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Preparation of gold nanoparticles
decorated UiO-66-NH,
incorporated epichlorohydrin and
cyclodextrin as novel efficient
catalyst in cross coupling and
carbonylative reactions

Leila Mohammadi®™ & Mohammadreza Vaezi®®™!

This study presents a new, highly effective, and reusable catalyst: UiO-66-NH,@Epichlorohydrin@
Cyclodextrin@Au-NPs. This innovative catalyst starts with the Zr-based UiO-66 material, which is
functionalized with amino groups (-NH,). We enhanced its surface compatibility by modifying it

with epichlorohydrin and cyclodextrin via a post-synthesis modification method. Gold nanoparticles
were then stabilized on this modified composite, resulting in the UiO-66-NH,@Epichlorohydrin@
Cyclodextrin@Au-NPs complex. We used this catalyst for C-C coupling and Carbonylative Sonogashira
reactions in mild conditions. Its effectiveness was underscored by various analytical techniques,
including XRD, EDS, SEM, FT-IR, TEM, BET, ICP, TGA, and elemental mapping. The catalyst exhibited
exceptional performance in Sonogashira, Heck, Suzuki coupling, and Carbonylative reactions,
achieving good to excellent yields. It proved to be highly recyclable, maintaining its catalytic activity
for up to nine cycles with minimal loss.

Gold-catalyzed C-C cross-coupling reactions, also known as Suzuki-Miyaura Coupling (SMC) reactions, are
among the excellent methods for forming carbon-carbon (C-C) bonds, gaining significant attention from both
industrial and academic sectors. So far, many different gold catalysts, both homogeneous and heterogeneous,
have been employed to catalyze these reactions'~®. While homogeneous catalysts are known for their superior
catalytic performance and selectivity due to their good solubility, their industrial application is hindered by
challenges in separating the catalysts from products and recovering them. In contrast, heterogeneous catalysts
address these issues effectively'®-!°. Catalysis has revolutionized human life and industrial production, playing
a crucial role in numerous processes'®~2l. Metal nanoparticles (NPs) represent an important and emerging class
of heterogeneous catalysts, extensively used in a variety of reactions?>~?”. Gold nanoparticles, in particular, are
highly sensitive and exhibit significant catalytic activity due to their high surface energy. However, their small
particle size makes them prone to aggregation during reactions. Immobilizing gold nanoparticles on substrates
mitigates this issue by providing stability and selectivity, allowing the nanoparticles to maintain their small size
and facilitating good deposition through interconnected pores*®?. As a result, there has been increasing interest
in developing efficient, sustainable, and recyclable gold catalytic systems, considering both economic and
biocompatibility aspects. In recent years, researchers have successfully incorporated gold metal nanoparticles
into metal-organic frameworks (MOFs), creating new catalytic systems by immobilizing metal complexes or
nanoparticles within MOFs. This innovation aims to harness the potential of new heterogeneous catalysts in
C-C cross-coupling reactions!®30-35,

Metal-organic frameworks (MOFs) represent an exciting and innovative class of porous crystalline materials.
They comprise metal ions and multifunctional organic ligands. MOFs are of significant interest in scientific
communities for their numerous advantages, including tunable porosity, adjustable pore sizes, flexibility, high
specific surface area, excellent stability, and the potential for high performance and activity. Additionally, their
structural design ability makes them particularly appealing to researchers**-%>. Among various MOFs, the UiO
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(University of Oslo) series, including UiO-66°-%, Ui0-674>°°, Ui0-68°!-54, have garnered attention for their
remarkable chemical and thermal stability. These materials exhibit tolerance to acidic conditions (pH <1) and
high temperatures (exceeding 500 °C), surpassing many other MOFs in durability>>->°. Moreover, metal-organic
frameworks can produce a wide range of derivatives by incorporating various linkers, such as terephthalic acid
(BDC), leading to functional derivatives®>®, including UiO-66-NH,*"62, UiO-66-OH>*%, Ui0-66-COOH5*5,
UiO-66-N0267‘70, and others*®’!. However, the complexity of the organic linker can influence the coordination
between the metal and ligand, potentially modifying and enhancing the MOF structure’>73.

UiO-66-NH, is an MOF based on zirconium that includes amine groups. Its crystal structure consists of
hexameric Zr,O,, units and 2-aminoterephthalate ligands®”*-7¢. The topological structure of UiO-66-NH,
features an octahedral cluster of Zr,O,(OH), coordinated with twelve amino-terephthalic acid ligands. UiO-66-
NH, is particularly suitable for post-synthesis modification (PSM) due to its structural characteristics. MOFs
with NH, groups are known for their high adsorption capacity, which is attributed to their significant porosity
and the formation of charge transfer complexes between NH, groups and target molecules. Consequently,
surface modification of UiO-66-NH, through the PSM method with polymer compounds enhances the MOF’s
surface compatibility. Furthermore, its potential as a heterogeneous catalyst makes it valuable for various
applications®7”.

