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Simultaneous pore confinement and sidewall
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efficient and sustainable heterogeneous catalyst
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Covalent organic frameworks (COFs) are crystalline porous materials bearing well-ordered two- or three-
dimensional molecular tectons in their polymeric skeletal framework. COFs are structurally robust as well
as physiochemically stable. Currently, these are being developed for their use as “heterogeneous catalysts”
for various organic transformations. In particular, research on the use of COFs for catalysis for different
C—-C cross-coupling reactions is in its infancy. To date, COF catalysts reported for such reactions bear Pd
() bound in an exclusive coordination environment and have been explored for a particular organic reac-
tion. Herein, we report, for the first time, a COF (Pd@COF-TFP_TzPy) that can anchor Pd(i) units in the
polymeric framework in two different coordination environments. Thus, PA@QCOF-TFP_TzPy is a porous
material with a dual confinement environment for Pd(i) units. The precursor COF (COF-TFP_TzPy) was
easily synthesized and it features a two-dimensional hexagonal sheet structure for facile incorporation of
Pd(i) ions. The loading of Pd(i) into Pd@COF-TFP_TzPy was low (4.85 wt% Pd), yet the material exhibited

Received 15th September 2024, excellent catalytic activity in diverse C-C cross-coupling reactions with a broad substrate scope.

Accepted /th January 2025 Furthermore, Pd@COF-TFP_TzPy is highly stable and recyclable, thereby ensuring sustainable utilization
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Introduction

Carbon-carbon bonds are fundamental and ubiquitously
present in many natural and synthetic organic molecules,
either in cyclic or acyclic frameworks.! Consequently, con-
structing these bonds is one of the most challenging and
important tasks for organic chemists. Transition-metal-cata-
lyzed cross-coupling is a cornerstone synthetic tool in modern
science for forming Csp>~Csp and Csp®-Csp® bonds. Due to
their broad applications and ease of use, cross-coupling strat-
egies are widely utilized in the preparation of high value-added
molecules such as active pharmaceutical ingredients, func-
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of expensive Pd metal. We anticipate that our approach will stimulate further research into designing and
utilizing functional COF materials for catalysis.

tional materials, and agrochemicals via the introduction of
desired carbon-carbon bonds. Nonetheless, these reactions
have become essential in the daily practice of synthetic che-
mists. Among the most important cross-coupling reactions for
forming Csp®~Csp® or Csp>~Csp bonds are the Suzuki-Miyaura
cross-coupling  (SMCC), Mizoroki-Heck  cross-coupling
(MHCC) and Sonogashira cross-coupling (SCC) reactions.>”
Traditionally, these reactions are catalyzed by homogeneous
Pd salts in the presence of ligands such as phosphines and
N-heterocyclic carbenes (NHCs), which facilitate the formation
of required C-C, C=C, and C=C bonds, respectively.®” While
homogeneous Pd catalysts offer several advantages, they also
come with significant disadvantages. These include multi-step
preparation, the use of toxic solvents and ligands, and the
presence of Pd complex residues in the reaction media.® To
develop more economical and sustainable processes, recycling
expensive Pd catalysts is essential.” Additionally, removing
moisture-sensitive ligands from the products using chromato-
graphy, distillation, and extraction techniques remains
difficult.'®'" Hence, designing sustainable catalytic strategies
for desired C-C bond formation, such as heterogeneous cata-
Iytic approaches using inexpensive substrates with simple cata-
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lytic systems, is a highly desirable and ongoing goal in contem-
porary organic synthesis."> This approach can address the
aforementioned issues effectively.

One possible approach in the quest to obtain a useful
heterogeneous catalyst for cross-coupling reactions is to
immobilize palladium on insoluble support matrices.’*™**
This strategy offers several advantages, including improved
catalyst stability, facile separation and purification of products,
and increased reusability of the expensive metal catalyst.'®
Consequently, several methods have been developed to
prepare stable and effective heterogeneous Pd catalysts for pro-
moting these important cross-coupling reactions via green
chemical pathways, which are desirable from both sustainable
and economic perspectives. Over the last decade, many scien-
tists have immobilized Pd on different solid supports to
combine the advantages of homogeneous and heterogeneous
catalysts. These catalysts can be recovered by filtration or cen-
trifugation, avoiding the traditional challenges of catalyst sep-
aration and reuse. Commercially available Pd/C and Pd/Al,O;
could be alternatives to homogeneous Pd catalysts, but the
leaching of palladium, aggregation, and low efficacy make
them less suitable in many cases.'”” Also, the use of hetero-
geneous Pd catalysts has introduced new problems such as low
activity and selectivity, the need for stringent reaction con-
ditions, increased by-product formation and leaching of metal
species."’ Moreover, heterogeneous catalysts need harsher
reaction conditions in comparison with homogeneous cata-
lysts. Therefore, research continues to develop effective hetero-
geneous catalysts with superior practical properties to over-
come these drawbacks.

