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A B S T R A C T

A bimetallic PdCu supported on amine functionalized ZIF-67 is shown to be efficient catalyst in Sonogashira-
Hagihara coupling reaction of aryl iodides at room temperature and aryl bromides at 40 ºC. In addition, the cata-
lyst is used in the reduction of 4-nitrophenol (4-NP) at room temperature. The analyses of several experiments
are developed in order to demonstrate the existence of synergetic affects between Pd, Cu and Co particles in the
named reactions. The stability and reusability of this catalyst are also assessed and its efficiency is compared
with other reported catalysts in the same transformations.

1. Introduction

The carbon-carbon bond formation is a very important reaction in
the organic synthesis, pharmaceutical and agrochemical industries.
Among different C-C bond forming reactions, Sonogashira-Hagihara re-
action, which involves the coupling of vinyl or aryl halides or triflates
with terminal alkyne, is an efficient strategy for the preparation of aryl
alkynes and conjugated enynes [1–4]. Generally, this reaction proceeds
using palladium catalyst in the presence or absence of a copper co-
catalyst. Considering different copper-free Sonogashira reactions and
the associated problem of alkyne homocoupling reaction via Glaser cou-
pling, it has been demonstrated that the presence of copper particles,
under oxygen-free reaction conditions, increases the efficiency of the
reaction [5–9].

In the other side, nitrophenol (NP) derivatives are considered as
hazardous pollutants, released from pharmaceutical, plasticizer, paper
production, preservative, explosives, and dye industries [10]. The U.S.
Environmental Protection Agency (EPA) introduced 4-nitrophenol as
non-biodegradable pollutant [11]. The reduction of 4-NP to 4-
aminophenol (4-AP) is a very advisable practice to reduce this environ-

mental conflict. Moreover, the resulting 4-AP are employed as a precur-
sor of antipyretic and analgesic drugs, photography, dyes and paints in-
dustries [12,13]. Recently, several catalyst containing Cu, Pd and Co
are reported for this purpose [14–19].

Recently, a great attention has been paid to the design of multi-
metallic catalysts with high performance, as for example, PdCu species
in the Sonogashira-Hagihara coupling reaction [20–39] and nitroarene
reduction reactions [40–42]. This interest is mainly caused by the
known synergistic effect between metals that affect the catalytic behav-
ior of the resulting multi-metallic nanoparticles. Their unique specific
chemical and physical properties, compared to monometallic systems,
open new advantages and unexpected efficiencies and chemoselectivi-
ties in numerous transformations [43–45].

During the last decade, Metal Organic Frameworks (MOFs) have
been attracted the attention of researchers due to their inherent physi-
cal and chemical properties such as specific surface areas, higher poros-
ity, tunable cavities, special thermal and chemical stability. Zeolite Imi-
dazolate Frameworks (ZIFs) are a new class of MOFs where the transi-
tion- metal cation (M) is coordinated by a bridging imidazole ligand
with the angle of M-Im-M is 145° [46–49]. As a kind of ZIFs, ZIF-67,
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Scheme 1. Schematic diagram for the preparation of ZIF-67/ED@PdCu.

Figure 1. SEM images of ZIF-67@PdCu.

composed of Co2+ metal centers and 2-methylimidazolate ligand, the
structure of ZIF-67 exhibited a cubic crystal symmetry. ZIFs have been
widely applied for gas storage, separation, sensors, drug delivery and
catalysis [50–53]. Furthermore, ZIFs were used as heterogeneous cata-
lyst in different organic reactions as well as cross coupling reactions.
For example, Zhouʼs group synthesized Pd@ZIF-67 as catalysts for Heck
reactions [54]. Wangʼs group prepared PdxNiy@ZIF-8 bimetallic cata-
lysts studying its applications in the Sonogashira-Hagihara reactions
[55]. Mao et al. performed the Suzuki coupling reactions using PdNPs/
ZIF-8 [56].

However, to the best of our knowledge there is no precedents in the
use of a trimetallic catalyst comprising Pd, Cu and Co neither in Sono-
gashira nor nitroarene reduction reactions. In this study, we construct a
ZIF-67 with cubic morphology and next functionalized with ethylene
diamine (ZIF-67/ED) which will serve as support for PdCu nanoparti-
cles (ZIF-67@PdCu).

Fig. 2. TEM images and histogram of particle size distribution for ZIF-
67@PdCu.

