
without air is wider than the linewidth of the O EPR signal with
air and natural light in Figure 4d, which suggested that the
structure of DICPO-COF in the dark without air mainly adopts
the biradical form, and it could be oxidized to the monoradical
species with air. Therefore, we could observe the linewidth
changing under different conditions.

Notably, the g value of DICPO-COF was 2.0046, which is slightly
lower than that of typical pyridine N-oxy biradical species,?® 47
indicating that the radicals in DICPO-COF are not solely localized

This journal is © The Royal Society of Chemistry 20xx
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on the O atom but are also partially delocalized, agressothe
conjugated framework through resoRAHcE 1{SehEM&SZ4p
Moreover, the EPR spectrum of DICPO-COF was significantly
different from that of single free radicals, such as, DPPH
radical,?® NDI,*8 and MOV.* These results show that the
presence of the electron-withdrawing dicarboxamide group in
DICPO-COF and the extended 1t conjugation on the pyridine ring
could induce the generation of pyridine N-oxy biradical species
with triplet ground states and enhance the stability of this
biradical (Scheme 2b). EPR spectroscopy of pyridine-N-oxide, 2-
formyl-6-(phenylcarbamoyl)pyridine 1-oxide, and DICPO-COF
was performed to verify the role of the covalent organic
framework in stabilizing and facilitating the preparation of
biradical species. As shown in Figure 5, the pyridine-N-oxide
molecule showed no EPR signal, whereas 2-formyl-6-
(phenylcarbamoyl)pyridine 1-oxide showed a weak EPR signal,
indicating that the introduction of electron-withdrawing groups,
such as amide and aldehyde groups, partly stabilized and
facilitated the formation of biradical species. In contrast,
DICPO-COF exhibited a strong EPR signal, suggesting that the
chemical structure of DICPO-COF plays a crucial role in
stabilizing and promoting the formation of biradical species.
Therefore, the unique structural characteristics of COF
materials endow biradical species with sufficient stability under
natural conditions, which has not been achieved in small-
molecule systems. Moreover, the EPR spectrum of Bipy-COF
was also analysed (Figure S26), and it displayed a weak single
peak at g = 2.0037. This peak could belong to the unpaired
electrons associated with oxygen vacancies (OVs), and its g-
value lies within the established range for oxygen vacancy
radicals (O, g = 2.001—-2.005)°. This result suggested that the
EPR signal of DICPO-COF is not caused by the vacancies of the
COF, but biradical species.
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Pyridine N-oxides Ylide
Scheme 2. (a) Schematic illustration of the single-electron
transfer (SET) pathway of pyridine N-oxide ylide covalent
organic framework (COF); (b) Proposed electronic
configurations of 2,6-dicarboxamide-substituted pyridine N-
oxide COF (DICPO-COF) are displayed in brackets as two
resonance structures.
To further investigate the detailed distribution of each kind of
radical species, curve-fitting and integration analysis of EPR
spectra in different conditions was performed. Due to the
limitations of the EPR instrument, we performed EPR curve-
fitting and integration analysis using Origin software and came
to the following conclusions. (1) In the dark without air (Figure
S27a), the ca. 1:1 N:O radical peak area ratio confirms the COF
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material exists in the form of a biradical with no external
conditions. (2) Under natural light and in air (Figure S27b),
significantly higher O-radical integrals than N-radical values
were observed. Calculations revealed that the monoradical
increment (O-N integral values) originated from photo/oxygen-
synergistically generated O-radical species, indicating the
coexistence of biradical/monoradical states in the system (the
ratio of biradical to monoradical is about 1.2:1).