Many new solid-supported palladium catalysts have been
designed during the last few decades based on activated
carbon, inorganic oxides, metal-organic frameworks (MOFs),
silica nanoparticles, porous organic polymers (POPs), etc., to
improve the catalytic activity and stability of Pd.'® However,
the high catalyst loading and non-uniform nature limit their
application in an energy economical manner. An efficient
solid-supported metal catalyst features a uniform dispersion of
the active metal (such as palladium).**

Metal aggregation can be easily avoided by the grafting of
chelating groups such as phosphine ligands and amine groups
or by the incorporation of heteroatoms such as nitrogen,
sulphur, and phosphorus, which bind with the metal sites and
ensure their uniform distribution.>** Overall, due to changes
in the chemical and electrical properties of the immobilized
metal center, its interaction with the substrate molecules is
expected to improve.

In this regard, covalent organic frameworks (COFs) are an
emerging class of porous crystalline materials constructed
from molecular building blocks via covalent bonds, making
them an ideal choice for immobilization of Pd.'***® These
materials have garnered significant interest due to their
remarkable properties, including n-conjugated skeletons, high
surface areas, and customizable functions.?”° The flexible
design and modular synthesis of COFs endow them with great
potential in various applications, such as catalysis, opto-
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electronics, sensing, biomedicine, energy storage, separation,
and environmental remediation.*’*” COF synthesis is gov-
erned by dynamic covalent chemistry, which allows for the
formation of well-ordered network structures through error
correction.*®™*° Crystallinity is a crucial feature in the develop-
ment of novel COFs, as the quality of COF crystals signifi-
cantly influences the physiochemical properties of the result-
ing materials.*""**> Due to the strong covalent bonds, the abun-
dance of heteroatoms, and the possibility for highly tuneable
structures, COFs are highly promising materials for the immo-
bilization of metals.'*3*%37*¢ The main important factors that
should be considered for COFs as solid supports are their
thermal stability and resistance in aqueous acidic and basic
solvents. From this point of view, imine COFs have been
explored due to their good stability in various media and their
ease of functionalization for practical applications.?’*° In
recent literature, there are only a handful of reports describing
the immobilization of Pd on covalent organic frameworks
(COFs).*” The resulting heterogeneous catalysts are interesting
materials due to their inherent and desirable characteristics
such as high surface areas, physiochemical and thermal stabi-
lities, tailorable catalytic properties and versatile nature.
Among the COFs, the one that contains imine linkages is
most popular, wherein the Pd center can be efficiently
anchored on the COF via coordination with the imine
Nitrogen centers. For example, Pd was bound to COF-LZU-1
and Pd/H,P-Bph-COF to obtain efficient heterogeneous cata-
lysts that are specific for the Suzuki cross coupling
reaction.’”*® There are four methods for using COFs as
catalysts.’®*® Among these, sidewall modification and pore
confinement are the most commonly used techniques for
immobilising metal ions.'® These techniques are illustrated in
Fig. 1; Fig. 1a shows pore confinement, while Fig. 1b shows
sidewall modification.*®*° This gap in the literature inspired
us to design a COF with multiple interaction sites for palla-
dium coordination. Our aim was to develop a COF material
with enhanced catalytic properties by incorporating multiple
coordination sites for Pd, thereby improving its versatility for
various cross-coupling reactions. In this regard, we have syn-
thesized a nitrogen-rich COF (COF-TFP_TzPy) that has a high
surface area with multiple coordination sites for palladium.
The as-obtained COF was characterized with various tech-
niques. The Pd-loaded COF (Pd@COF-TFP_TzPy) was also well
characterized. @ Pd@COF-TFP_TzPy was simultaneously
employed as a heterogeneous catalyst for the Suzuki, Heck
and Sonogashira cross-coupling reactions and in each case,
efficient C-C bond formation was recorded between the two
coupling reactant molecules. The experimental details and
associated results are discussed elaborately in the upcoming
sections.

