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Metallaphotocatalysis, integrating interlocked photocatalytic cycles and
transition-metal catalysis, harmonizes the ground state and excited state
reactivities, enabling cross-couplings under mild conditions and expanding
the scope of accessible transformations. However, homogeneous dual metal-
laphotocatalysts often suffer from limitations such as low catalyst stability,
high metal loading, and challenges in catalyst recycling. In this study, we
engineered a class of nickel-incorporated pyridyl-quinoline-linked covalent
organic frameworks (Ni-PQCOFs) serving as robust and efficient hetero-
geneous metallaphotocatalysts. These Ni-PQCOFs facilitate universal visible-
light-driven C(sp?)-carbon and heteroatom (S, N, O, B, P, Se, and Cl) bond
formations across a broad range of aromatic halides and nucleophiles, while
maintaining low metal loading (1-2 mol%). The Ni-PQCOFs, featuring fully
conjugated and tunable pyridyl-quinoline (PQ) motifs, exhibit exceptional
(photo)chemical stability, broadened absorption wavelength range, and
enhanced redox capability. Remarkably, these COF-based heterogeneous
metallaphotocatalysts exhibited significantly enhanced catalytic efficiency
compared to their homogeneous counterparts. The versatility and practicality
of this photocatalytic system extend to diverse synthetic applications,
including late-stage functionalization of complex molecules, sequential func-
tionalizations, and decagram-scale synthesis assisted by an in-house-built high-
speed circulation flow system. Moreover, the micrometer-sized Ni-PQCOF
catalyst could be recycled over 10 times through direct filtration with minimal
activity loss and negligible metal leaching. All these advantages establish Ni-
PQCOFs as versatile, effective, and sustainable metallaphotocatalysts for
cross-coupling reactions.

Metallaphotocatalysis-enabled cross-coupling reactions, with inter- under mild conditions (Fig. 1a)'. Despite their impressive synthetic
locked photocatalysis and transition-metal catalysis, have revolutio- capabilities, homogeneous metallaphotocatalytic systems encounter
nized the landscape of organic synthesis by facilitating the formation several challenges, including low catalyst stability (e.g., labile structure
of a diverse array of carbon-carbon and carbon-heteroatom bonds towards radicals, metal aggregation into nanoparticles), high metal
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Fig. 1| Development of metallaphotocatalytic cross-couplings. a State-of-the-

art homogeneous dual metallaphotocatalysts for cross-couplings. b COF-based
dual metallaphotocatalysts for cross-coupling reactions. ¢ Two-in-one

Activation by visible light with enhanced photocatalytic activity
Robust linkage against nucleophiles and radical species
Easy tuning of the electronic structure of Ni

Low metal loading (1-2 mol%) with minimal metal leaching

Universal platform for diverse cross-couplings

homogeneous metallaphotocatalysts. d This work: three-in-one pyridyl-quinoline-
linked COFs for universal cross-couplings.

loading, difficulties in product separation and purification, and catalyst
recycling’. To address these limitations, the development of hetero-
geneous metallaphotocatalysts presents a promising avenue, by
enabling straightforward catalyst separation and recovery. While
semiconductive materials like carbon dots®, CdS/CdSe quantum
dots”® and perovskites" are employed as heterogeneous photo-
catalysts in conjunction with homogeneous Ni complexes for cross-
couplings, they typically pose a risk of Ni contamination. Another
approach involving immobilizing engineered Ni complexes containing
carboxylic acid groups on the surface of dye or carbon dot sensitized
TiO,, which generally suffers from low stability’>". In contrast, Ni
single-atom incorporated graphite carbon nitride (g-CsN,) has
emerged as a more efficient metallaphotocatalyst for cross-couplings,
yet it faces challenges such as a low surface area for exposed catalytic
sites, limited coordination sites and structural tunability, and restric-
ted substrate functional diversity™* %,

Covalent organic frameworks (COFs) represent a unique class of
programable porous materials that allow the integration of diverse
organic units into tailored semiconducting architectures . Unlike
other inorganic or organic semiconductors, COFs offer synthetically
tunable topological structures and functions, with a precisely con-
trolled chemical environment, achieved through the strategic selec-
tion of building blocks and linkage engineering”*°. By incorporating
photoactive units with bipyridine- or phenanthroline-stabilized Ni
single atoms in close proximity within COFs, the resulting metalla-
photocatalysts exhibit superior catalytic activity compared to their
Brownian motion-limited homogeneous counterparts (Fig. 1b)**~¢,

