www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Lead free perovskite integrated
metal organic framework as
heterogeneous catalyst for efficient
three component click reaction
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This study reports the synthesis and characterization of a novel CsCu,l,@UiO-66(Ce)-NH, hybrid
material through the state-of-the-art in-situ growth of the lead-free and non-toxic CsCu,l, perovskite
within the porous UiO-66(Ce)-NH,. The composite exhibits a high surface area with the CsCu,|,
nanostructures uniformly dispersed within the UiO-66(Ce)-NH, framework. The host-guest CsCu,|,@
UiO-66(Ce)-NH, was considered as an effective and stable catalyst for the one-pot three-component
copper(l)-catalyzed intermolecular alkyne-azide cycloaddition (CuAAC) or click reaction. Under
optimized conditions, utilizing water at room temperature, the nominal catalyst exhibited superior
activity, outperforming its individual components. Remarkably, the CsCu,l,@UiO-66(Ce)-NH,
catalyst demonstrated good recyclability and reusability over several catalytic runs. Mechanistic
studies unveiled a synergistic cooperation between the CsCu,|, and MOF, leading to the enhanced
catalytic performance and improved stability of the perovskite. The developed multifunctional porous
solid offers potential applications in catalysis and related fields, paving the way for innovative and
sustainable organic synthesis and beyond.

Keywords Cerium-based metal-organic framework, Composite, Hybrid material, 1,3-Dipolar cycloaddition
reaction, Multi—component reaction

Perovskites with the general formula ABX3 have garnered significant attention in recent years as semiconductors
due to their remarkable performance in photovoltaic cells and other optoelectronic devices. This is attributed
to their unique physical and chemical properties, their simple manufacturing and the ability to tune their
characteristics. The most commonly studied perovskites, lead halide perovskites (APbX3), were first reported
in the 20th century. However, the materials have limited use due to their poor stability and high toxicity'=.
Consequently, extensive research has focused on developing alternative perovskites with lower toxicity and/or
higher efficiency.

Cu-based low-dimensional perovskites have shown promise as intrinsic earth-abundant scintillators,
exhibiting high photoluminescence quantum yield (PLQY), high thermal stability, and lower toxicity™.
However, the preparation of Cu perovskites faces several challenges, such as the need for capping or stabilizing
agents. Additionally, the applications of Cu perovskites have been continuously emerging, but their catalytic
performance has not been extensively explored®—®.

Metal-organic frameworks (MOFs) are another class of heavily studied micro-/mesoporous crystalline
materials®~!!. MOFs are formed by metal ion units or clusters as nodes and organic linkers as connectors. These
materials are characterized by their high crystallinity, high specific surface areas (up to 10,000 m*/g), large
internal pore volumes (up to 90% free volume), and low density'. Due to these key features, MOFs have been
extensively investigated for applications in gas storage/separation'>!4, sensors!>!6, catalysis'”~2’, photocatalysis?!,
and other areas.

Ui0-66(Ce)-NH, is an amino-functionalized analog of the well-known UiO-66 MOF**"**, This material
exhibits several attractive properties, such as exceptional thermal and chemical stability, high porosity, high BET
surface area, a relatively simple and mild preparation method, and versatile functionalization capabilities, making
it a favorable candidate for various applications*>~*’. The amino groups can serve as anchoring/supporting sites
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for various functional groups, catalysts, or guest molecules, enabling diverse applications such as catalysis, gas
storage/separation, and analytical processes®>*®. Moreover, the incorporation of cerium as the most abundant
rare-earth element renders this material a compelling candidate for practical applications?.