Results and discussion

The arene monomer (TFP) with three aldehyde groups was
obtained using the Duff reaction, while the amine monomer

This journal is © The Royal Society of Chemistry 2025
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a) Previous work:- Palladium loaded COF for Suzuki-Miyaura coupling reactions

Wang et al., J. Am. Chem. Soc., 2011, 133,19816-19822
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b) Previous work:- Palladium loaded COF for conjugate additions of arylboronic acids

Stanley et al., Chem. Cat. Chem., 2019, 11, 4286 — 4290
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Fig. 1

(Tz-Py) was obtained via a one-step cyclotrimerization reaction
(details are provided in ESI pages S4 and S5%).°%%
Subsequently, a covalent organic framework (COF-TFP_TzPy)
was obtained through the Schiff-base polycondensation reac-
tion using the above-mentioned monomers under solvo-
thermal conditions (Scheme 1).>>> The product obtained was
washed with organic solvents (such as THF, DMF, and metha-
nol) and dried at 120 °C to obtain the final desired product as
a red-coloured powdery material. The detailed synthesis pro-
cedures of COF-TFP_TzPy and Pd@COF-TFP_TzPy are included
in Scheme 1 and the ESI (pages S5 and S6). The obtained
(COF-TFP_TzPy and Pd@COF-TFP_TzPy)
thoroughly characterized to support their formation.
The Fourier Transform Infrared (FT-IR) spectrum of the as-
synthesised COF-TFP_TzPy showed a peak at 1608 cm™" that
was attributed to the newly formed C=N bond (Fig. 2a). The

materials were

This journal is © The Royal Society of Chemistry 2025

(a and b) Different modes of Pd coordination in a COF. (c) Dual mode of the coordination of Pd in a single COF.

bands corresponding to C=0 at 1674 cm™ "' present in the TFP
monomer were absent in the IR spectrum of COF-TFP_TzPy.
Also, the absence of the band at ~3300 cm™" due to -NH, that
was observed in TzPy, clearly indicated the completion of the
condensation reaction via the formation of imine linkages.
After loading COF-TFP_TzPy with Pd, the imine bond shifted
slightly due to their expected coordination with palladium. In
addition, the C-N bond vibration was blue-shifted to
1286 cm™ ', further indicating the interaction of Pd with the
pyridine nitrogen.?”

The yield of COF-TFP_TzPy via imine linkages was even-
tually verified by recording its solid-state ">*C NMR spectrum
(Fig. 2b). The formation of the imine-linked structure was con-
firmed due to the appearance of the signal at 159.9 ppm that
was assigned to the carbon of the C=N imine bond. A peak
with a chemical shift at 170 ppm indicated the incorporation

Nanoscale, 2025,17, 4765-4775 | 4767
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Scheme 1 Synthesis of COF-TFP_TzPy.

—— Pd@COF-TFP_TzPy

Aromatic carbons

% Transmittance (a.u.)

-CHO
4000 3500 3000 2500 2000 1500 1000 200 175 150 125 100 75 50 25 0
Wavenumbers (cm) Chemical Shift (ppm)
C) d) 80015 COF-TFP_TzPy adsorption
O COF-TFP_TzPy desorption (o)
~ @ Pd@COF-TFP_TzPy adsorption .
_ ‘o> 60010 Pd@COF-TFP_TzPy desorption ‘“‘dO
B \J E = 8@
s — Pd@COF-TFP_TzPy 53 089
Z S 400
2 8
g 5 e
c 00 o)
= o =0
< 200 ﬁ,@;ao QQQO
z F
\ 0009990e0u0Le
— COF-TFP_TzPy "
5 10 15 20 25 30 35 40 45 50 55 60 00 02 04 06 08 10
20 (degree) Relative Pressure (P/P,)