Notably, the linkages in COF-based dual metallaphotocatalysts play a
crucial role by influencing the electron/energy transfer processes
and framework stability. However, most COF-based metallaphoto-
catalysts are constructed from polarized imine or vinylene linkages,
which are vulnerable to nucleophiles and radical species, thereby
impairing electron and energy transfer dynamics®. In addition,
reported COF-based metallaphotocatalysts typically employ specific
bipyridine- or phenanthroline-derived monomers, limiting the ability
to fine-tune the electronic structures of the metal centers. Further-
more, the chromophores commonly incorporated, such as Ir(bpy)
(ppy)2 (ppy = 2-phenylpyridine, bpy = 2,2-bipyridine)*, pyrene*,
and spirobifluorene®, often suffer from restricted photoredox cap-
abilities and suboptimal energy transfer properties. These limitations
constrain the range of substrates and reaction patterns that can be
effectively utilized in desired cross-coupling reactions. Therefore,
there is a pressing need to develop tunable and robust COF-based
metallaphotocatalysts capable of facilitating a broader spectrum of
cross-coupling reactions.

Pyridyl-quinoline (PQ) ligands, developed by Li's group, form
complexes with various transition metals, functioning as two-in-one
metallaphotoredox catalysts to facilitate universal photocatalytic cross-
couplings through intramolecular electron and energy transfer pro-
cesses (Fig. 1c)*. Compared to dual-catalyst systems, this two-in-one
system enhances reaction efficiency by positioning the metal centers
near the formed radicals, thereby improving interactions between the
substrate, photosensitizer, and metal center. However, despite the
excellent advancements, these bifunctional metallaphotocatalysts
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require high-energy light (390 nm) for activation, which can lead to
substrate compatibility issues (e.g., dehalogenation of the aromatic
halides). Additionally, they face challenges related to high metal load-
ing and difficulties in catalyst separation and recycling.

We envisioned that integrating the PQ-ligated complex into fully
conjugated and structurally stable COFs through deliberate linkage
engineering would not only enable catalyst recycling and reuse but
also broaden light absorption with improved catalytic activity. To
achieve this, we designed COFs based on a novel three-in-one PQ-
linkage that simultaneously functions as a structural connector, a
photosensitizer and a metal-docking site. This multifunctional design
facilitated the development of a series of PQ-linked COF-based
metallaphotocatalysts capable of promoting universal cross-couplings
between aromatic halides and diverse coupling partners (Fig. 1d).
These PQ-linked COFs (PQCOFs) were modularly synthesized via tri-
fluoromethanesulfonic acid (TfOH)-promoted three-component
Povarov reactions involving tri-picolinaldehyde, tri-amines, and ary-
lalkynes. These PQCOF-based metallaphotocatalysts, with nickel
loading as low as 1 mol%, successfully facilitated the formation of a
wide range of C(sp»)-X (X=S, N, O, C, B, P, Se, and Cl) bonds under
visible-light irradiation. Importantly, the Ni-incorporated PQCOFs
exhibited significantly enhanced catalytic activity compared to their
homogeneous counterparts. These micrometer-sized catalysts
demonstrated exceptional durability, being recyclable and reusable
over 10 cycles while maintaining high catalytic efficiency with minimal
metal leaching. The synthetic utility was highlighted by the application
in the late-stage functionalization of pharmaceuticals, sequential
functionalizations, and decagram-scale synthesis enabled by an in-
house-built high-speed circulation flow system.

Results

Bipyridine and phenanthroline are commonly utilized as building
blocks in the construction of COFs to incorporate Ni single-atoms for
cross-couplings”. However, these motifs typically lack inherent pho-
toactivity and pose challenges in fine-tuning the electronic properties
of the metal centers. Inspired by Li’s system™®, we propose the intro-
duction of an additional pyridine moiety adjacent to the quinoline
group to create a bidentate pyridyl-quinoline (PQ) motif through
rational linkage engineering. The unique PQ functionality fulfills a tri-
ple role: (i) acting as a chromophore for light harvesting, (ii) providing
a bidentate binding site for metal incorporation, and (iii) serving as a
robust linkage to prevent undesired reactions with nucleophiles and
radicals, thereby enabling multifunctional metallaphotocatalysis.