Cyclodextrin (CD, C,,H.O,.) is a carbohydrate macromolecule derived from starch by catalytic enzymes.
It is composed of a cyclic oligosaccharide featuring seven D-glucopyranose units linked together by alpha-1,4-
glycosidic bonds’®#2. A notable feature of cyclodextrin is its unique structure: a hydrophilic outer surface and
a hydrophobic central cavity. This structure allows cyclodextrin to interact with various organic and inorganic
compounds via hydrogen and van der Waals bonds, leading to the formation of stable host-guest complexes®3-8.
Cyclodextrins and their derivatives, being natural starch-derived molecules, have a high capacity for forming
complexes in solution or in the solid state through host-guest interactions®-%°. Cyclodextrins are widely used
despite their low aqueous solubility?’~°. They are highly effective for modifying the structure and enhancing the
physical and chemical characteristics of UiO-66-NH,. Additionally, cyclodextrins can act as inhibitors or ligands
with metal cations, which improves biocompatibility, increases porosity, and provides responsiveness to stimuli
through host-guest interactions®%6-%%,

Lately, a novel and efficient strategy has been developed to integrate cyclodextrin into UiO-66-NH, metal-
organic frameworks (MOFs) under milder preparation conditions, without compromising the framework’s
ability to absorb and store guest molecules®>?*'%, This approach involves first enhancing the thermal stability
of Ui0-66-NH, and then incorporating biocompatible cyclodextrin into the material. The incorporation of
cyclodextrin into MOFs results in the formation of new hybrid compounds due to strong molecular interactions,
including metal-ligand interactions, hydrogen bonds, host-guest interactions, and covalent bonds!%!-1%%, These
cyclodextrin-coated or modified MOFs are synthesized to improve aqueous solubility and biocompatibility.
The process of bridging cyclodextrin with MOFs presents significant challenges. Researchers in supramolecular
chemistry, metal-bonded materials, and polymer chemistry have significantly advanced this field. This
research highlights the strategy of combining UiO-66-NH, with epichlorohydrin and cyclodextrin, exploring
the interactions and bonds between epichlorohydrin, cyclodextrin, and the MOF components, as well as the
characteristics of the resulting materials.

Cross-linked polymers, produced through the (co)polymerization of cyclodextrin molecules and coupling
agents in an alkaline environment, have attracted much attention for their straightforward synthesis, high
absorption properties, and specific selectivity'?>-1%. Among the various methods, chemical cross-linking
with epichlorohydrin is particularly notable for creating a water-insoluble cyclodextrin network, which is
advantageous for environmental applications.

To this end, MOFs are ideal hosts. Given their permanent porosity, they offer significant advantages for
confining metal nanoparticles, allowing the metal to retain its large and uniform potential, which benefits
advanced catalytic applications. Recent studies have reported extensively on metallic MOF-nanoparticles
(MOF@NP), highlighting their catalytic activity, which is largely attributed to the high activity and recyclability
of metal nanoparticles immobilized within MOFs. The chemical environment surrounding the guest metal
nanoparticles can be readily modified through functional group linkages, enhancing the catalytic performance
by optimizing metal substitution within MOFg?®-3435:98.109-117,

In this study, UiO-66-NH,, known for its inherent porous structure, hydrophilic properties, and high
stability in aqueous environments, has been utilized to create as support with enhanced surface hydrophilicity,
reduced cross-linking, and preferential pathways for water molecules through selected layers of UiO-66-NH,
nanoparticles. Building on these promising results, this research aims to thoroughly evaluate and characterize
the synthesized catalyst UiO-66-NH,@1-Chloro-2,3-epoxypropane@Cyclodextrin@Au-NPs. This catalyst is
developed by combining UiO-66-NH, with epichlorohydrin (ECH) and cyclodextrin to cross-link and stabilize
gold nanoparticles on the substrate. The goal is to design a remarkably effective and novel green catalyst: UiO-
66-NH,@1-Chloro-2,3-epoxypropane@Cyclodextrin@Au-NPs. This innovative catalyst has proven effective
when employed in heterogeneous catalysis, demonstrating its flexibility in facilitating both C-C coupling and
Carbonylative reactions.

Experimental section
The study utilized materials and reagents acquired from Merck and Sigma-Aldrich, which were utilized as
received without purification. The synthesis processes described below were implemented.
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Ui0-66-NH,@ ECH@ CD

Synthesis of UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs catalyst

Synthesis of UiO-66-NH,

Combine 2.05 g of 2-aminoterephthalic acid with 65 mL of dimethylformamide (DMF) in a three-necked flask
and mix thoroughly. Dissolve 2.65 g of zirconium tetrachloride (ZrCl4) in 55 mL of DMF and add it to the initial
mixture. Introduce 2.5 mL of concentrated hydrochloric acid. Maintain an argon atmosphere and reflux the
mixture at 130 °C for 24 h. Observe the solution as it transitions from deep purple to yellow, ultimately forming
a clear yellow precipitate and powder™.

Synthesis of UiO-66-NH ,@Epichlorohydrin (UiO-66-NH ,@1-Chloro-2,3-epoxypropane)

Stir 0.1 g of UiO-66-NH, in 50 mL of acetonitrile at room temperature for 30 min. Mix 0.5 mL of liquid
epichlorohydrin with 0.5 mL of acetonitrile using a syringe, stirring for 5 min. Add this solution to the UiO-66-
NH,-acetonitrile mixture. Heat the combined solution to 65 °C and reflux for 24 h. Centrifuge the mixture at
9000 rpm to separate the solid. Wash the solid twice with fresh acetonitrile and dry it in an oven at 55 °C.

Synthesis of UiO-66-NH ,@1-Chloro-2,3-epoxypropane@Cyclodextrin

Prepare a solution of 0.5 g of cyclodextrin (CD) in 40 mL of anhydrous dimethyl sulfoxide (DMSO) with
constant magnetic stirring. Stir 0.1 g of UiO-66-NH,@1-Chloro-2,3-epoxypropane in 30 mL of DMSO for 30
min. Slowly add the cyclodextrin-DMSO solution dropwise to the UiO-66-NH,@1-Chloro-2,3-epoxypropane
solution. Gradually heat the mixture to 60 °C and reflux for 12 to 24 h. Isolate the product by centrifugation,
rinse with dry DMSO, and dry it in an oven at 70 °C.