Fig. 2 (a) FT-IR spectra of COF-TFP_TzPy and Pd@COF-TFP_TzPy. (b) Solid-state *C-NMR spectra of COF-TFP_TzPy and Pd@COF-TFP_TzPy
(* indicates side bands). (c) Powder X-ray diffraction patterns of COF-TFP_TzPy and Pd@COF-TFP_TzPy. (d) Low-temperature N, adsorption—de-
sorption isotherm.
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of the triazine ring, while the aromatic carbons originating
from the TFP monomer appeared in between 120 and
145 ppm. After loading Pd into the COF-TFP_TzPy network,
slight changes were observed in the chemical shift of various
carbon atoms present in the C NMR spectrum of
Pd@COF-TFP_TzPy. The corresponding *C NMR spectrum
with complete peak assignment of the carbon atoms is shown
in Fig. 2b. These results effectively verify the formation of the
imine-linked COF with respect to the chemical composition
and structure shown in Scheme 1. The crystallinity of
COF-TFP_TzPy and Pd@COF-TFP_TzPy was investigated by
powder X-ray diffraction (PXRD) experiments. COF-TFP_TzPy
exhibited a series of intense diffraction peaks (Fig. 2c), indicat-
ing the presence of long-range ordering in this material.
Specifically, a sharp and intense peak was observed at 5.68°
along with other small peaks at 9.48, 11.45, 15.15 and 26.7°
corresponding to reflections from the (100), (110), (200), (120)
and (001) planes, respectively.”>>> The PXRD of
Pd@COF-TFP_TzPy also showed almost the same intense diffr-
action peaks, indicating its highly crystalline nature. The
thermal behaviours of COF-TFP_TzPy and Pd@COF-TFP_TzPy
were studied by subjecting their pristine samples to thermo-
gravimetric analysis (TGA). In both cases, upon heating a
sample under a nitrogen atmosphere, the TGA thermogram
showed a weight loss of approximately 30% and 60% at 400 °C
and 800 ©°C, respectively. These data suggested that
COF-TFP_TzPy and Pd@COF-TFP_TzPy have good thermal
stability (Fig. S1}). The presence of the permanent porosity of
the COF-TFP_TzPy and Pd@COF-TFP_TzPy COFs was verified
by N, sorption measurements at 77 K. Both COFs exhibited
type II isotherms with a sharp increase at low pressure (P/P, <
0.05), indicating their microporous nature (Fig. 2d). The
Brunauer-Emmett-Teller (BET) surface areas were calculated
to be 770 m®> g and 360 m®> g, respectively, for
COF-TFP_TzPy and PA@COF-TFP_TzPy (Fig. S2 and S37). Pore
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size distribution analysis using the Density Functional Theory
(DFT) method suggested the presence of narrow micropores of
size less than 1 nm (Fig. S4 and S5t). A good carbon dioxide
uptake at two different temperatures was recorded by
COF-TFP_TzPy and Pd@COF-TFP_TzPy (Fig. S67). A significant
decrease in the surface area of Pd@COF-TFP_TzPy was
expected since Pd(u) units are coordinated with the available
N-centers on the surface and pores of COF-TFP_TzPy. In other
words, upon immobilisation of Pd(OAc), on COF-TFP_TzPy,
the surface area of the COF decreased due to the partial block-
ing of the pores by the Pd centers. Thus, the low-temperature
gas sorption analysis also indicated the successful coordi-
nation of Pd with ample nitrogen-based ligating centers in the
skeleton of the COF.

The morphologies associated with COF-TFP_TzPy and
PAd@COF-TFP_TzPy were studied using Field Emission
Scanning Electron Microscopy (FE-SEM) and High-Resolution
Transmission Electron Microscopy (HR-TEM) techniques.
COF-TFP_TzPy showed the formation of hexagonal flake-
stacked microstructures in its FE-SEM micrograph (Fig. S77).
Such a morphology was retained in the case of
Pd@COF-TFP_TzPy (Fig. 3a-c). Furthermore, EDX mapping
analysis indicates the presence of Pd in Pd@COF-TFP_TzPy,
while that of pristine COF-TFP_TzPy showed the presence of
only C, N and O atoms (Fig. 3d and Fig. S8-S10%).

The hexagonal flake-shaped morphologies associated with
COF-TFP_TzPy and PA@COF-TFP_TzPy were also evident from
their corresponding TEM images (Fig. 4 and Fig. S11}). In the
case of Pd@COF-TFP_TzPy, Pd was well dispersed in the
matrix of the COF. Black spots in the images represent Pd par-
ticles (Fig. 4a-f). The HR-TEM image (Fig. 4f) suggests that the
dimension of the catalytic center is within 5 nm. The XPS ana-
lysis of COF-TFP_TzPy and Pd@COF-TFP_TzPy showed the
presence of the expected elements in the respective survey
spectra (Fig. 5a and Fig. S127).