To synthesize PQCOFs, we developed a three-component Povarov
reaction utilizing strong-acidic TfOH as a catalyst under aerobic
conditions®*°, We first achieved the model compound 4-(4-methox-
yphenyl)-2-(pyridin-2-yl)quinoline (PQ-OMe) via a one-pot TfOH-cata-
lyzed Povarov reaction involving picolinaldehyde, aniline, and 4-
ethylnylanisole, thus verifying the feasibility of our three-component
reaction strategy (Supplementary Fig. 3). In this reaction, TfOH cata-
lyzes the imine condensation and promotes subsequent cycloaddition,
while the presence of air facilitates aromatization to generate the fully
conjugated quinoline ring. Based on this strategy, we conducted sol-
vothermal reactions of 5,5,5"-(benzene-1,3,5-triyl)tripicolinaldehyde
(BTTPA), 1,3,5-tris[4-amino(1,1-biphenyl-4-yl)]benzene (TBA), and
4-ethylnylanisole in ethanol and mesitylene with TfOH as a catalyst at
120 °C under air for 3 days, resulting in PQCOF-OMe as a brown powder
in 87% yield (Fig. 2a). Similarly, PQCOF-H and PQCOF-tBu were syn-
thesized under similar reaction conditions using phenylacetylene and
4-(tert-butyl)phenylacetylene as reactants, respectively (Supplemen-
tary Figs. 6 and 7). As a control experiment, the pyridyl-imine-linked
COF named PICOF was prepared by the condensation of BTTPA and
TBA using 9 M acetic acid as a catalyst (Fig. 2a). Our approach utilizes
strong TfOH in combination with air as an oxidant, offering a more
efficient and sustainable alternative to the conventional BF3*OEt,/DDQ

or B(CeFs)3/DDQ catalytic systems* ., Notably, both the direct
synthesis and post-synthetic modification using BF3*OEt,/DDQ have
resulted in poorly crystalline or even non-crystalline products,
underscoring the advantages of our protocol in achieving highly
ordered structures (Supplementary Fig. 15).

The formation of the pyridyl-quinoline linkage in PQCOFs was
investigated by a combination of Fourier transform infrared (FT-IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), and solid-state
cross-polarization magic-angle-spinning (CP-MAS) ®C NMR spectro-
scopy. In the FT-IR spectra of PQCOF-OMe, the strong characteristic
peak at 1620 cm™!, corresponding to the C = N stretching frequency of
PICOF, disappeared, confirming the formation of the pyridyl-quinoline
linkage (Fig. 2b). Additionally, the disappearance of the alkyne vibra-
tion frequencies at 3285 and 2106 cm™! and the appearance of the
methoxy group frequency at 2837 cm™! further confirmed the forma-
tion of quinoline rings. XPS analyzes further support the formation of
quinoline linkage. As shown in Supplementary Fig. 9, the N 1s peaks of
PQCOF-OMe at 399.1 and 399.8 eV are associated with pyridine and
quinoline nitrogen, respectively. This is distinct from PICOF, which has
two N 1s peaks at 398.4 and 399.1eV, corresponding to imine and
pyridine nitrogen, respectively*. In the solid-state *C CP/MAS NMR
spectra, PICOF exhibited a characteristic imine peak at 157 ppm, which
was absent in PQCOF-OMe (Fig. 2¢). Instead, a peak corresponding to
quinoline was observed at 159 ppm, along with a characteristic peak at
55 ppm assigned to the carbon of methoxy groups (Fig. 2¢)*, which
further validated the successful formation of the pyridyl-quinoline
linkages. Similar phenomena were also observed in the FT-IR spectra
and solid-state CP-MAS *C NMR of PQCOF-H and PQCOF-tBu (Sup-
plementary Figs. 8 and 10), indicating the universality of the one-pot
protocol in forming the pyridyl-quinoline linkage in COFs.

The crystal structures of PQCOFs and PICOF were elucidated
using powder X-ray diffraction (PXRD) analyzes. As shown in Fig. 2d,
the PXRD pattern of PQCOF-OMe exhibited five prominent diffraction
peaks, with the most intensive one at 3.20°, and the four other peaks at
5.50, 6.33, 8.39, and 25.05° assigned to the (100), (110), (200), (210),
and (001) facets, respectively. In contrast, the PXRD of PICOF showed
five peaks at 3.15, 5.43, 6.30, 8.27, and 24.39° which correspond to its
(100), (110), (200), (210), (220) and (001) facets, respectively. The
upshift of the main peak from 3.15 to 3.20° also confirmed the suc-
cessful introduction of aromatic substituents (Supplementary Fig. 13).
The Pawley refinement showed a good match with the experimental
PXRD patterns of PICOF and PQCOF-OMe, with profile and weighted
profile values of 4.35 and 5.83%, 3.34 and 4.18%, respectively. PICOF
adopts AA stacking mode with refined cell parameters of a=b=
33.64 A, c=3.65A, a=$=90° and y=120° (Figs. 2d and Supplemen-
tary Fig. 25). PQCOF-OMe also adopts an AA stacking with unit cell of
a=b=32.89A, c=3.83A, a=$=90° and y=120° (Figs. 2d and Sup-
plementary Fig. 26). Similarly, PQCOF-H and PQCOF-¢Bu also displayed
similar hexagonal lattices (Supplementary Figs. 27 and 28). Nitrogen
sorption experiments at 77 K were conducted to evaluate the porosity
of PQCOFs (Figs. 2e and Supplementary Figs. 16-19). The Brunauer-
Emmett-Teller (BET) surface areas were estimated to be 1278, 1149, and
1081 m*/g for PQCOF-OMe, PQCOF-H and PQCOF-tBu, respectively. As
illustrated in Supplementary Fig. 12, the SEM images of COFs reveal
irregular block-like structures composed of small and dense particles
with an average size of ~20 pm.