To evaluate the chemical stability of DICPO-COF, we subjected
the material to 1 M HCl and 1 M NaOH treatments, followed by
FT-IR, EPR, and PXRD analyses. EPR analysis suggested that
under alkaline conditions, the ratio of mono-/biradical species
remained unchanged, while acidic conditions predominantly
retained biradical species. Both treatments caused a significant
reduction in total radical intensity (Figure $28), likely due to
radical quenching under harsh acidic/alkaline environments. FT-
IR data (Figure S29) confirmed the preservation of the overall
chemical structure. PXRD analysis (Figure S$30) suggested that
the material could maintain its long-range periodicity after acid
or base treatment. In future studies, we will continue to focus
on how to enhance the stability of radical-based COFs under
extreme conditions.
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Figure 5. EPR spectra of DICPO-COF, pyridine-N-oxide and small

molecule model (2-formyl-6-(phenylcarbamoyl)pyridine 1-

oxide).
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Figure 6. Scope of the dehydrogenation of N-heterocyclic
substrate. Conditions: DICPO-COF (50 mg) N-heterocyclic
substrate (50 pL, 0.40 mmol, 1 eq), CuCl, (10 mg, 0.07 mmol, 19
mol%), H,0 (5 mL), CH3COOH (10 uL, 0.16 mmol, 0.43 eq).

The generation of this pyridine N-oxy biradical species
significantly affects the chemical and physical properties of
DICPO-COF, particularly enhancing its catalytic hydrogen atom
transfer efficiency and reactivity. Therefore, DICPO-COF was
examined in the dehydrogenation of nitrogen heterocycles,
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which is an important organic transformation in the prepacation
of fine chemicals, to evaluate its potenrtifl 1839/P4ERePaical
catalyst.3l 51 52 After optimization of the reaction conditions,
various heterocyclic nitrogen substrates were investigated to
explore the scope of the catalytic system. As shown in Figure 6,
tetrahydroquinoline substrates bearing either electron-
withdrawing or electron-donating groups were transformed
into the corresponding quinolines in good to excellent yields.
Furthermore, the reactivity of DICPO-COF was observed in the
dehydrogenation of indoline compounds, and all indoline
substrates were smoothly transformed into indole products
under standard conditions.
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Figure 7. (a) Recyclability study. (b) EPR spectra of DICPO-COF
before (black) and after the fifth cycle (red). (c) Generation of
pyridine N-oxy monoradical species in the catalytic
dehydrogenation of THQs.

An optimized reaction protocol was applied in the recycling
experiments to evaluate the recyclability and practical
feasibility of DICPO-COF in the dehydrogenation of 1,2,3,4-
tetrahydroquinolines (THQs). In each cycle, the DICPO-COF
catalyst was recovered by centrifugation, followed by washing
and drying. The yield of the first cycle was 85%; however, the
reaction yield decreased from the second cycle onward, and the
yields stabilized at approximately 62—69% in the subsequent
cycles (Figure 7a). To explore the reasons for this phenomenon,
the catalyst recovered after the fifth cycle was characterized by
FT-IR, PXRD, 13C CP/MAS NMR, and EPR analyses. The FT-IR
results indicated that the chemical structure of DICPO-COF was
almost maintained (Figure S34). The PXRD characterization
(Figure S35) showed a complete loss of crystallinity,
demonstrating the disruption of long-range periodicity caused
by the catalytic process. The 13C CP/MAS NMR spectra (Figure
S36) indicated that the framework structure was maintained,
though the splitting of solid-state NMR signals of DICPO-COF
after the catalytic cycling process is not obvious, which may be
due to incomplete removal of residual metallic copper during
the cycling process. The EPR signal of DICPO-COF after the fifth
cycle was significantly different from that of the sample before
the catalytic reaction, exhibiting a single radical species signal
(Figure 7b). These results suggest that in the 2nd-5th cycles, the
nitrogen—oxygen ylide species were oxidized by CuCl, and
converted into pyridine N-oxy monoradical species through an
intermolecular single-electron transfer process (Figure 7c), and
the catalytic activity of this pyridine N-oxy monoradical species
was lower than that of the biradical species. Therefore, the
highest yield is obtained during the first cycle. To regenerate the
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biradical species, we explored reduction conditions by using Cu
powder and Raney Ni as reducing agents to react with the
generated monoradical species after catalytic reaction (Figure
S$37). However, only a very weak biradical characteristic EPR
signal was detected with Raney Ni reduction (Figure S38b).
Considering that the regeneration of biradical species is a very
meaningful scientific problem, we will continue to work on
solving this problem in future research.