Fig. 3

This journal is © The Royal Society of Chemistry 2025

(a—c) FE-SEM images of PA@COF-TFP_TzPy. (d) EDX mapping of Pd@COF-TFP_TzPy.
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Fig. 4

(a—c) TEM images of Pd@COF-TFP_TzPy. (d—f) HR-TEM images of Pd@COF-TFP_TzPy.
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The deconvoluted N 1s XPS spectra of COF-TFP_TzPy
showed peaks at ~398.7 and ~400.1 eV, corresponding to the
nitrogen in the -C=N bond (from imine, pyridine, and tri-
azine groups) and the secondary amine nitrogen, respectively
(Fig. S12bt).”* Furthermore, after binding to Pd, the deconvo-
luted N 1s XPS spectra of the COF showed peaks at around
398.8-400.2 eV, which shifted slightly to higher binding ener-
gies, indicating coordination with Pd (Fig. 5b). Additionally,
the Pd 3d HR-XPS spectral data of a sample of
Pd@COF-TFP_TzPy showed the presence of two peaks centered
at 337.8 and 343.1 eV that were assigned to Pd(u) 3ds, and
3ds, orbitals, respectively (Fig. 5c).">*%>*° These signals
confirm the presence of Pd(u) species in PA@COF-TFP_TzPy.
Also, the binding energy of 3dj/, in the range of 333-345 eV
has been attributed previously by others to Pd in the +2 oxi-
dation state.">*®>” The mode of coordination of the nitrogen

4770 | Nanoscale, 2025,17, 4765-4775
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(a) XPS survey spectra of Pd@QCOF-TFP_TzPy. (b) HR-XPS of the N 1s spectrum. (c) HR-XPS of Pd 3d in Pd@COF-TFP_TzPy.

with both the pyridine and amine moieties has also been well-
reported in the literature.'®**"*° Minimal metal loading, as
measured by ICP-AES analysis, indicated the superior stability
of PA@COF-TFP_TzPy in which the Pd content was 4.85 wt%.
The low Pd loading can be a desirable aspect as the catalytic
material would be cost-effective and sustainable from econ-
omic and environmental perspectives. In addition, the good
crystallinity and stability of PA@COF-TFP_TzPy ensure that the
Pd-loaded COF meets the requirements expected for a material
with potential applications in the domain of heterogeneous
catalysis. Therefore, PdA@COF-TFP_TzPy was explored as a cata-
lyst for various Pd(u)-catalyzed cross-coupling reactions, where
palladium can be used in a sustainable and eco-friendly
manner. The chemical stability of the COF was evaluated by
immersion in 1 M HCI and 1 M NaOH. After immersion, the
COF was air dried and its PXRD and FT-IR spectra were

This journal is © The Royal Society of Chemistry 2025
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recorded (Fig. S131). The data indicate that the COF remains
stable in both acidic and basic aqueous media.

To demonstrate the synthetic application of our newly
developed Pd@COF-TFP_TzPy catalyst for the Suzuki-Miyaura
cross-coupling (SMCC) reaction, we began by investigating the
reaction between 4-iodotoluene (1a) and phenylboronic acid
(2a), as detailed in Table 1. Initially, when a mixture of 1.0
equiv. of 1a and 1.5 equiv. of 2a was treated with 5 mg
(0.56 mol%) of PA@COF-TFP_TzPy catalyst and K;PO, as a
base in an EtOH solvent at room temperature, the desired
product 3a was obtained with an 83% yield (entry 1). Building
on this promising result, we conducted a comprehensive
survey of reaction conditions, including solvent, base, and
reaction time, to optimize the yield of the desired product.