The Ni-incorporated COFs were facilely obtained by immersing
PQCOFs into a DMA solution of NiCl,-glyme (Fig. 3a). Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) was
employed to precisely quantify the Ni content, which was measured to
be 10.16%, 9.38%, and 9.10% by weight for Ni@PQCOF-OMe, Ni@PQ-
COF-H, and Ni@PQCOF-tBu, respectively (Fig. 3a). The corresponding
Ni-to-pyridyl-quinoline molar ratios were calculated to be 1.02, 0.89
and 0.94 for Ni@PQCOF-OMe, Ni@PQCOF-H, and Ni@PQCOF-tBu,
respectively, confirming that almost all the pyridyl-quinoline groups
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Fig. 2| Synthesis and characterization of COFs. a Synthesis of PICOF and PQCOFs.
b FT-IR spectra of PQCOF-OMe, PICOF and corresponding monomers. ¢ Solid-state
BC CP/MAS NMR spectrum of PQCOF-OMe and PICOF. d PXRD characterizations of
PICOF (blue) and PQCOF-OMe (yellow). Each set of lines from top to bottom show

experimental, Pawley-refined and simulated AA stacking PXRD patterns, respec-
tively. The zoomed-in experimental PXRD patterns show the (001) peaks.
e Nitrogen adsorption isotherms of PQCOF-OMe and PICOF.

are coordinated to Ni. The FT-IR spectra and solid-state *C CP/MAS
NMR of Ni@PQCOF-OMe showed no perceptible change compared to
PQCOF-OMe, revealing the retention of the backbone during the post-
modification process (Supplementary Figs. 8 and 10). Moreover, the

PXRD pattern of Ni@PQCOF-OMe remained similar to that of PQCOF-
OMe, indicating that the crystallinity was well preserved (Supple-
mentary Fig. 14). The BET surface area of Ni@PQCOF-OMe was
determined to be 1098 m?/g (Fig. 5e).
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Fig. 3 | Characterization of Ni single-atom incorporated PQCOF-OMe.
a Illustration of the incorporation of Ni single-atom into PQCOF-OMe. b HADD-
STEM image of the atomically dispersed Ni in Ni@PQCOF-OMe. ¢ TEM EDS-

mapping of Ni, N, Cl, and C inside Ni@PQCOF-OMe; d XANEs curves of Ni@PQCOF-
OMe. e-g EXAFS and fitting curves of Ni@PQCOF-OMe.

To confirm well dispersion of the single-atom Ni atoms in the
framework, high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) analysis was performed. As shown in
Fig. 3b, bright spots corresponding to single Ni atoms with size of ~
0.2nm were uniformly distributed across the framework, with no
evidence of Ni clusters or nanoparticles. Energy-dispersive X-ray (EDX)
mapping further confirmed the uniform distribution of Ni, N, Cl, and C
across all samples (Fig. 3c). Furthermore, X-ray absorption spectro-
scopy (XAS) was utilized to elucidate the electronic structure and local
environment of the isolated Ni atoms. The Ni K-edge X-ray absorption
near-edge structure (XANES) spectrum of Ni@PQCOF-OMe was shown

in Fig. 3d, with Ni foil and NiO as references. The absorption edge
position of Ni@PQCOF-OMe closely matched NiO rather than Ni foil,
indicating that the Ni in the as-prepared Ni@PQCOF-OMe sample was
in a valence state of +2 rather than a metallic one. Detailed structural
information was obtained from the Fourier transform extended X-ray
absorption fine structure (FT-EXAFS) spectra. As shown in Fig. 3d, the
R-space spectrum of Ni@PQCOF-OMe displayed a distinct peak at
around 1.6 A, in accordance with the first coordination shell of Ni-N,
and the peak of Ni-Ni at about 2.2 A cannot be observed, suggesting
that the Ni sites in Ni@PQCOF-OMe were atomically dispersed.
Quantitative EXAFS analysis was conducted to analyze structure
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parameters (Fig. 3e, f). The related fitting data of EXAFS are displayed
in Supplementary Table 2. These results illustrate that Ni toms are
confined in the COF host and are bonded with two N atoms with an
atom distance of 1.79 and 1.86 A (Ni-N) and two Cl atoms with an atom
distance of 2.11 A (Ni-Cl). Taken together, we confirmed the existence
of the atomically dispersed Ni atoms in the COF backbone.