Several controlled experiments were conducted to explore the
mechanism underlying this transformation. When the reaction
was carried out in the absence of DICPO-COF or CuCl,, only low-
yield products were obtained, indicating that both the COF
material and CuCl, played crucial roles in this reaction (Figures
S39b and c). When the reaction was performed under
anaerobic conditions, only a 10% vyield of the product was
obtained, illustrating that oxygen is also indispensable in this
process. In addition, we used the known radical reagent TEMPO
(2,2,6,6-tetramethylpiperidinoxyl) as a radical-type catalyst to
catalyse this dehydrogenation with CuCl, and obtained product
2a in 45% yield after 22 h of reaction (Figure $39d). When the
commercial ylide reagent pyridine 1-oxide was used to catalyse
the reaction with CuCl,, only 13% yield was obtained after 22 h
(Figure S39e). These results suggest that the radical COF species
play a more important role in this transformation than the ylide
COF species. When we use pyridine N-oxide or 2-formyl-6-
(phenylcarbamoyl)pyridine 1-oxide (the small molecule model
of the COF’s active unit) to replace DICPO-COF, the yield of
product was reduced, too. These starkly contrast with the 85%
yield achieved by the DICPO-COF/CuCl, system, demonstrating
that the presence of pyridine 1-oxide units (Figure S39f and j)
or CuCl, (Figure S39b) individually cannot effectively promote
the reaction, and the framework structure is indispensable for
high activity. We also conducted several control experiments to
confirm DICPO-COF's catalytic role: twice the amount of CuCl,
(85% yield) or DICPO-COF (88% vyield) separately maintained
yields comparable to standard conditions (86% yield) (Figure
$40), while using CuCl, or DICPO-COF alone drastically reduced
yields (13% and 11%, respectively) (Figures $S39b and c). This
demonstrates DICPO-COF working as a catalyst synergistically
enhances catalytic efficiency with CuCl,. Notably, control
experiments (Figures $S35g and h) revealed that acetic acid, but
not acetate ions, enhanced the reaction efficiency, likely by
improving the water solubility of 1,2,3,4-tetrahydroquinoline.
Additionally, we conducted this dehydrogenation by using Bipy-
COF to replace DICPO-COF. Although Bipy-COF can catalyze the
conversion of tetrahydroquinoline to quinoline, its catalytic
efficiency is significantly lower than that of DICPO-COF, with a
yield of only 39%. Therefore, the construction of biradical units
in a COF skeleton is very important for this transformation.
Based on the experimental observations outlined above and
previous studies in this field,>3->” we propose a radical species-
induced mechanism for this transformation (Figure S41).
Initially, 1,2,3,4-tetrahydroquinoline was oxidized by CuCl, to
produce radical cation intermediate 3. Further hydrogen
abstraction and proton elimination of 3 by the pyridine N-oxide
biradical COF resulted in intermediate 4 and DICPO-COF-2
species. Simultaneously, the -OH group in DCPO-COF-2 was
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oxidized by the oxygen in the air, and the biradical.spegies
DICPO-COF-1 was regenerated. Next, SpéciesO®/Uhderivént
isomerization to form intermediate 1,4-dihydroquinoline 5.
Subsequently, 1,4-dihydroquinoline was further oxidized by
CuCl, and DICPO-COF-1 via similar hydrogen abstraction and
proton elimination steps, ultimately producing the target
product, quinoline.

Conclusions

We leveraged the unique chemical structure of COF materials
and constructed a 2,6-dicarboxamide-substituted pyridine N-
oxide COF that could spontaneously transform into pyridine N-
oxy biradical COFs without any additional conditions.
Additionally, FT-IR, XPS, EPR, and 3C CP/MAS NMR
demonstrated the coexistence of ylide and biradical species in
this COF material. Furthermore, the EPR spectra of the pyridine
N-oxide molecules and DICPO-COF indicate that the unique
structure of COF materials plays a crucial role in stabilizing and
promoting the formation of biradical species. We also evaluated
catalytic performance in the dehydrogenation of nitrogen
heterocycles, achieving moderate-to-high yields of the target
products. Given that biradical-containing COFs can be easily and
diversely transformed into other functional structures, we
believe that our research will boost the development of novel
applications of COF materials.
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