Synthesis of UiO-66-NH ,@1-Chloro-2,3-epoxypropane@Cyclodextrin@Au-nanoparticles

Dissolve 0.2 g of UiO-66-NH,@1-Chloro-2,3-epoxypropane@Cyclodextrin in 35 mL of distilled water in a flask.
In a separate container, dissolve 0.045 g of HAuCl, in 4 mL of distilled water and add it slowly to the flask while
stirring vigorously to form Vessel A. Stir Vessel A at room temperature for 5 h. Dissolve 0.3 mL of hydrazine
hydrate in 3 mL of distilled water to create Vessel B. Add Vessel B dropwise to Vessel A with continuous vigorous
stirring. Stir the reaction mixture for an additional 24 h to ensure complete reduction of the gold nanoparticles
(see Fig. 1)%.

Results and discussion

To improve catalytic efficiency in chemical reactions, this study introduces a gold-based catalyst tailored for
C-C coupling reactions. Therefore, UiO-66-NH, was utilized as a support for the heterogenization of Au-
nanoparticles, owing to its high activity for PSM, substantial surface area, and robust structure. The PSM MOF
was developed using a gradient strategy, whereby the organic compounds of epichlorohydrin were coordinated
to the NH, groups of the organic MOF bonds. The amino NH, group of the MOF opens the epoxy ring of the
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Fig. 1. The preparation of UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs and application of catalyst
in C-C couplings.
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epichlorohydrin organic compound, resulting in the formation of UiO-66-NH,/Epichlorohydrin. Subsequently,
the chlorine group is eliminated from the opposite side through a reaction with the significant compound
cyclodextrin, leading to the formation of UiO-66-NH,/Epichlorohydrin/Cyclodextrin/Au-NPs. Its structure
and performance were analyzed and validated by means of various techniques, e.g., FT-IR, XRD, BET, SEM,
TGA, TEM, EDS, ICP, and mapping techniques. The loading of Au in the catalyst is thoroughly described,
highlighting both the Au catalyst loading and the incorporation of Au nanoparticles into the catalyst, with both
measurements derived from ICP analysis.

Fourier transform infrared spectrometer (FT-IR)

The FT-IR spectrum (Fig. 2) of the newly prepared UiO-66-NH,@1-Chloro-2,3-epoxypropane@Cyclodextrin@
Au-NPs reveals distinct features associated with the functionalization of UiO-66-NH, with epichlorohydrin,
cyclodextrin, and gold nanoparticles. Absorption bands at approximately 3334 cm™ and 3289 cm™ are
associated with NH, stretching vibrations. Peaks at 1644 cm™' and 1256 cm™ are related to N-H and C-H
bending vibrations, respectively. The bands in the 3672-3678 cm™" range are related to the u,-OH groups
within the Zr, cluster. The C-H stretching vibrations are noted between 2800 and 13,100 cm~L. Ester-related
bands appear at 1730, 1705, and 1227 cm™ L. The significant absorption peaks at 1576, 1423, 1259, and 669 cm!
correspond to the stretching vibrations of C-O, C-C, C-Ar-N, and Zr/Hf-O bonds, respectively***.

Transmission electron microscopy (TEM) analysis of UiO-66-NH,@Epichlorohydrin@
Cyclodextrin@Au-NPs catalyst

The TEM images of the UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs catalyst provide detailed
insights into the morphology of the catalyst. As depicted in Fig. 3, the TEM images reveal that the particle sizes
range from 50 to 100 nm. The dark spots observed in the images indicate the well-dispersed gold nanoparticles
(Au-NPs) on the surface of the modified MOF. The porous structure of the material is clearly visible and aligns
with the particle size measurements obtained from the SEM images. The SEM images shown in Fig. 4 exhibit
irregular, multi-stacked porous structures and a rough surface of UiO-66-NH,. This roughness is a natural
consequence of the PSM approach. Additionally, the Au nanoparticles, predominantly spherical, are observed
with an average diameter ranging from 42.78 to 48.02 nm, as they are well-distributed on the UiO-66-NH,
substrate.

X-ray diffraction (XRD)

Figure 5 presents the XRD pattern of the newly synthesized UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-
NPs catalyst. The diffraction peaks at 7.2°, 8.4°, and 25.82° (20) indicate the preservation of the internal structure
of the MOF following the post-synthesis modification of UiO-66-NH,"'8. Although there is a slight shift in the
20 values, which is a typical result of the synthesis process, the characteristic diffraction features of UiO-66-
NH, are still evident. This shift confirms the successful retention of the MOF crystal structure throughout the
synthesis. However, some interference is noted due to the overlap of peaks from cyclodextrin, which complicates
the analysis. Despite this, the XRD patterns clearly show the characteristic peaks of gold nanoparticles (Au-NPs).
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Fig. 2. IR spectra of (A) UiO-66-NH,, (B) UiO-66-NH,@Epichlorohydrin, (C) UiO-66-NH,@
Epichlorohydrin@Cyclodextrin, and (D) Cyclodextrin.
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Fig. 3. TEM images of UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs.
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Fig. 4. SEM images of UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs.
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Fig. 5. The XRD pattern of the (A) UiO-66-NH, (B) UiO-66-NH,@Epichlorohydrin (C) UiO-66-NH,@
Epichlorohydrin@Cyclodextrin and (D) UiO-66-NH,@Epichlorohydrin@Cyclodextrin/ Au-NPs.
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Fig. 6. (A) The EDS spectra and analysis for UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs. (B)
Mapping of carbon, oxygen, gold, nitrogen, zirconium and composite of all elements.