The integration of perovskite and MOF crystals through rational design can result in the formation of a new
class of porous composite materials with enhanced structural features, improved stability, higher efficiency and
activity rather than using the primary components®*0-3*, CuA AC or “click” reaction, has been extensively studied
for the synthesis of heterocycles used in various field of chemistry, biology, and material science®>>°. Up to now,
CuSO,-5H,0/p-cyclodextrin/sodium ascorbate®’, Cu-metallopolymer®®, Cu@UiO-67-IM (IM =imidazolium
salt)?, saCu-x@mpgC,N 440, MOF-derived Cu@N-C*, and Cu(I) complexes immobilized on multi-walled
carbon nanotubes (CNT)?? have been investigated as CuAAC catalysts. Nevertheless, despite the successful
achievements, these systems often suffer from the need for additives or organic solvents, the use of high catalyst
amounts, lack of reusability, and long reaction times, which limit their practical applications.

In this work, the hybridization of the cerium-based MOF, UiO—66(Ce)—NH2, with the lead-free, earth-
abundant, and non-toxic CsCu,, perovskite*>* to form the CsCu,I,@ UiO-66(Ce)-NH, composite is reported.
Using an in-situ growth method, the CsCu,l, units are uniformly incorporated within the UiO-66-NH,
framework, with strong contact between the two components without pore blocking. The UiO-66(Ce)-NH, can
serve as a nanoscale scaffold, effectively stabilizing and spatially confining the growth of CsCu, I, nanostructures,
leading to precise control over their size and morphology.

The resulting CsCu,l,@UiO-66(Ce)-NH, composite material was studied as an efficient heterogeneous
catalyst for three-component click reaction. The catalytic performance of CsCu,l,@UiO-66(Ce)-NH, surpassed
that of its individual components and most reported catalysts. Notably, the CsCu,I,@UiO-66(Ce)-NH, catalyst
demonstrated exceptional stability, allowing for facile recovery from the reaction media and efficient reuse
without significant loss in catalytic activity. The enhanced catalytic performance was due to a combination effect
between the CsCu,I, and UiO-66(Ce)-NH,,.

Materials and methods

Chemicals and reagents

Chemical materials such as ammonium cerium(IV) nitrate ((NH,)Ce(NO,),), terephthalic acid (BDC),
2-aminoterephthalic acid (BDC—NHZ), N,N’-dimethylformamide (DMF), cesium iodide, copper iodide,
acetonitrile, sodium azide, benzyl halides, and phenylacetylenes were purchased from Merck and Sigma-Aldrich
with high purity. UiO-66(Ce)-NH, was prepared according to the previous procedures?. Synthesis of individual
CsCu,l, was adjusted from the literature*?, as mentioned below.

Synthesis of CsCu, |,

In a glass vial, Cul (1.4 mmol) and CsI (0.70 mmol) were added to anhydrous acetonitrile (5 mL) and stirred
for 4 h at 60 °C. The resulting yellow solution underwent controlled cooling to ambient temperature and
subsequent filtration through a polytetrafluoroethylene (PTFE) syringe filter (0.45 um). Subsequently, diethyl
ether (approximately 2 mL) was added dropwise as an antisolvent to the filtrate, leading to the formation of a
white precipitate of CsCu,[,. Finally, the crystals were isolated by centrifugation.

Synthesis of UiO-66(Ce)-NH,

To synthesize UiO-66(Ce)-NH,, briefly, the process begins by dissolving BDC (70.8 mg, 0.426 mmol) in 2.5 mL
of DMF (~10 mL glass vial). Then, 800 uL of a 0.533 M solution of (NH,)Ce(NO,), is added. The vial is sealed,
and the mixture is stirred for 30 min at 100 °C. Thee sample is collected via centrifugation and washed three
times with DMF and ethanol. After the final ethanol wash, the sample is left to soak in ethanol overnight. The
solid is then collected by centrifugation, dried under vacuum at 70 °C for 1 h, and activated at 90 °C for 12 h to
give UiO-66(Ce). For the solvent-assisted linker exchange (SALE) process, 32.63 mg of UiO-66(Ce), 72.46 mg
of BDC-NH, (0.4 mmol), and 10 mL of methanol are combined together. The solution is vortexed to ensure
thorough mixing, and then sonicated for 5 min, with occasional checks to ensure no sample has settled to the
bottom. The sample is then centrifuged and washed with DMF and ethanol, allowing it to soak in the fresh
solvent for 30 min during each washing step. The collected sample is then dried under vacuum at 80 °C for 1 h
and activated at 40 °C for 24 h.