The UV-Vis diffuse reflectance spectra of PQCOFs show broader
absorption compared to PICOF, which can be attributed to the
increased 1 delocalization of the quinoline units (Supplementary
Fig. 21). After the incorporation of Ni ions, the generated Ni@PQCOF-
OMe shows an absorption edge at ~-900 nm, indicating efficient
visible-light absorption of the material. To examine the charge
migration dynamics, steady-state photoluminescence spectra were
recorded for PQCOF-OMe and Ni@PQCOF-OMe. As shown in Sup-
plementary Fig. 22, Ni@PQCOF-OMe exhibits significantly decreased
fluorescence intensity compared to PQCOF-OMe, suggesting effi-
cient electron transfer or energy transfer from the COF backbone to
Ni(ll), resulting in the Ni(I) or excited Ni(ll) species. Moreover, the
shorter photoluminescence lifetime (t=2.93 ns for Ni@PQCOF-OMe
vs T=3.52ns for PQCOF-OMe, Supplementary Fig. 23) and stronger
photocurrent responses further (Supplementary Fig. 24) further
indicate enhanced electron-hole separation and increased charge
transfer efficiency.

Performance in photocatalytic cross-coupling reactions
Compared to conventional transition-metal promoted cross-cou-
plings, photocatalytic cross-coupling reactions have significantly
extended the reaction scope for carbon-carbon and carbon-
heteroatom bond formations*’ ., Benefited from the integrated mul-
tifunctionalities and excellent visible light absorption capacity, we
speculated that the Ni single-atom incorporated PQCOFs could serve
as highly effective heterogeneous metallaphotocatalysts for promot-
ing visible-light-mediated cross-coupling reactions.

To verify our hypothesis, several representative and synthetic
useful carbon-heteroatom bond formation reactions between aryl
halides and coupling partners were examined. Initially, we tested the
photocatalytic C-S coupling using methyl 4-iodobenzoate and ethyl
3-mercaptopropanoate as model substrates. After a systemic survey
of various reaction parameters, we established a procedure that
achieved the desired C-S coupling product (1) in 95% yield using
1 mol% Ni@PQCOF-OMe as the catalyst, ‘Pr,NH as a base, and MeCN
as the solvent under 456 nm light irradiation. As shown in Supple-
mentary Table 4, our evaluation revealed that the photocatalyst,
light, and base additives were all crucial for the transformation.
Ni@PQCOF-OMe exhibited higher catalytic activity than Ni@PQCOF-
H and Ni@PQCOF-tBu, underscoring the importance of the electro-
nic properties of the nickel sites on catalytic performance (entries 12
and 13, Supplementary Table 4). For comparison, Ni@PICOF showed
significantly lower yield in C-S coupling (entry 15, Supplementary
Table 4). Additionally, we synthesized a non-crystalline Ni@PQCOF-
OMe, which exhibited a significantly lower yield compared to its
crystalline counterpart (entry 14, Supplementary Table 4), suggest-
ing the importance of crystallinity in enhancing the catalytic
performance.

After identifying Ni@PQCOF-OMe as the most effective metalla-
photocatalyst, we evaluated various aromatic halides to assess the
scope of photocatalytic C(sp*)-S coupling reaction. Aryl halides with
electronically biased substituents underwent smooth C-S couplings,
giving thioethers 1-3 with up to 95% yield (Fig. 4). Moreover, a range of
thiols including aliphatic thiols and thiophenol, were well tolerated to
generate the corresponding products (4-8) in high efficiency. Sulfi-
nates also served as effective coupling partners to generate sulfones 9
and 10 in high yields.

We then explored the broader catalytic potential of Ni@PQCOF-
OMe for other carbon-heteroatom bond formations. A diverse array of

N-, O-, B-, P, Se-, and Cl-containing weak nucleophiles were effectively
coupled. Using DABCO as the organic base, alkyl amines were coupled
with aryl iodides to produce aryl amines (11-18) in good to excellent
yields (Fig. 4). Aromatic amines and sulfonamide also delivered the
target products (19, 20) efficiently. With TMG as the organic base,
various O-containing partners, including alcohols and water, were
effectively coupled to generate the corresponding ethers and phenol
(21-28). Carboxylic acids proved to be competent coupling partners,
delivering esters (29 and 30) in good yields using Cs,CO; as the base.
Additionally, C-B and C-P couplings were successfully achieved,
producing aryl boric esters and phosphine oxides (31-34). Selenol and
chloride ions could also be employed as coupling partners to afford
the corresponding unsymmetric diphenyl selenides (35, 36) and phe-
nyl chlorides (37, 38) in excellent yields.