The reflections at 38.2°, 44.3°, 64.9°, and 77.8° (20) correspond to the standard Bragg reflections (111), (200),
(220), and (311) of Au (JCPDS file: 04-0784)11%-120,

Figure 6 displays the elemental mapping analysis for the catalyst. This analysis reveals a uniform distribution
of carbon (C), nitrogen (N), oxygen (O), zirconium (Zr), and gold (Au) throughout the catalytic structure. In
addition, SEM-EDX mapping corroborates the existence of these elements, confirming the effective fabrication
of the UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs catalyst. Elemental analysis indicates that the
gold loading in the catalyst is 5 wt%.

N, adsorption—desorption experiment

The porosity and surface area of the modified UiO-66-NH, MOF catalyst were assessed based on N, adsorption-
desorption isotherm analysis (BET) at 77 K. As depicted in Fig. 7, the isotherm for the modified UiO-66-NH,
at this temperature exhibits a Type I profile, indicative of substantial micro-porosity with an 820 cm®/g surface
area. These findings validate the efficient modification of the UiO-66-NH, framework through PSM with
epichlorohydrin and cyclodextrin, and the subsequent stabilization of gold nanoparticles. This process caused
the surface area to shrink slightly, reflecting the modification of UiO-66-NH, structure (Fig. 7).
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Fig. 7. The N, adsorption-desorption isotherm analysis (BET) of UiO-66-NH, and UiO-66-NH,@
Epichlorohydrin@Cyclodextrin/Au-NPs.
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Fig. 8. DTA and TGA profiles of (a) UiO-66-NH,, and (b) UiO-66-NH,@Epichlorohydrin@Cyclodextrin@
Au-NPs.

Thermogravimetric analysis (TGA)
Figure 8a presents the TGA and differential thermal analysis (DTA) of UiO-66-NH,. The TGA data reveal a

two-phase weight reduction: the initial phase occurring at 90 °C, attributed to the elimination of adsorbed
gases and coordinated hydroxyl groups from the zirconium clusters, and the second phase at 550 °C, associated
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with the degradation of the framework, resulting in a final residue of 33.18% zirconium oxide. For UiO-66-
NH, modified with epichlorohydrin and cyclodextrin (UiO-66-NH,@epichlorohydrin@cyclodextrin), the first
weight reduction phase occurs up to 280 °C, related to adsorbed gases and coordinated hydroxyl groups, while
the second phase, between 550 and 750 °C, is due to framework decomposition. Ui0-66-NH, modified with
epichlorohydrin (UiO-66-NH,@epichlorohydrin) and with cyclodextrin (UiO-66-NH,@epichlorohydrin@
cyclodextrin) show similar patterns, with final residues of 38.43% and 37.03%, respectively. These findings,
depicted in Fig. 8a,b, demonstrate the enhanced thermal stability of the modified MOFs.

Plausible mechanism

According to the results of previously outlined findings, a mechanistic framework illustrating the likely
sequence of occurrences is presented in (Fig. 9). In the case of Suzuki coupling, the process commences with the
engagement of aryl boronic acids 1 and haloarenes 2 on the catalyst surface, leading to the formation of transient
species I, which subsequently reorganizes to yield organometallic intermediate I1'2!. The reaction in the presence
of K,CO, and water subsequently yields biaryl products 3, accompanied by byproducts KHCO,, KX, and B(OH),
(Fig. 9A). In the Sonogashira coupling process, it is probable that the reaction advances via the chemisorption
of terminal alkynes 4 and haloarenes 2 onto the catalyst surface, resulting in the formation of adsorbed species
III. The molecules that have been adsorbed subsequently reorganize on the surface to generate intermediate IV
(Fig. 9B). This latter intermediate, when reacted with K,CO,, yields the desired coupling products 5 along with
KX and KHCO,, while simultaneously regenerating the catalyst (Fig. 9)'%2.

UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs has been engineered to enhance catalytic efficiency
for a range of coupling reactions, such as Suzuki, Heck, Sonogashira C-C Coupling, and Carbonylative
Sonogashira reactions. This catalyst operates effectively with H,O as a green solvent in moderate conditions.
Specifically, the Suzuki-Miura cross-coupling reaction was selected as the model for optimization. This was
achieved using the UiO-66-NHz@Epichlorohydrin@Cyclodextrin@Au-NPs catalyst, with iodobenzene and
phenylboronic acid, which notably enhanced the Suzuki reaction under mild conditions. Furthermore, the
effects of various parameters, including temperature, solvent type, catalyst quantity, reaction time, and different
bases, were evaluated and are summarized in Table 1. The development of the Suzuki reaction with the Au/UiO-
66-NH, catalyst was analyzed to determine the optimal solvent among various options such as water, toluene,
DMSO, DME, CH,Cl,, MeCN, ethanol/water, ethanol, tetrahydrofuran, and NMP, with water demonstrating the
most favorable results. Table 1 provides a comprehensive overview of how catalyst loading, temperature, reaction
time, solvent type, and base selection impact the reaction parameters.

The optimal catalyst quantity was determined by evaluating the reaction progress at various catalyst loadings.
As the catalyst amount increased from 10 to 25 mg, the efficiency of the reaction improved from 30 to 99%.
This enhancement is attributed to the greater interaction rate between the substrates and the active sites of
the catalyst. Consequently, a catalyst loading of 25 mg was found to be optimal for the Suzuki reaction. It was
observed that no product was formed without the Au catalyst.