2. Experimental

2.1. Materials and methods

Cobalt acetate tetrahydrate (Co(OAc)2•4H2O), polyvinylpyrroli-
done (PVP, MW∼10,000), 2-methylimidazole, methanol, ethylenedi-
amine (ED), toluene, copper sulfate pentahydrate CuSO4. 5H2O, ethyl-
ene glycol, palladium acetate Pd(OAc)2, dioxane, sodium hydroxide
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Fig. 3. EDX elemental mapping (a) and EDX-SEM of ZIF-67@PdCu (b).

(NaOH), acetone, aryl halides, aryl acetylenes, N,N-dimethylacetamide
(DMA), 1,4-diazabicyclo[2.2.2]octane (DABCO) were provided from
Acros and Merck Millipore Sigma. Reactions were monitored by thin
layer chromatography (TLC) using Merck silica gel 60F254 glass plate
with 0.25 mm thickness and Varian CP-3800 gas chromatograph.
Fourier transform infrared (FT-IR) spectra (KBr disks) were registered
on a Bruker optics TENSOR 27 spectrometer. The morphology and
structure of the prepared samples were measured by a field-emission
scanning electron microscopy (FE-SEM JEOL JSM 840) and transmis-
sion electron microscopy (TEM EOL JEM-2010). The SEM mapping was
investigated by Hitachi S3000 N. The crystallographic structures of the
products were evaluated by X-ray diffractometer (XRD) with Cu Kα ra-
diation in the 2θ range from 10º to 80º. Thermogravimetric (TG) analy-
sis was carried out on a thermogravimetric analyzer NETZSCH STA
409 PC/PG with the heating rate of 5 C min−1 in the air atmosphere. X-
ray photoelectron spectroscopy (XPS) measurements were recorded us-
ing a Kα spectrometer.

2.2. Method of synthesis of ZIF-67

For the synthesis of ZIF-67, Co(OAc)2 .6H2O (2.94 mmol, 520 mg)
and PVP (600 mg) were dissolved in methanol (40 mL), then 2-
methylimidazole (0.032 mmol, 2.63 mg) was dispersed in methanol

(40 mL), and both solutions were blended together. The mixture was
stirred at room temperature for 24 h and a purple precipitate was ob-
tained. Then, solution was centrifuged, washed several times with
methanol and dried at 60 °C.

2.3. Preparation of ZIF-67/ethylenediamine (ED)

For the functionalization of ZIF-67 with ethylene diamine, 300 mg
ZIF-67 were dispersed in dry toluene and 1 mL ethylene diamine (30%)
was added. The resulting mixture was stirred at 50 °C for 24 h. Then,
the precipitate was separated with centrifugation, washed several times
with ethanol and dried at 80 °C for 1 day.

2.4. Synthesis of ZIF-67@PdCu

CuSO4•5H2O (0.07 mmol, 18 mg) was dissolved in ethylene glycol
(5 mL) and 200 mg PVP was added. The solution was stirred at 80 °C
for 2 h under an argon atmosphere. In another flask, Pd(OAc)2
(0.16 mmol, 32 mg) and PVP (400 mg) were dissolved in 1,4-dioxane
(5 mL) and the mixture was stirred at room temperature for 2 h under
an argon atmosphere. Next, the mixing the both solutions, the pH of
the solution was adjusted to pH∼10 with addition of NaOH (1 M) and
the resulting mixture was stirred at 100 °C for 2 h. Afterwards, the

3

sansanomuñoz
Resaltado

sansanomuñoz
Nota adhesiva
Please, write Figure 3.

sansanomuñoz
Resaltado

sansanomuñoz
Nota adhesiva
Please correct .... ·6H

sansanomuñoz
Resaltado

sansanomuñoz
Nota adhesiva
Please correct  ·



UN
CO

RR
EC

TE
D

PR
OO

F

M. Gholinejad et al. Journal of Molecular Catalysis. A, Chemical xxx (xxxx) 112093

Fig. 4. XPS spectra of ZIF-67@PdCu.

Fig. 5. XRD pattern of ZIF-67@PdCu.

obtained solution was cooled to room temperature and concentrated
to 5 mL. The resulting suspension was diluted with acetone (5 mL)
and the mixture was added to the solution of ZIF-67/ED (300 mg ZIF-
67/ED dissolved in 10 mL acetone). The final mixture was stirred at
room temperature for 24 h and then centrifuged. The resulting precip-
itate was washed with dichloromethane and dried at 60 °C affording
ZIF-67@PdCu.