CsCu,l,@Ui0-66(Ce)-NH,

The nanostructure was synthesized via antisolvent/inverse solvent infiltration method, following these steps:
Copper iodide (Cul, 1.4 mmol) and cesium iodide (CsI, 0.70 mmol) were added to acetonitrile (5 mL) and
stirred for 4 h at 60 °C. After cooling the mixture to room temperature, it was filtered through a PTFE filter.
The filtered solution was then transferred to a glass vial containing activated UiO-66-NH,(Ce) (50 mg). The
vial was capped and heated at 60 °C for 24 h. Then, the CsCu,], crystals were formed at room temperature by
dropwise adding diethyl ether. The reaction was done to get the CsCu,l,@ UiO-66(Ce)-NH, composite. As-
synthesized CsCu,I,@ UiO-66(Ce)-NH, composite was filtered and washed by acetonitrile and acetone. The
collected crystals were dried in vacuum at 70 °C for 12 h to afford the light brown solid.

Click transformation

Benzyl halide (0.5 mmol), sodium azide (1 mmol), terminal alkyne (I mmol), and catalyst (10 mg) were
combined and stirred in aqueous medium (2 mL). After the completion of the reaction as monitored by TLC
(n-hexane/ethyl acetate (4:1)), the catalyst was removed by centrifugation. With ethyl acetate the organic phase
was extracted. The Na,SO, removes water from the organic extract. Finally, recrystallization from a mixture of
ethyl acetate and hexane yielded the pure product.
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Intensity (a.u.)

Reusability of the CsCu213@Ui0-66(Ce)-NH, catalyst

Subsequent to the first run, the catalyst underwent tﬁorough washing with ethyl acetate and acetone. Following
the washing step, the catalyst was subjected to drying in an oven maintained at a temperature of 70 °C. Then, the
catalyst was reused for the next cycle of the process.

Result and discussion
CsCu2I3@Ui0-66(Ce)-NH, characterization
Characterization of the CsCu,l,@Ce-UiO-66-NH, composite was carried out using various techniques. PXRD
patterns of CsCu,l, (Figure S1), UiO-66(Ce) (Figure S2), UiO-66(Ce)-NH, and CsCu,l,@UiO-66(Ce)-NH,
crystal structures are shown in Fig. 1. As shown in the Fig. 1, the crystallinity of UiO-66(Ce)-NH, was remained
intact after the growth of CsCu,l, crystals. In the hybrid case, the two key peaks at 26 values of ~7.2° and
~8.3° were observed, matching to (111) and (200) UiO-66 crystal facets®. The other characteristic peaks at
approximately 12.1°, 17.1°, 22.3°, 25.4°, 25.8°, 29.9°, 34.6°, 35.6°, 43.4°, 43.7°, and 49.7° are respectively assigned
to Miller indices of (220), (400), (511), (531), (600), (444), (800), (644), (933), (1000), and (880) of the UiO-66
structure. Notably, the PXRD pattern of the composite exhibits a strong characteristic peak of CsCu, I, (PDF#45-
0076) at about 43° (440 plan)*, which overlaps with the 1000 plan of the MOF. This provides a strong evidence
for the formation of CsCu,l,@UiO-66(Ce)-NH,. The absence of other characteristic peaks of CsCu,1, is likely
due to its small particle size and low loading amount within the UiO-66(Ce)-NH, framework.

Figure 1. PXRD patterns of UiO-66(Ce)-NH, (bottom) and CsCu,l,@UiO-66(Ce)-NH, (top). The asterisk
corresponds to (440) crystal plane of CsCu,,.