Beyond carbon-heteroatom cross-couplings, Ni@PQCOF-OMe
effectively catalyzed a wide range of carbon-carbon bond formation
reactions. Alkyltrifluoroborates were employed for C(sp?)-C(sp®) cou-
plings with various aromatic halides to efficiently deliver dia-
rylmethanes (39-42) (Fig. 4). Additionally, phenylhydrazines were used
for C(sp»)-C(sp?) cross-couplings, producing biphenyl compounds
(43-46). Furthermore, aryl halides and phenylacetylenes underwent
smooth C(sp?)-C(sp) couplings to generate the desired coupling pro-
ducts (47, 48).

Synthetic applications and circulation-flow enabled decagram-
scale synthesis

The synthetic applicability of Ni@PQCOF-OMe-based heterogeneous
metallaphotocatalytic cross-couplings was investigated for the late-
stage diversification of bioactive and pharmaceutical molecules. As
depicted in Fig. 5a, natural a-amino acid derivatives such as N-Boc-L-
cysteine methyl ester and carbohydrate alcohols derived from D-
fructose were amenable to the C-S and C-O couplings, yielding the
corresponding products (49, 50) with high efficiency. Furthermore,
drugs such as tryptamine and celecoxib served as coupling partners to
produce the C-N coupling products (51, 52) in good yields. To further
showcase the synthetic utility of our developed protocol, we applied it
to the preparation of various drugs and drug intermediates, including
intermediates for biphenamol (53), cefapirin (54), lorpiprazole (55), as
well as the pharmaceuticals fluoxetine (56), paracetamol (57), and
antifungal phosphonate (58) (Fig. 5b).

To enhance molecular complexity and achieve the controlled
construction of a diverse compound library, we utilized Ni@PQCOF-
OMe as a metallaphotocatalyst to facilitate the sequential difunctio-
nalization of arenes via carbon-heteroatom or carbon-carbon cross-
coupling reactions’*%. By exploiting the preferential reactivity of aryl
iodo groups over bromo groups and carefully controlling the feeding
ratio of nucleophiles, we successfully carried out C-S, C-N, C-O, and C-C
couplings in varying sequences using thiols, sulfinates, water, amines,
and potassium benzyltrifluoroborates as nucleophiles (Fig. 5c). The
Ni@PQCOF-OMe-catalyzed sequential transformations accessed
difunctionalized arenes (59-66) with generally good overall yields,
offering a versatile approach to introduce functionalities to arenes in a
customizable manner.

In addition, we employed a simple in-house-built high-speed cir-
culation flow system for decagram-scale synthesis through Ni@PQ-
COF-OMe-based heterogeneous photocatalysis (Fig. 5d and
Supplementary Fig. 29)°***. With this system, we performed the pho-
tocatalytic cross-coupling between methyl 4-bromobenzoate and
ethyl 3-mercaptopropanoate at a 50 mmol scale, resulting in the cor-
responding C-S coupling product with an isolated yield of 86%. In
another example, the cross-coupling of methyl 4-iodobenzoate with
piperidine proceeded smoothly, yielding the target C-N coupling
product with an 83% yield. These results highlight the efficiency and
practical utility of the high-speed circulation flow reactor for scaling up
heterogeneous photocatalysis.
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Fig. 4 | Ni@PQCOF-OMe promoted cross-couplings under visible-light irradiation, including C-S, C-N, C-O, C-B, C-P, C-Se, C-Cl, and C-C couplings.

Distinct advantages, recyclability, and stability of COF-based homogeneous counterpart, Ni*’/PQ-OMe. We employed 390 nm light
metallaphotocatalysts for the homogeneous photocatalyst, as its absorption significantly
To highlight the advantages of our heterogeneous photocatalysts, we  decreases above 400 nm, while Ni@PQCOF-OMe was activated by
compared the catalytic activity of Ni@PQCOF-OMe with its 456 nm light, benefiting from its extended absorption range due to the
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conjugated COF structure (Fig. 6a). At the same Ni loading, Ni@PQ-
COF-OMe exhibited a 3-7-fold enhancement in catalytic efficiency
compared to Ni?*/PQ-OMe (Fig. 6b). Notably, in the C-S cross-coupling
reaction, Ni@PQCOF-OMe achieved an impressive 95% yield, whereas
the homogeneous Ni2*/PQ-OMe system was ineffective. Furthermore,
the calculated quantum yields were 0.012 for Ni2*/PQ-OMe and 0.060
for Ni@PQCOF-OMe, highlighting the superior photon utilization
efficiency of the heterogeneous system. The superior catalytic activity
of Ni@PQCOF-OMe can be attributed to several key factors. First,