2.5. General procedure for Sonogashira reaction

In a 5 mL flask, ZIF-67@PdCu (25 mg) ArX (0.5 mmol) and DABCO
(0.75 mmol) were well dispersed in 2 mL of DMA under argon atmos-
phere. The aryl acetylene (0.75 mmol) was added to the resulting mix-

Fig. 6. FT-IR spectra of ZIF-67 and ZIF-67/ ED.

ture and stirred at 30 °C for ArI and 40 °C for ArBr for 24 h. The
progress of the reaction was monitored by TLC and GC. After comple-
tion of the reaction, the mixture was extracted with ethyl acetate
(3 × 5 mL) and water (10 mL). The residue was purified by column
and plate chromatography with hexane and ethyl acetate as eluents. All
products were identified by 1HNMR and 13CNMR spectroscopy.

2.6. Catalytic reduction of 4-nitrophenol

To a flask containing 2.5 mL 4-NP solution in neat water (0.12 mM)
and 0.2 mL of freshly prepared NaBH4 in water (0.5 M), 1 mg of the cat-
alyst was added and mixture was stirred at room temperature. The con-
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Fig. 7. TG curves of ZIF-67 and ZIF-67/ED.

version of 4-nitrophenol to 4-aminophenol monitored by UV–Vis spec-
troscopy by measured absorption spectra.

3. Results and discussion

3.1. Catalyst preparation and characterization

The synthetic routes to the ZIF-67/ED and corresponding PdCu sup-
ported on ZIF-67/ED@PdCu are shown in Scheme 1. Briefly, ZIF-67
crystals were prepared using a simple reaction of cobalt acetate and 2-
methylimidazole in methanol solvent at room temperature. Afterwards,
ZIF-67 was functionalized with ethylenediamine in toluene and the re-
sulting material was treated with prepared PdCu nanoparticles.

The shape and surface of microstructures of ZIF-67@PdCu was stud-
ied using field-emission scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The uniform rhombic dodecahe-
dral morphology of ZIF-67@PdCu was confirmed by SEM (Fig. 1) and
TEM images (Fig. 2). As it can be observed in TEM images, PdCu NPs

were uniformly dispersed on ZIF 67 surface. More importantly, the
crystal structure of ZIF-67 was not changed neither by the functional-
ization by ED nor by PdCu deposition. The particle size of ZIF-
67@PdCu (approximately 100 particles) was estimated 3 ± 0.25 nm,
according to the particle size histogram in Fig. 2d. The elemental map-
ping (Fig. 3a) demonstrated a uniform and homogeneous distribution of
Pd, Cu and Co particles on the ZIF-67@PdCu. The energy-dispersive X-
ray (EDX) spectra (Fig. 3b) of the representative sample reported that
composition of ZIF-67@PdCu consisted of 54.7 wt% C, 16.96 wt% N,
7.41 wt% O, 18.75 wt% Co, 0.99 wt% Cu and 1.45 wt% Pd. The loading
of Pd and Cu on ZIF-67@PdCu investigated using ICP analysis was
1.27 mg/L for Cu and 2.17 mg/L for Pd.

Additionally, the X-ray photoelectron spectroscopy (XPS) (Fig. 4)
confirmed the presence of Co, Pd, Cu, C and N on the surface of ZIF-
67@PdCu. The high-resolution C 1 s spectra shown peaks at 284.7,
285.8, 286.9 and 288.2 eV corresponding to C=C, C=N, C O and
C N, respectively. The binding energy N 1 s centered at 398.4, 399.3
and 400.8 eV represented pyridinic, pyrrolic and graphitic N, respec-
tively. The Co 2p spectra revealed four peaks corresponding to Co3+,
Co2+, Co0 and satellite peaks. The peaks at 781.3 and 797.2 eV corre-
lated with Co3+ 2p3/2 and 2p1/2, as well as Co2+2p3/2 and 2p1/2 peaks
located at 783.0 and 798.8 eV, respectively [57,58]. The peaks at 788.0
and 803.9 eV were attributed to metallic Co (Co0) [59]. The Pd XPS
spectra exhibited two prominent peaks at 335.6 and 340.7 eV assigned
to Pd(0) 3d5/2 and 3d3/2, respectively. The peaks at 337.3, 342.4 eV
were ascribed to Pd(II) 3d5/2 and 3d3/2. For XPS spectra of Cu 2p, the Cu
(II) and Cu(0) peaks appeared at binding energy at 933.4 and 935.3 eV
for 2p3/2, also 953.1 and 954.6 eV for 2p1/2, respectively [60,61].

The crystalline structure of ZIF-67@PdCu was studied using the
powder X-ray diffraction (XRD) pattern (Fig. 5). The notable peaks at
2θ = 7.4º, 10.4º, 12.7º, 14.8º, 16.5º, 18.0º, 22.1º, 24.5º, 26.7º, 29.5º,
30.6º, 31.6º and 32.5º were assigned to (011), (002), (112), (022),
(013), (222), (114), (233), (134), (044), (334), (244) and (235) plans of
ZIF-67 [62–64]. The diffraction peaks of crystalline Pd were located at

Table 1
Optimization of the reaction condition for the coupling of iodobenzene and phenyl acetylene catalyzed by ZIF-67@PdCu.