The base plays a crucial role in the SMCC reaction by con-
verting phenylboronic acid into the more reactive phenyl-orga-
noboronate, thus enhancing the rate of the transmetallation
step. We explored various bases, including K;PO,, K,CO3, and
NaOH, for reaction optimization (entries 1-3). Among these,
NaOH provided the highest yield. Using ethanol alone as the
solvent resulted in a poor yield (entry 4), while no reaction
occurred in water (entry 5). Therefore, we employed a biphasic
solvent system of ethanol and water (1:1), which effectively
dissolved both organic compounds and inorganic catalysts.
Further solvent screening confirmed that the ethanol and
water mixture was the most suitable. To highlight the superior-
ity of our PA@COF-TFP_TzPy catalyst, we conducted a reaction
under similar conditions using Pd/C as a catalyst, which
yielded only 62% (entry 11). After thorough optimization, the
reaction conditions described in entry 2 were identified as the
best.

With the optimized reaction conditions in hand, we further
explored the substrate scope for both coupling partners (aryl
halide and aryl boronic acid, Scheme 2). First, we examined
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the substrate scope with respect to aryl iodides either with
electron-withdrawing or electron-donating groups, affording
the desired SMCC products (3a-3j) in yields ranging from 79%
to 94%. We further diversified our investigation by varying
phenylboronic acids, which resulted in good to excellent yields
(3k-3u, 71%-96%). Bulky naphthyl substrates also performed
excellently under the optimized conditions (3t-3u, 95%-97%).
Additionally, we extended the substrate scope to include
heterocyclic scaffolds under the optimized reaction conditions.
Reactions with thiophene yielded heterocycle-coupled biaryl
products (3s, 71%). The reaction of 1-bromo-4-iodobenzene
with phenylboronic acid produced two coupling products:
4-bromo-1,1"-biphenyl and 1,1":4', 1"-terphenyl (3y and 3y’, 71%
and 25%, respectively). Similar outcomes were observed for the
reaction of phenylboronic acid with 1-bromo-2-iodobenzene
and the reaction of iodobenzene with (4-bromophenyl)boronic
acid (3z-3aa’). To further diversify our investigation, aryl bro-
mides as coupling partners were reacted with differentially
substituted boronic acids under similar conditions, yielding
the desired cross-coupled products (3ab-3ae, 81%-94%). This
study demonstrates that the designed heterogeneous catalyst
(PA@COF-TFP_TzPy) is highly effective for a variety of aryl
iodides/bromides and aryl boronic acids, producing the corres-
ponding biaryl derivatives in good to excellent yields under
ambient reaction conditions.

To investigate the industrial application of the designed
catalyst, we performed a scale-up synthesis using 5.0 mmol 1a
under the optimized reaction conditions (Scheme 3). The
desired cross-coupled product was obtained with a yield of
94%, demonstrating that the developed heterogeneous catalyst
is suitable for large-scale synthesis of biaryl derivatives under
mild reaction conditions. Furthermore, we sought to explore
the reusability of the developed heterogeneous
Pd@COF-TFP_TzPy catalyst in SMCC reactions. In this context,

Table 1 Optimization of reaction conditions for the Suzuki—Miyaura cross-coupling reaction?

Pd@COF-TFP_TzPy (0.56 mol %)

Base (1.5 equiv)

O~ -

Solvent, rt, Time
1a 2a 3a

Entry Catalyst Solvent Base Time (hour) NMR yield (%)
1 Pd@COF-TFP_TzPy EtOH : H,0 K;PO, 3 83
2 Pd@COF-TFP_TzPy EtOH : H,0 NaOH 3 90”
3 Pd@COF-TFP_TzPy EtOH : H,0 K,CO; 3 72
4 Pd@COF-TFP_TzPy EtOH K;PO, 3 58
5 Pd@COF-TFP_TzPy H,0 K;PO, 24 nr
6 Pd@COF-TFP_TzPy ACN K,PO, 24 16
7 Pd@COF-TFP_TzPy DMF: H,0 K;PO, 3 64
8 Pd@COF-TFP_TzPy ACN: H,0 K,COs 24 70
9 Pd@COF-TFP_TzPy Toluene : H,0 K;PO, 24 nr
10 Pd@COF-TFP_TzPy Toluene K3PO, 24 nr
11 Pd/C EtOH : H,0 NaOH 3 62