homogeneous systems require high-energy light (390 nm) for activa-
tion, which often lead to undesired dehalogenation of aromatic
halides, resulting in reduced coupling yields (Supplementary Fig. 30).
In contrast, Ni@PQCOF-OMe benefits from an extended absorption
range due to its conjugated COF structure, enabling more efficient
light harvesting to absorb visible light. Additionally, homogeneous
systems suffer from nickel deactivation via aggregation into nickel
nanoparticles (nickel black), necessitating a high metal loading to
maintain catalytic activity (Supplementary Fig. 31). The rigid and
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Fig. 6 | Catalytic activity comparison and recyclability test. a Comparison of the
UV-Vis spectra for Ni@PQCOF-OMe and Ni**/PQ-OMe. b Catalytic performance
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homogeneous catalytic system. ¢, d Metal leaching test and recycling results for

heterogeneous photocatalytic cross-coupling of methyl 4-iodobenzoate and ethyl
3-mercaptopropanoate. e PXRD patterns and (f) nitrogen adsorption isotherms for
the recycled and original Ni@PQCOF-OMe.

porous COF framework in Ni@PQCOF-OMe prevents metal leaching
and aggregation, ensuring long-term catalyst stability. Furthermore,
the confined coordination environment within the COF enhances
charge separation and electron transfer, reducing the possibility of
catalyst deactivation. Therefore, the heterogenization of the PQ-
ligated nickel complex not only enhances catalyst stability but also
improves substrate tolerance by minimizing side reactions and main-
taining a high density of active Ni sites.

Compared to previously reported COF-based metallaphotocata-
lysts, our three-in-one catalytic system presents several distinct
advantages. First, while existing COF-based metallaphotocatalysts
have exhibited high activity in diverse cross-couplings, they are limited
in scope. For instance, Ni@sp*c-COF can support five types of cross-

couplings but shows low catalytic activity towards the C(sp?)-N cou-
plings between aromatic halides and amines® and lacks the ability to
catalyze C(sp?)-C couplings (Supplementary Fig. 32). In contrast, our
Ni-PQCOFs facilitate eight distinct cross-coupling reactions, including
C(sp»)-C couplings, representing the broadest range of cross-coupling
achieved to date. Second, imine-conjugated imine-linked metallapho-
tocatalysts are prone to degradation in the presence of nucleophiles
due to exchange reactions, and cyano-substituted olefin linkages are
susceptible to radical attacks. Our PQ linkage, however, features fully
conjugated structures that resist nucleophile exchange and radical
addition, ensuring enhanced stability. Third, unlike conventional
metallaphotocatalytic systems that rely on electron/energy transfer
between chromophores and nickel sites, our three-in-one system
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leverages chromophores as linkages directly coordinated to the nickel
center, resulting in superior catalytic efficiency. Additionally, our COF-
based metallaphotocatalyst can perform sequential difunctionaliza-
tion of arenes, highlighting its enhanced versatility in synthetic
applications.

A further key advantage of using heterogeneous catalysts lies in
their recoverability and reusability. The micrometer-sized Ni@PQCOF-
OMe catalyst could be easily separated and recycled from the reaction
mixture through direct filtration (Supplementary Figs. 33a and 33b). As
shown in Fig. 6d, Ni@PQCOF-OMe were recovered and reused for at
least ten cycles to produce the C-S coupling product 1 without a sig-
nificant decrease in yield. Additionally, negligible leaching of Ni*
(0.02 wt%) was detected during the recycling process (Fig. 6¢). PXRD
measurements and nitrogen adsorption isotherms of the original and
recovered Ni@PQCOF-OMe samples indicated that the crystalline
porous structure was maintained during photocatalysis (Fig. 6e, f).
Furthermore, the catalyst’s robustness was demonstrated by com-
paring the UV-Vis spectra and FT-IR spectra of the recovered and ori-
ginal Ni@PQCOF-OMe after the photocatalytic C-S coupling reaction
(Supplementary Figs. 33c and 33d).

Discussion

In summary, we have designed and synthesized a class of three-in-one
Ni-PQCOF photocatalysts through Brgnsted-acid-promoted Povarov
reactions, where the (photo)chemically stable PQ-linkage was intro-
duced as a chromophore and a metal-binding ligand, thereby sig-
nificantly broadening the scope of multifunctional COF
metallaphotocatalysts. Ni-PQCOFs serve as a universal photocatalytic
platform for C(sp?)—(hetero)atom (S, N, O, C, B, P, Se, and Cl) cross-
coupling reactions. These fully conjugated PQCOF catalysts not only
deliver generally improved yields, but also enable transformations
previously unattainable with homogeneous counterparts, owing to
their extended absorption and exceptional (photo)chemical stability.
Their applications extend to late-stage functionalization of pharma-
ceutical molecules, sequential functionalizations, and large-scale flow
synthesis. Moreover, these catalysts exhibit excellent recyclability,
maintaining high activity over ten cycles with minimal metal leaching.
The modular structural scaffolds, capability to incorporate various
metal centers, superiority over homogeneous systems, along with the
facile integration of additional functions into the three-in-one PQCOF
platform, collectively pave the way for the development of more
powerful multifunctional metallaphotocatalysts.