Moreover, the Suzuki reaction kinetics are influenced by reaction time and temperature. According to the
data, increase in temperature from 25 to 80 °C indicates optimal result was achieved at 65 °C. More temperature
increases did not result in higher reaction yields. Therefore, a temperature of 65 °C for 40 min was selected as
the optimal condition for the reaction.

For the model reaction, water (H,0) emerged as the most effective solvent, providing the highest yield. This
is likely due to the enhanced solubility of phenylboronic acid and potassium carbonate in this solvent. Based on
these findings, optimal yields were obtained with 25 mg of our catalyst, using water as the solvent and potassium
carbonate as the base at 65 °C for 40 min.

The Carbonylative Sonogashira reaction was conducted using the Au-UiO-66-NH, catalyst, incorporating
phenylacetylene, iodobenzene, acetic anhydride, a base, a ligand (10 mol percent), formic acid, and a solvent to
synthesize the target compounds. As detailed in Table S3, optimal results were obtained with trimethylamine
(Et3N) as the base, toluene as the solvent, and 30 mg of UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs,
a modified version of Au-UiO-66-NH,, at 60 °C for 7 h. These conditions for the reaction were identified as the
most effective. Tables S1 and S2 present the optimization data for the Heck and Sonogashira reactions using the
given catalyst.

In accordance with the prescribed methodology for the Heck reaction, iodobenzene was combined with
styrene, while iodobenzene was paired with phenylboronic acid for the Suzuki reaction. The research findings
indicate that the Heck reaction achieved the highest yield when conducted in water as the solvent, with
potassium carbonate (K,CO,) serving as the base. The reaction was performed using 30 mg of UiO-66-NH,@
Epichlorohydrin/Cyclodextrin/Au-NPs as the catalyst at 80 °C for 90 min, resulting in optimal performance (see
Table S1). This study found that using water as a green solvent, potassium carbonate (K,CO,) as a base, and 30
mg of UiO-66-NH,@epichlorohydrin/cyclodextrin/Au-NPs as a catalyst, referred to as the Au-UiO-66-NH,
catalyst, at 80 °C for 90 min led to maximum yield for the Heck reaction (see Table S1). The optimal conditions
for the Sonogashira reaction, which involved 25 mg of the catalyst in water as the green solvent, K,CO, as the
base, 50 °C temperature, and a reaction time of 20 min, are detailed in Table S2. Similarly, the most effective
conditions for the Suzuki reaction were found to be 25 mg of catalyst in water, with K,CO,, at 65 °C for 40 min
(refer to Table 1).

After establishing the optimal Sonogashira conditions, the proposed method’s generalizability was assessed
by synthesizing various biphenyl derivatives from different precursors, such as aryl halides and terminal alkynes,
using the catalyst prepared under optimal conditions (refer to Table 2). The results in the table demonstrate high
yields of reaction products, irrespective of whether the aryl halides are meta-, ortho-, or para-substituted.

The Table 2 illustrates the Au/UiO-66-NH, catalyst excels in the Sonogashira coupling reaction, effectively
handling bromine, iodine, and chlorine derivatives of aromatic compounds. The use of various aliphatic halides
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Fig. 9. Plausible mechanism in order to (A) Suzuki, (B) Sonogashira, (C) Carbonylative Sonogashira and (D)
Heck coupling reaction by UiO-66-NH,/Epichlorohydrin@Cyclodextrin/Au-NPs.

led to consistently high-quality products. Table 3 succinctly shows the results of the Sonogashira Carbonylative
reaction with the Au-MOF catalyst. Further analysis of the Heck and Suzuki reactions is provided in Tables 4 and
5, respectively. The study demonstrates that UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs serves as an
excellent catalyst for coupling reactions, although certain products from the Sonogashira reaction yielded lower
results compared to others (Table 2).
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| B(OH), UiO-66-NH,@ ECH@Cyclodextrin/Au-NPs

: - O~
©/ ©/ conditions H
Entrance | Catalyst (mg) | Solvent T (°C) | Base Time (min) | Yield (%)
1 - EtOH 25 K,CO, 40 -
2 5 EtOH 35 K,CO, 40 29
3 5 EtOH 80 K,CO, 40 65
4 25 EtOH: H,0 (1: 1) 80 K,CO, 40 98
5 30 EtOH: H,0 (1: 1) 80 K,CO, 40 97
6 25 H,0 70 K,CO, 40 97
7 25 H,0 65 K,CO, 40 99
8 25 H,0 60 K,CO, 40 96
9 25 H,0 55 K,CO, 40 92
10 25 H,0 60 KOH 40 90
11 25 H,0 60 K,PO,3H,0 |40 78
12 25 H,0 60 CH,COONa | 40 25
13 25 H,0 60 Et,N 40 50
14 25 H,0 60 Piperidine 40 30
15 25 H,0 60 Na,CO, 40 68
16 25 DMSO 60 K,CO, 40 -
17 25 DMF 60 K,CO, 40 35
18 25 1,2-dichloromethane CH,Cl, | 40 K,CO, 40 35
19 25 MeCN 60 K,CO, 40 10
20 25 PhCH, 60 K,CO, 40 30
21 25 NMP 60 K,CO, 40 35
2 25 THE 60 K,CO, 40 30

Table 1. Results from the optimization experiments for the Suzuki coupling reaction. Reaction conditions:
1 mmol of phenylboronic and acid 1 mmol of iodobenzene.