In order to check the porosity of the sample, low pressure N, adsorption-desorption experiments at 77 K were
achieved (Fig. 2a). As depicted in Fig. 2, the N, isotherms show a characteristic type I (IUPAC classification),
which is an assigned feature of microporous MOFs*’. The measured Brunauer-Emmett-Teller (BET) surface areas
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Fig. 1. PXRD patterns of UiO-66(Ce)-NH, (bottom) and CsCu,l,@UiO-66(Ce)-NH, (top). The asterisk
corresponds to (440) crystal plane of CsCu,,.
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Fig. 2. (a) N, sorption isotherms of UiO-66(Ce), UiO-66(Ce)-NH, and CsCu,l,@UiO-66(Ce)-NH,, and (b)
pore size distributions of the samples.

and pore volume for UiO-66(Ce), UiO-66(Ce)-NH, and CsCu,I,@UiO-66(Ce)-NH, samples were calculated to
be 850 m? g~! (0.41 cm®/g), 440 m? g~! (0.15 cm®/g) and ~200 m? g~! (0.07 cm®/g), respectively. The observed
decreases in surface area and pore volume are attributed to the incorporation of the amino linker and CsCu,1,,
respectively. Additionally, nonlocal density functional theory (NLDFT) pore size distribution (PSD) analysis
indicated smaller pore sizes (~0.9 nm) for the CsCu,l,@UiO-66(Ce)-NH, material compared to the parent
MOFs (Fig. 2b), further confirming the growth of CsCu,1, within the framework.

Figure 2a N, sorption isotherms of UiO-66(Ce), UiO-66(Ce)-NH, and CsCu,l,@UiO-66(Ce)-NH,, and (b)
pore size distribution of the different samples.

As shown in Fig. 3, the morphology of the materials was evaluated by FESEM. Accordingly, the CsCu,l,@
Ui0O-66(Ce)-NH, retained the irregular octahedral morphology of the parent UiO-66 interconnected particles,
with a size range of 80-300 nm?2. As a result, the pristine framework is stable as remained undamaged during
the composite synthesis.

Figure 3. SEM images of UiO-66(Ce) (a-c), UiO-66(Ce)-NH, (d-f), and CsCu,l,@UiO-66(Ce)-NH, (g-i).

Energy-dispersive X-ray (EDS) spectroscopy of CsCu,l,@UiO-66(Ce)-NH, (Figure S3) revealed the
following elemental composition (wt%): C (21.68), N (5.33), O (18.37), Cu (0.87), Cs (1.03), and Ce (52.68). The
EDS analysis confirmed the formation of CsCu,l,, showing a Cu/Cs molar ratio of approximately 2:1, consistent
with the nominal structure. EDS mapping demonstrated uniform distribution of elements within the framework
(Figure S4). Based on the characterization data, CsCu,l, primarily forms within the MOF pores rather than as a
core-shell structure on the exterior.

X-ray photoelectron spectroscopy (XPS) was performed to confirm the composite formation and to identify
the Cu oxidation state in the composite (Figure S5). High-resolution Cu 2p, , spectra of as-synthesized CsCu,I,@
Ui0-66(Ce)-NH, showed two contributions at 931.2 eV and 933.3 eV, both assigned to Cu(I)%. These results
suggest that the MOF effectively protects Cu(I) from oxidation to Cu(II) under reaction conditions.