“Reaction conditions: 1a (0.4 mmol), 2a (0.6 mmol), a base (0.6 mmol, 1.5 equiv.), and the PA@COF-TFP_TzPy catalyst (5 mg, 0.5 mol% of
Pd@COF-TFP_TzPy catalyst) were stirred in 4 mL of solvent at room temperature. ” Isolated yield of the product. nr: no reaction.
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HO Pd@COF-TFP_TzPy __ _
//:\>_ x + 5 NaOH (1.5 equiv) . \
RA= / . EtOH/H,0 (1:1 X7 N\~
1 HO R, 20 (1:1) R, R,
1a RT, 3h
X=1, Br 2a 3a-3ae
=1
) o~
3a, 90 %, 3b, 91% 3¢, 89% 3d, 76% 3e, 89%
TON 157.88 TON 159.64 TON 156.13 TON 133.32 TON 156.13
-0
31,91% 3g, 92% 3h, 71% 3i, 82% 3j, 94%
TON 159.64 TON 161 39 TON 124.55 TON 143.85 TON 164.90
3Kk, 96 % 31 87 % 3m, 89% 3n, 76 % 30, 79%
TON 168.41 TON 152.62 TON 156.13 TON 133.32 TON 138.58
Ve HU O A
3p, 90% 3q, 89% 3r,92 % 35, 71% O 3t,97 %
TON 157.88 TON 156.13 TON 161.39 TON 124.55 TON 170.16
O~ - OO~ =K
0 ¢ on g ) P~
/ / q
3u,95 % 3v, 74 % 3w, 88 % 3x, 30 %l
TON 166.65 TON 129.81 TON 154.37 TON 63.15
) OO=0) QO Q L W
3y, 1% 3y,25% 3z, 66% O 3aa, 65%
TON 124.55 TON 43.85 TON 115.78 32,22% TON 114.02
TON 38.59
R oo
i X=Br
1
O~ -0 O
, /
1
3aa’, 16 % | 3ab, 87 % 3ac, 94 % 3ad, 84% 3ae, 81 %M
TON 28.06 } TON 152.62 TON 164.90 TON 147.36 TON 142.09

Scheme 2 Substrate scope of SMCC. Reaction conditions: aryl iodide 1a (0.4 mmol), 2b (0.6 mmol), NaOH (0.6 mmol), and 5.0 mg (0.56 mol% of
Pd@COF-TFP_TzPy) of catalyst were stirred in 4 ml of EtOH/H,O (1:1) for 3 h. # Reaction was carried out at 70 °C.

Pd@COF-TFP_TzPy (5 mol %)

- HO‘B@ NaOH (7.5 equiv) O O
HG EtOH/H,0 (1:1)
RT, Time
1a, 5 mmol 2a, 7.5 mmol 3a,94 %

Scheme 3 Scale-up synthesis and reusability test of Pd@COF-TFP_TzPy.
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Fig. 6 Reusability of Pd@COF-TFP_TzPy.
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the reaction was performed with iodotoluene (1a) and phenyl-
boronic acid (2a) under optimal conditions (Fig. 6) for five
catalytic cycles. After each catalytic cycle, the catalyst was recov-
ered following a standard protocol and reused for subsequent
reactions. The results illustrated that the desired biaryl
product was consistently isolated in excellent yields (89-94%)
even after multiple cycles, highlighting the catalyst’s durability
and efficiency. We have also provided a plausible mechanistic
pathway for the Suzuki-Miyaura coupling (SMC) reaction
(Fig. S157).°%°"

Motivated by the success of the catalyst for SMCC reactions,
we furthermore extended the application of the designed
heterogeneous catalyst (Pd@COF-TFP_TzPy) to other popular
cross coupling reactions such as Heck and Sonogashira coup-
ling reactions to assess its versatility. Impressive results were
observed under the Heck cross coupling reaction conditions.
For instance, the reaction of aryl iodide (4) with unactivated or
activated olefins (5) in the presence of triethylamine as a base

Pd@COF-TFP_TzPy (0.56 mol %)

R, N Et;N (2 equiv) » R0+
DMF (2 mL)
XN I 5 12 hr, 120 °C
R :
Z
4 // Pd@COF-TFP_TzPy (0.56 mol %)
('Pr);NH (0.8 mmol)
Cul (0.14 mmol), ACN
7 12 hr, 90 °C
62,89%  O,N 6b, 90% Cl 6¢, 82% ~No O 6d, 67 %
TON 156.13 TON 157.88 CO-Me TON 143.85 TON 117.53
- (0] V/ O
o~ S
SCRYAAR O
6e, 95% o
o 6g, 67% 6h, 72%
TON166.65 Tf)t; 19656?; TON 117.53 TON 126.30
¢ J ¢ Pe
8a, 81% 8b, 88% O-oN 8c,98%  MeO 8d, 69%
TON 142.09 TON 154.37 TON 171.92 TON 121.04