Once the optimal conditions were determined, the versatility of the reaction was assessed by synthesizing a
range of biphenyl derivatives from different starting materials. This involved reacting various aryl halides and
aryl boronic acids with the developed catalyst under the established optimal conditions, as detailed in Table 5.
Results point out that the derivatives formed in the presence of aryl halide precursors were produced with high
efficiency. The efficiency percentage was consistent regardless of whether the substituent positions on the aryl
halide ring were ortho, meta, or para. Furthermore, the use of aliphatic halides also resulted in high-quality
products. The proposed catalyst proved to be quite effective and versatile in catalyzing the Suzuki coupling
process with iodine, chloro, and bromo derivatives of aromatic compounds.

The study further evaluated the effectiveness of the proposed method in the Sonogashira and Heck reactions,
with the results detailed in Tables 3 and 4. This research demonstrated the effectiveness of UiO-66-NH,@
Epichlorohydrin@Cyclodextrin@Au-NPs in promoting these reactions, although the yields for certain products
were somewhat lower in the Sonogashira reaction.

The effectiveness of the UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs catalyst in the Suzuki cross-
coupling reaction was evaluated against various other catalysts documented in prior studies, as visible in Table
5. As seen in Table 5, the catalyst in question demonstrates superior efficiency compared to the others. This
superior performance can be attributed to the appropriate modifications made post-synthesis, specifically the
use of epichlorohydrin and cyclodextrin compounds, which altered the electronic structure of UiO-66-NH,.
This modified structure enhances the capacity of Au NPs in the final composite to perform catalytic reactions
and activities more effectively.

Recyclability
One of the key attributes of an effective catalyst is its reproducibility, which enables it to facilitate multiple
iterations of the same reaction reliably. In this study, the proposed catalyst was evaluated for its performance
in Cu-free Sonogashira, Carbonylative Sonogashira, Suzuki, and Heck reactions over 9 cycles. The catalyst
consistently delivered high yields, ranging from 100 to 85%, as illustrated in Fig. 10. Importantly, there was no
noticeable decline in performance after the first three cycles. The remarkable recyclability of the catalyst is due
to the structural stability of UiO-66-NH, in aqueous conditions. Moreover, the modification process effectively
prevents water from penetrating the MOF’s pores, which significantly contributes to the catalyst’s robustness
and longevity.

The catalytic efficacy of UiO-66-NH,@Epichlorohydrin/Cyclodextrin/ Au-NPs in Sonogashira, Carbonylative
Sonogashira, Heck and Suzuki reactions are benchmarked against other catalysts reported in the literature,
as summarized respectively in Tables 2, 3, 4, and 5. The results suggest that the newly synthesized catalyst
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Table 2. The Sonogashira reaction using UiO-66-NH,@Epichlorohydrin@Cyclodextrin@Au-NPs.
Reaction conditions: 1 mmol of terminal alkyne, 3 mL of solvent, 1.2 mmol of aryl halide, and 2 mmol of base.
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Table 2. (continued)

exhibits the most successful performance. This improved efficiency can be attributed to the post-synthesis
conformational modifications using epichlorohydrin and beta-cyclodextrin, which enhance the UiO-66-NH,
composite. The modified structure of UiO-66-NH, enhances the catalytic activity of the final composite by
effectively immobilizing gold nanoparticles, leading to superior catalytic performance.

Results for the heterogeneous catalyst

In the model reaction, 1 mmol of phenylboronic acid was reacted with 1 mmol of iodobenzene in the presence of
UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs. The yield of the product was 99%. The highest efficiency

was observed with 25 mg of the given catalyst, using water as the green solvent at 50 °C under 25 min.

In subsequent experiments, the same reaction setup was employed to assess the catalyst’s heterogeneous
properties, with the reaction conditions kept constant. Midway through the reaction, the catalyst was extracted
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Table 3. Organic compounds fabricated via the Carbonylative Sonogashira reaction.

Reaction Conditions: aryl acetylenes (0.4 mmol), aryl iodides (0.2 mmol), suggested catalyst UiO-66-NH,@
Epichlorohydrin/Cyclodextrin/Au-NPs (30 mg), PPh, (10 mol%), Et,N (3 mmol), HCOOH (2.0 mmol), Acetic
anhydride (Ac,0) (2 mmol), toluene (2.0 ml), 50 °C, 8 h.
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|
AN © Ui0-66-NH,@ECH@CD/Au-ypg / O
: +
1.5 h, K,CO4, 80°C, 30 mg O
Entry | Alkene Aryl halide Product Time | Yield
) (%)
1 A ! O 1.5 98
@ W
2 S Br O 1.5 83
e
3 S ¢l O 1.5 70
@ i
4 O/\ ' O 1.5 |98
o=
CHO
5 O/\ Br O 1.5 |93
o=
CHO
6 ©/\ ci O 1.5 82
(; )
CHO
7 O/\ ! O 1.5 98
f; O
NO,
8 ©/\ Br O 1.5 |97
Qj -
CN
9 ©/\ Br O 1.5 92
f; el )
OCHs
10 ©/\ Br O 1.5 96
(; H,COC O /
COCH;

Table 4. Organic compounds fabricated via the Heck reaction in favorable conditions.

Reaction conditions: 1 mmol of aryl halide, 1 mmol of terminal alkyne, 2 mmol of base, 3 mL of solvent.
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Table 4. (continued)

from the setup and the reaction was allowed to proceed for extra 100 min without it. After 25 min, the results
showed that Container 1, which retained the catalyst, had a product yield of 99%. In contrast, Container 2, from
which the catalyst was removed, yielded only 50% of the product, with no further increase in product yield
observed (Tables 6, 7).