Methods

Synthesis of PQCOF-OMe

To a 10 mL Schlenk tube was added with BTTPA (20 mg, 0.05 mmol),
TBA (30 mg, 0.05 mmol), 1-ethynyl-4-methoxybenzene (39 uL, 0.30
mmol), mesitylene (0.5mL) and EtOH (0.5mL). The mixture was
sonicated for 2 mins and added with 0.2 M TfOH solution (100 pL). The
tube was then sealed and heated at 120 °C in an oven for three days.
The solid obtained was washed with THF 3 times and dried under
vacuum to afford a brown solid in 87% yield.

Synthesis of Ni@PQCOF-OMe

50 mg PQCOF-OMe was treated with NiCl, glyme (30 mg) in 5 mL DMA.
The mixture was heated at 60 °C and stirred for 24 h. After reaction,
the resulting solid was filtered, washed with DMF and methanol three
times each, and dried under vacuum at 120 °C overnight to yield the
desired Ni@PQCOF-OMe.

General procedure for photocatalytic C-S coupling reaction of

aromatic halides and thiols

To a 10 mL oven-dried sealed tube equipped with a magnetic stir bar
was added the corresponding aryl halide (0.2 mmol), thiol (0.3 mmol),
and Ni@PQCOF-OMe (1 mol% Ni). Then, dry MeCN (1 mL) and ‘Pr,NH

(0.6 mmol) were added. The tube was sealed with a rubber septum and
the reaction mixture was degassed by three cycles vacuum/argon of
“freeze-pump-thaw”. The reaction mixture was then stirred and irra-
diated by blue LEDs (30 W, 456 nm) for 24 h. A fan was used to maintain
the temperature. After that, the reaction mixture was removed from
the light source and diluted with 5mL of CH,Cl,. The filtrate was
concentrated, and the residue was purified by column chromato-
graphy over silica gel or prepared-TLC to give the corresponding
products.

Recycling test

To a 10 mL oven-dried sealed tube equipped with a magnetic stir bar
was added methyl 4-iodobenzoate and (0.4 mmol, 104.8 mg), ethyl
3-mercaptopropanoate (0.6 mmol, 76 puL), and Ni@PQCOF-OMe
(1mol% Ni). Then, dry MeCN (2mL) and Pr,NH (1.2 mmol, 168 pL)
were added. The tube was sealed with a rubber septum and the
reaction mixture was degassed by three cycles vacuum/argon of
“freeze-pump-thaw”. The reaction mixture was then stirred and
irradiated by blue LEDs (30 W, 456 nm) for 24 h. A fan was used to
maintain the temperature. After that, the reaction mixture was
removed from the light source and diluted with 10 mL of CH,Cl,. The
filtrate was concentrated, and the residue was purified by column
chromatography over silica gel to give product 1. While the catalyst
was washed with DMF and acetone three times and dried at 80 °C for
12 h before the next reaction cycle.

High-speed circulation-flow enabled decagram-scale synthesis
To a Duran® screwed bottle (volume=500mL) was added MeCN
(200 mL), Ni@PQCOF-OMe (1mol%), methyl 4-bromobenzoate
(50 mmol, 10.9 g), ethyl 3-mercaptopropanoate (75mmol, 9.5mL),
and ProNH (150 mmol, 21.2mL) successively. Under stirring, the
resulted slurry was bubbled with argon for 30 min. The slurry mixture
was subjected to ultrasonication for 10 min, which was ready for use.
After pretreatment, the tubing system was purged with argon for
20 min, then connected to the Duran® bottle containing the reaction
mixture under argon protection. The pump was started with the set
flow rate (300 mL/min). Once the tubing was filled with the reaction
mixture, the two-way valve was adjusted to allow the slurry to circulate
within the tubing reactor. Then, with eye protection, all LEDs were
turned on (tubing volume: 250 mL; solvent volume: 60 mL; LED lights:
4 sets, 60 W/set, 455 nm). After 24 h, all LEDs and the cooling systems
were switched off. The reaction mixture in the tubing and the Duran®
bottle was transferred into a 250 mL flask. The tubing and the bottle
were washed with 200 mL CH,Cl,. The filtrate was concentrated, and
the residue was purified by column chromatography over silica gel to
give product 1.

Data availability

The X-ray crystallographic coordinates for structures reported in this
article have been deposited at the Cambridge Crystallographic Data
Center (CCDC), under deposition numbers CCDC 2363625. These data
can be obtained free of charge from the CCDC via www.ccdc.cam.ac.
uk/data_request/cif. All data supporting the findings of this study are
available within the article and the Supplementary Information file, or
available from the corresponding authors upon request Source data
are provided with this paper.
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