Scheme 4 Substrate scope of Heck and Sonogashira coupling. Reaction conditions: aryl iodide 4 (0.4 mmol), 5 (0.8 mmol), EtsN (0.8 mmol),
and 5.0 mg (0.56 mol% of Pd@COF-TFP_TzPy) of catalyst were stirred in 2 ml of DMF for 12 h. Aryl iodide 4 (0.4 mmol), 8 (0.6 mmol),
iPr,NH (0.8 mmol), Cul (0.14 mmol), and 5.0 mg (0.56 mol% of Pd@COF-TFP_TzPy) of catalyst were stirred in 4 ml of ACN for 12 h.

This journal is © The Royal Society of Chemistry 2025
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and Pd@COF-TFP_TzPy as the catalyst in 2.0 ml of DMF at
120 °C gave the desired E-olefins in good to excellent yields.
Under the optimized reaction conditions, electrically varied
aryl iodides (4) coupled with styrene to yield the corresponding
products in good to high yields (Scheme 4, 6a-6d, 67-90%).
Additionally, reactions of iodobenzene and 1-iodonaphthalene
with methyl acrylate produced methyl cinnamate (6e, 95%)
and methyl (E)-3-(naphthalen-1-yl)acrylate (6f, 95%), respect-
ively, highlighting the catalyst’s broad applicability.
Furthermore, the heterocyclic compound 2-iodothiophene also
reacted effectively under the optimized conditions to provide
the Heck cross coupled product (6g) in 67% yield. Also, iodo-
benzene reacted with electron-rich styrene to yield the
expected product (6h) in 72% yield. Notably, the catalyst works
effectively for the synthesis of valuable internal alkyne syn-
thons in good to excellent yields under modified Sonogashira
cross coupling reaction conditions (Scheme 4. 8a-8d, 69-98%).

The recyclability of the COF catalyst was thoroughly evalu-
ated after carrying out the coupling reactions. The recovered
catalyst was characterized by FT-IR, P-XRD, XPS and N, gas
adsorption to confirm its stability under optimized reaction
conditions. FT-IR analysis showed no deviation in the charac-
teristic stretching frequencies relative to the parent catalyst
(Fig. S14at). Notably, the post-catalysis P-XRD patterns
(Fig. S14b¥) showed no significant changes in the P-XRD pat-
terns compared to the fresh catalyst. In addition, the retention
of permanent porosity in the spent catalyst was confirmed by
N, gas adsorption studies (Fig. 14ct). XPS analysis further con-
firmed that Pd remained in the +2 oxidation state, with Pd
3ds/, and Pd 3ds/,, respectively, indicating the absence of
metallic Pd(0) particles even after multiple catalytic cycles
(Fig. S 14d¥).

Conclusion

In summary, we describe an imine-functionalized covalent
organic framework (COF-TFP_TzPy) that was obtained using
readily available monomers and a simple synthetic approach.
COF-TFP_TzPy is decorated with ample heterocycles (such as
1,3,5-triazine and pyridine units) in the polymeric framework
that provide multiple metal coordination wunits. Thus,
COF-TFP_TzPy was reacted with Pd(OAc), to incorporate Pd(mu)
units in the polymeric framework that was confirmed by spec-
troscopic  analyses. The resulting metalated COF
(PA@COF-TFP_TzPy) was tested as a heterogeneous catalyst for
cross-coupling reactions, which are crucial for forming
carbon-carbon bonds. Pd@COF-TFP_TzPy demonstrated
exceptional catalytic performance that was characterized by a
broad range of reactants, excellent product yields, high stabi-
lity, and easy recyclability. Compared to other crystalline
porous materials like zeolites and metal-organic frameworks
(MOFs), the unique structure of Pd@COF-TFP_TzPy allows
efficient substrate access to catalytic sites and rapid mass
transport of reactants and products, which in turn contribute
to its superior catalytic activity (for a detailed comparison see

4774 | Nanoscale, 2025,17, 4765-4775
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Table T1, ESIT). We believe that our approach will stimulate
further research into functional COF materials for catalysis,
potentially leading to their industrial applications.
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