Table 8 illustrates a comparison of the catalytic efficacy of UiO-66-NH,@Epichlorohydrin/Cyclodextrin@
AuNPs alongside various catalysts documented in the literature for the purpose of Suzuki process. The data
demonstrates that our suggested catalyst achieves one of the most significant yields recorded to date. This
result may be attributed to the precise alteration of the electronic structure of UiO-66-NH, via a post-synthesis
modification procedure utilizing nitrogen-rich ligands. The inclusion of Epichlorohydrin and Cyclodextrin
alters the electronic structure of UiO-66-NH,, consequently resulting in an enhancement and improving of the
catalytic performance of gold nanoparticles within the final composite.

Results of inductively coupled plasma-optical emission spectroscopy (ICP-OES)

The ICP-OES analysis revealed that the Au loading of the new catalyst was 0.89%. The analysis of the recovered
catalyst demonstrated minimal gold (Au) leaching, with a decrease of less than 0.02% after nine cycles of use.
Additionally, the ICP analysis indicated that the Au loading of the created catalyst was 0.89%. After seven cycles
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| B(OH), Ui0-66-NH,@ ECH@ Cyclodextrin@Au-NPs
+
©/ ©/ 25 mg, H20, 65°C, K,CO3
Entry | Aryl halide Aryl Product Time | Yield
boronic (min) | (%)
acid
1 I HO___OH 40 |97
8 HoN
NH,
OMe
3 | HO___OH 40 99
B F
F
4 | HO___OH 40 99
F3C
CFa
5 ! HO___OH | Me, 40 77
i Me
Me H
7 ! HO_ _OH 40 95
@ © v )
Me F
B el
cl H
NO,
10 | HO___OH | ON 40 99
QL. | O OO
H
H
13 Br HO___OH 40 76
HO
OH

Table 5. Various desired organic compounds fabricated using Suzuki coupling reaction.
Chemical reaction conditions: 50 °C, H,O, K,CO,, 1.1 mmol of aryl boronic acid, and 1 mmol of aryl halide.
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Table 5. (continued)

of use, there was a minor decrease in gold (Au) leaching, less than 0.05%. The Au loading of the catalyst is
detailed in Table 9, which presents the Au catalyst loading and the loading of Au nanoparticles in the catalyst,
both obtained from ICP analysis.

Combined catalytic reaction procedures
In a series of catalytic reactions, varying procedures were employed using a UiO-66-NH,@Epichlorohydrin/
Cyclodextrin/Au-NPs catalyst under similar conditions.

For the Suzuki reaction, 1.1 mmol of aryl boronic acid and 1 mmol of aryl halide were mixed in a 10 mL
round-bottom flask with 3 mL of distilled water. To this mixture, 25 mg of the catalyst and 2 mmol of K,CO,
were added. The mixture was stirred and heated to 65 °C as specified in Table 5, and its progress was monitored
by thin-layer chromatography (TLC) using an n-hexane/ethyl acetate (7:3) solvent system. Next, the mixture
was allowed to cool to 25 °C, after which the catalyst was removed through filtration. Diethyl acetate was used to
extract the organic phase. The resulting extract was then dried with magnesium sulfate (MgSO,) and filtered to
achieve purification. Purification of the crude product was achieved through column chromatography on silica
gel with an n-hexane/ethyl acetate (7:1) solvent system. The final product was characterized by FT-IR, NMR
spectroscopy, and melting point analysis, as detailed in the Supporting Information.

In the Sonogashira reaction, 1 mmol of halo benzene and 1.2 mmol of acetylene were mixed with 3 mL
of distilled water in a reaction flask. The reaction was catalyzed by 25 mg of UiO-66-NH,@Epichlorohydrin/
Cyclodextrin/Au-NPs and 2 mmol of K,CO,. The mixture was heated to 50 °C and stirred as detailed in Table
2. Progress was tracked using TLC with an n-hexane/ethyl acetate (8:1) solvent system. After completion, the
catalyst was filtered out, washed with ethanol, and dried at 60 °C. The organic phase was extracted with diethyl
ether (Et,0), and the crude product was purified using column chromatography on silica gel with an n-hexane/
ethyl acetate (9:1) solvent system. Product characterization was conducted via FT-IR, NMR spectroscopy, and
melting point analysis, as specified in the Supporting Information.

For the Carbonylative Sonogashira reaction, 30 mg of UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs
and 10 mol% PPh, were combined in a 15 mL desiccator tube, which was subjected to repeated evacuations and
nitrogen purges. A mixture of 2.0 mL toluene, 1.0 mmol Et,N, 0.4 mmol alkyne, and 0.2 mmol aryl iodide was
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Fig. 10. Recyclability of the UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs catalyst.

| B(OH),
©/ ) O/

Ui0-66-NHyECH@CD/Au-NPs

25 mg, H,0, K2€0;

10 25 10 25
15 37 15 37
20 49 20 49
1 Mixture with catalyst 2 Mixture without catalyst
25 59 25 49
30 70 30 49
35 85 35 49
40 99 40 49
50 99 50 49

Table 6. Results for proving the heterogeneous catalyst. Significant values are in bold. Conditions: 1 mmol of

terminal alkyne, 1.1 mmol of aryl halide, 2 mmol of base, and 3 mL of solvent.