The FT-IR spectra of UiO-66(Ce), UiO-66(Ce)-NH,, and CsCu,I,@UiO-66(Ce)-NH, provided information
about the functional groups present in each material. UiO-66(Ce) is a material with Ce atoms coordinated with
BDC organic ligands. Its FT-IR spectrum shows bands corresponding to carboxylate-Ce vibrations at 1547 and
1389 cm™! (Figure $6). UiO-66(Ce)-NH, is obtained through a linker exchange method where amine groups
as active sites are introduced into the material. The FT-IR spectrum of UiO-66(Ce)-NH, shows characteristic
bands related to N-H (3420 and 3360 cm™!) and C-N (1259 cm™!) vibrations, indicating the presence of amine
groups in the material (Figure S7) !. "H NMR of the digested UiO-66(Ce)-NH, approved the linker replacement
(Figure S8). For CsCu,l,, the FT-IR spectrum reveals bands corresponding to the Cs/Cu-I at ~ 1500-1629 cm™!
(Figure $9)*8. The FT-IR spectrum of CsCu,I,@UiO-66(Ce)-NH, shows a grouping of the characteristic bands of
the individual components in the composite material, although with some peak shifts (Figure S10). Significantly,
the amino-related peaks of UiO-66(Ce)-NH, show reduced intensity and altered positions, suggesting strong
interactions with metal ions. These changes provide compelling evidence that the amino groups serve as
nucleation sites for the in situ growth of CsCu,I, within the MOF structure.

Through careful analysis and comparison with reference spectra of the individual components, one can
determine the presence and interactions of the different functional groups and components within the composite
material. Thermal gravimetric analysis (TGA) in air demonstrated that the composite exhibits higher thermal
stability than both UiO-66(Ce) and UiO-66(Ce)-NH, (Figure S11). Mass loss observed below 200 °C is attributed
to the removal of solvent trapped in the framework. The data are consistent with the expected characteristics of
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Fig. 3. SEM images of UiO-66(Ce) (a—c), UiO-66(Ce)-NH, (d-f), and CsCu,l,@UiO-66(Ce)-NH, (g-i).

such a composite, where the porous UiO-66 provides a high surface area support and the perovskite component
contributes to the overall structure and functionality.

Evolution of catalytic activity

To examine the catalytic activity of the CsCu,I,@UiO-66(Ce)-NH,, the one-pot three-component CuAAC
reaction was investigated. The reaction conditions were optimized using benzyl chloride, sodium azide, and
phenylacetylene as the model substrates (Table 1). Table 1 shows the effect of different catalysts, solvents, and
temperatures on the CuAAC reaction. The results indicate that water was the most suitable reaction medium
as the green solvent, affording the highest yield (90%) of the product in 45 min at room temperature using the
CsCu,l,@UiO-66(Ce)-NH, (Table 1, entry 1). The reaction could be also completed within 40 min in water at
50 °C, reaching that of 90% product yield (entry 2). Other solvents, such as ethyl acetate, ethanol, acetonitrile,
and ethanol/water resulted in lower yields and longer reaction times (entries 3-6). When the pristine UiO-66-
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Cl
= N
Catalyst ©/\ NN
+ NaN 3 *+ —
Solvent
Temperature
M ) (ny
Entry Solvent Temperature Time (min) Yield (%)*
1 H,0 Lt. 45 90, 87", 86°, 86,4 85¢
2 H,0 50 40 90
3 EtOAc Lt 360 90
4 EtOH rt. 45 86
5 CH,CN rt. 480 50
6 H,0+EtOH Lt 45 89
7t H,0 rt. 45 -
88 H,0 rt. 45 80
9t H,0 rt. 60 46
10t H,0 Lt 60 -
1 H,0 Lt 60 -

Table 1. One-pot three-component CuAAC reaction by different conditions. Reaction conditions: I (0.5
mmol), IT (1 mmol), IIT (1 mmol), solvent (2 mL), and CsCu,l,@UiO-66(Ce)-NH, composite as catalyst (10
mg). *Purified yield. *The second reused. “The third reused. 9The forth reused. °The fifth reused. ‘Pristine UiO-
66-NH, as catalyst. 8Individual CsCu,], as catalyst. hCul as catalyst. iBDC-NH2 as catalyst. ((NH JCe(NO,), as
catalyst.

NH, was used as the catalyst (entry 7), no desired product was observed. The CsCu,l, (entry 8 versus entry 1)
also gave a high yield of 80% under the optimum condition, but the catalyst could not be reused effectively.
In comparison, the CsCu,l,@Ui0-66(Ce)-NH, revealed good recyclability and stability, as evident from
entry 1, where the catalyst was reused with only a minimal loss in its catalytic activity after 5 cycles. Cul as
catalyst afforded only 46% of product yield (entry 9). BDC-NH, and (NH,)Ce(NO,) precursors as catalysts
gave negligible product yield (entries 10 and 11). The composite catalyst demonstrated superior performance
compared to individual components, likely due to synergistic effects and improved stability. The composite
contains well-dispersed and stable Cu(I) species in the form of CsCu,,.

Then, the optimal reaction condition was explored for the synthesis of 1,4-diphenyl-1,2,3-triazole derivatives
(Table 2), affording the high yields of 87-92% in 25-70 reaction times with turnover frequencies (TOF) of
272-806 h™.

The stability of the catalyst was further evaluated by recovering it after being reused through FT-IR (Figure
S12), PXRD (Figure S13), SEM (Figure S14), and XPS (Figure S15). The results demonstrated that the recovered
catalyst retained its structural, compositional, and morphological features comparable to the fresh catalyst,
highlighting its effectiveness and robustness in the reaction. The Cu 2p and Ce 3d XPS results also suggested
that Cu(I) and Ce(IV) are predominant in the composite (Figure S15). In addition, leaching experiment
was considered to ensure the integrity of our catalyst system. Atomic Absorption Spectroscopy (AAS) of the
filtered reaction solution showed negligible Cu content in the filtered solution (<0.07 ppm). In addition, UV-
Vis spectroscopy of the reaction solution showed no characteristic absorbance peaks of the BDC-NH, linker.
Furthermore, a hot filtration test was conducted by removing the solid catalyst once the product yield reached
25%. The reaction mixture was monitored for an additional 2 h after catalyst removal, during which no further
product formation was observed, confirming the heterogeneous nature of catalysis.

The proposed reaction mechanism, as illustrated in Fig. 4, has been the subject of numerous studies aimed
at explaining its pathways>*4%:4%-51 The process begins with the coordination of the alkyne to the Cu(I) center of
the CsCu,I,@UiO-66(Ce)-NH,, acting as a t-ligand, which consequently enhances the acidity of the C-H bond.
After deprotonation, a o,n-di(copper) acetylide complex (I) is succeeded. Simultaneously, the benzyl halide and
sodium azide undergo a reaction, generating a benzyl azide intermediate that binds to the Cu(I) center, resulting
in the formation of a dicopper intermediate. The acetylide-azide reaction arises via an oxidative addition step,
yielding a six-membered intermediate (II), which subsequently undergoes a reductive elimination process
to give the Cu(I)-triazolide intermediate (III). The final triazole product is formed through the protonation
process, thereby regenerating the catalyst and completing the catalytic cycle. It should be noted that the catalytic
activity predominantly occurs within the pores of the composite rather than on its surface. The employed
substrates (with Kinetic diameter ~1 nm) can diffuse into pores (please see Fig. 2) based on their size. Also,
when 9,10-bis(bromomethyl)anthracene was used as a bulker starting material, the reaction yielded negligible
product. This observation can settle the size-selective nature of the catalyst.
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gz
| X ©// CsCuyl;@Ui0-66(Ce)-NH, | N
[~ NaNs 2 H,0, rt. F
R R' R
M (y ()

Entry X R R' Product Time Yield TOF
(min)  (%)" (h7)
1 Cl H H 45 90 438

2 Br H H /\© 50 92 403
/ N
|
3 Cl  4-NO: H 65 90 303
O~ e
N;N
4 Br  4-NO2 H 60 90 329
O~
NﬁN

5 Cl  3-NO2 H NO2 70 87 272

6 Cl 4-NO2 4-OMe /\Q 50 91 399
MeO@—[T NO,
N¢N
7 Cl H 4-OMe /\© 25 92 806
w0 )}
NT

Table 2. One-pot three-component CuAAC reaction by different substrates.