1 UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs | 99 20 0.085 0.009
2 UiO-66-NH,@Epichlorohydrin/Au-NPs 85 20 0.079 0.02
3 UiO-66-NH,@Au-NPs 81 20 0.069 0.025

Table 7. Comparison of catalytic performance for the Sonogashira reaction using the synthesized catalyst

versus alternative catalysts.
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Entry | Catalyst Reaction condition Yield (%) | Time (h) | References
1 Pd@Mag-MSN (1) K,CO,, CH,Cl,, 80°C 85 6 12

2 Xerogel g1-MNPs (1) Na,CO,, CH,OH, 60 °C 99 2 124

3 Pd/NiFe,0, (0.1) Na,CO,, DME, 90 °C 50 2 125

4 Pd-Fe,0, (1) K,CO,, DME: H,0 3: 1, reflux | 71 24 126

5 C/Co@PNIPAM-PPh,-Pd (3) K,CO,, toluene: H,0 2: 1,85 °C | 99 16 127

6 Co@C@Pd (1.1) Na,CO,, THF: H,01:2,65°C | 96 2 128

7 Pd/Fe,0,@C (0.3) K,CO,, EtOH, reflux 100 1 129

8 Pd@Fe,0, (0.816) K,PO,, CH,OH, 40-65 °C 90 18 130

9 Fe,0,@PUNP*-Pd (0.1) K,CO,, H,0,90°C 98 1 131

10 GA-FSNP@Pd (0.28) K,CO,, solvent free, 90 °C 92 0.25 132

11 Pd-IPG (0.1) NaOH, EtOH: H,0, 60 °C 929 1 133

12 GO/NHC-Pd (1) Na,PO,.12H,0, H,0, 100 °C 91.6 6 134

13 Pd NPs on polymer (0.08) K,CO,, H,0, 25-100 °C 83 5 135

14 Pd-HoMOF (0.4) KOH, DME, 100 °C 99 1 136

15 | (Pd (I)-NHCs) @nSiO, (0.27) K,CO,, DMF: H,0 (2:1),60°C |97 6min |17

16 Pd (I1)-NiFe,0, (0.5) K,CO, EtOH: H,0, 80 °C 96 3 125

17 GO-CPTMS@Pd-TKHPP (10) K,CO, EtOH: H,0, 80 °C 99 15min | 1%

18 UiO-66-NH,@Epichlorohydrin/Cyclodextrin/Au-NPs | H,O, K,CO,, 60 °C 99 60 min | This study

Table 8. Comparative catalytic performance of the synthesized catalyst in the Suzuki reaction relative to
existing literature reports.

Entrance | Catalyst | Au (mol%)
1 Order1 |0.89
2 Order2 | 0.88
3 Order3 |0.88
4 Order4 | 0.87
5 Order5 | 0.86
6 Order6 | 0.85
7 Order7 |0.84
8 Order 8 | 0.82
9 Order9 |0.82

Table 9. Au loading.

added via syringe. A separate solution of 2.0 mmol acetic anhydride and 2.0 mmol Et,N was then introduced.
The blend underwent stirring at 60 °C for a duration of 8 h, followed by filtration. Subsequently, the solution
was subjected to concentration under vacuum at 60 °C. The resulting crude product was refined via column
chromatography on silica gel, employing a solvent system of 95:5 petroleum ether and ethyl acetate.

Lastly, in the Heck reaction, 1 mmol of aryl halide, 1.1 mmol of olefin, 2 mmol of K,CO,, 3 mL of distilled
water, and 30 mg of UiO-66-NH,@Epichlorohydrin/CD/Au-NPs catalyst was combined in a 10 mL round-
bottom flask. The mixture was heated to 80 °C under the conditions specified in Table 4. Upon completion,
the catalyst was removed by centrifugation, and the solution was cooled. Organic compounds were extracted
with ethyl acetate, and the solvent was evaporated. The residue was dried using MgSO,, and the crude products
were purified by column chromatography on silica gel with an n-hexane/ethyl acetate (9:1) solvent system. The
final products were identified using FT-IR, NMR spectroscopy, and melting point analysis, as detailed in the
Supporting Information.

Conclusions

In this research study, UiO-66-NH, was used as a support for the heterogenization of gold nanoparticles
due to its high activity for PSM, as well as its significant surface area and robust structure. In this synthesis,
which involves functionalization of MOF UiO-66-NH, via PSM cross-linked with epichlorohydrin (ECH) and
cyclodextrin, gold nanoparticles were subsequently anchored onto this modified framework, resulting in the
aforementioned novel catalyst, which led to the formation of UiO-66-NH,/Epichlorohydrin/Cyclodextrin/Au-
NPs. In this efficient strategy, cyclodextrin incorporation into UiO-66-NH, metal-organic frameworks (MOFs)
was developed under milder preparation conditions, without compromising the frameworK’s ability to adsorb
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and store guest molecules. The process of bridging cyclodextrin with MOFs presents significant challenges.
Cross-linked polymers, which are produced by (co)polymerization of cyclodextrin molecules and coupling
agents in an alkaline medium, have attracted much attention due to their simple synthesis, high adsorption
properties, and specific selectivity. Among the various methods, chemical cross-linking with epichlorohydrin
is particularly noteworthy for creating a water-insoluble cyclodextrin network, which is advantageous for
environmental applications. Furthermore, the properties were characterized and evaluated through analysis
performed using FT-IR, XRD, BET, SEM, TGA, TEM, EDS, ICP, and mapping techniques. The proposed
composite is used to facilitate C-C coupling reactions, including Suzuki, Heck, and Sonogashira, C-C reactions
as well as Sonogashira carbonylation reactions, showing exceptional performance under mild conditions. As a
result, considering the inherent stability of UiO-66-NH, MOF and the additional stability provided by PSM, the
proposed catalyst showed outstanding recycling capabilities. Furthermore, the proposed catalyst showed the
potential to be reused up to 9 times. Eventually, the techniques utilized for the heterogenization tests discussed
in the preceding section, the outcomes achieved a product with high efficiency.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
information).
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