Reaction conditions: I (0.5 mmol), II (1 mmol), III (1 mmol), water (2 mL), and CsCu,l,@UiO-66(Ce)-NH,
catalyst (10 mg, 0.87 wt% Cu). *Purified yield. "TOF = (Number of moles of product formed) / (Number of
moles of catalyst x Reaction time).

Figure 4. Suggested reaction pathways of the click reaction over the CsCu,l,@UiO-66(Ce)-NH, catalyst.

Table 3 provides a comparison of the current work (entry 9) with the other reported catalytic systems for
three-component click reaction of NaN,, phenyl acetylene, and benzyl bromide/chloride. The results reveals
clearly that the CsCu,l,@UiO-66(Ce)-NH, includes some advantages over the previously reported methods,
affording a high product yield (90%) under mild conditions (room temperature, water as the green solvent, and
shorter reaction time) and the low dosage of the catalyst with an excellent TOF of 438 h~1.

Conclusion

In this work, a novel CsCu,I,@UiO-66(Ce)-NH, composite was successfully synthesized by incorporating the
lead-free and non-toxic CsCu,l, perovskite nanostructures within the porous UiO-66(Ce)-NH,,. The catalytic
performance of the CsCu,1,@UiO-66(Ce)-NH, was investigated in the one-pot three-component click reaction.
The composite catalyst revealed superior activity, affording the desired triazole products in 87-92% yields within
25-70 min (TOFs 272-806 h™!). This catalytic activity outperformed the pristine CsCu,l, and UiO-66(Ce)-
NH, constituents, as well as the most reported catalytic systems. Remarkably, the catalyst exhibited excellent
reusability, with minimal loss of activity over multiple catalytic cycles. The developed CsCu,I,@UiO-66(Ce)-NH,
hybrid material represents a promising reusable and efficient heterogeneous catalyst for organic transformations,
particularly three component click reactions. The synergistic effects arising from the integration of perovskite
and MOF components offer opportunities for designing advanced and stable materials with tailored properties
and functionalities for various applications in catalysis, photocatalysis, energy, and related fields.
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Fig. 4. Suggested reaction pathways of the click reaction over the CsCu,l,@UiO-66(Ce)-NH, catalyst.

Entry | Catalyst or catalytic system (amount) Solvent Temperature (°C) | Time (h) | Yield (%) r(11‘1(’)F) References
1 Cu-metallopolymer (10 mg)* t-BuOH/H,0 | 50 2.5 99 66 8

2 Cu(I)@UiO-67-IM (1.7 mol%) H,0 80 8 68 5 i

3 saCu-x@mpgC,N, (30 mg) H,O/DMF 130 0.5 45 189 |

4 MOF-derived Cu@N-C (10 mg) t-BuOH/H,0 | 50 12 98 0.65 |*

5 Cu(I) complex immobilized on CNT (5b_CNT-ox-Na) (3 mol%) H,0/CH,CN | MW (30 W, 125°C) |1 80 267 | ¥

6 Fe,0,@Ti0,/Cu,0 (20 mg) H,0 reflux 15min |93 295 |48

7 Cu(I)-exchanged solid based on montmorillonite (5 mg) H,0 r.t. 2 98 21 4

8 CsCu,l,@Ui0-66(Ce)-NH, (10 mg; 0.87 wt% Cu~0.00137 mmol Cu) | H,O r.t. 45 min 90 438 This work

Table 3. Comparison of catalytic activity of CsCu,I,@UiO-66(Ce)-NH, with that other catalysts. * Assuming 2
wt% Cu

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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