Yield% Base Solvent Entry

1 DABCO H2O 1
2 K2CO3 H2O 2
1 NEt3 H2O 3
3 DABCO Ethanol 4
1 K2CO3 Ethanol 5
81 DABCO DMF 6
2 K2CO3 DMF 7
35 NEt3 DMF 8
3 t-BuOK DMF 9
91 DABCO Toluene 10
15 K2CO3 Toluene 11
42 NEt3 Toluene 12
1 t-BuOK Toluene 13
63 DABCO PEG 14
1 K2CO3 PEG 15
22 NEt3 PEG 16
2 t-BuOK PEG 17
98 DABCO DMA 18
30 NaOH DMA 19
3 t-BuOK DMA 20
20 K2CO3 DMA 21
50 NEt3 DMA 22
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Table 2
Sonogashira coupling reaction of aryl halides with aryl acetylene in the presence of ZIF-67@PdCu as catalyst. [a], [b]

(continued on next page)
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Table 2 (continued)

2θ = 40.3º, 46.7º and 68.2º, whilst the diffraction peaks of crystalline
Cu were placed at 2θ = 43.3º, 50.4º and 74.1º. It should be noted that
between 2θ values for pure Pd and Cu, three new peaks at 2θ = 41.1º,
47.6º and 69.6º corresponded to (111), (200) and (220) of PdCu species
confirming the formation of PdCu metal alloy [65,66].

The FT-IR spectra of ZIF-67 was plotted before and after amine
grafting (Fig. 6). All of the peak position of FT-IR spectra were identical
for ZIF-67 and ZIF-67/ED except the new peak at 3381 cm−1 band re-
lated to N-H group observed in the ZIF-67/ED. The FT-IR spectra of ZIF-
67 showed peaks at 3127 and 2937 cm−1 corresponding to the aromatic
C-H and aliphatic C-H bonds, respectively. The band located at 1581
cm−1 represented the C=C stretch and the peaks at 1145 and 1428
cm−1 were assigned the C-N stretch. The 420 cm−1 peaks introduced the
Co-N stretching mode [67–69].

The thermal stability of ZIF-67 and ZIF-67/ED was surveyed by ther-
mogravimetric analysis (TGA) (Fig. 7). In the TGA plot, it was observed
a sharp weight-loss around 360 °C for ZIF-67 and 350 °C for ZIF-67/ED,
corresponding to the decomposition ZIF-67. Increasing weight loss for
ZIF-67/ED between 100 and 350 °C confirm successful attachment of
ED.

The catalytic performance of ZIF-67@PdCu was next evaluated in
Sonogashira-Hagihara coupling reactions (Table 2). Initially, the ZIF-
67@PdCu catalyst was optimized by testing different bases, solvents,
catalyst loadings and temperature. The evaluation of parameters was
performed in the reaction of iodobenzene and phenylacetylene under
inert atmosphere (i.e. argon) and the results presented in Table 1. As
can be seen in Table 1, the N,N-dimethylacetamide (DMA) was the se-
lected solvent versus different solvents such as H2O, ethanol, DMF,
toluene and PEG. 1,4-Diazabicyclo[2.2.2]octane (DABCO) was the most
appropriate base, rather than K2CO3, NaOH, t-BuOK or NEt3. Also, using
10 mg of catalyst, containing 0.102 mmol% of Pd and 0.1 mmol% of
Cu, at room temperature provided the best yield (98%) (Table 1, entry
18). On the other hand, under the optimized conditions the catalytic ac-
tivity of ZIF-67@PdCu was further studied in the Sonogashira-Hagihara
coupling reactions with other functionalized substrates (Table 2). The

reaction of assorted aryl iodides containing both electron-donating and
electron-withdrawing groups with terminal alkynes took place in high
to excellent yields (80–100%) (Table 2, entries 1–17). The aryl iodides
bearing electron withdrawing groups (-NO2, CHO, -CN) gave higher
yields than aryl iodides having electron donating groups (-CH3,
–OCH3). We further studied applications of ZIF-67@PdCu for Sono-
gashira-Hagihara reaction of aryl bromides. Reaction of 1‑bromo-4-
nitrobenzene with phenylacetylene under optimized reaction condition
gave 60% yield. Therefore, Sonogashira reaction of aryl bromides using
ZIF-67@PdCu catalyst were studied at 40 ºC. Using the conditions de-
sired coupling products from the reaction of aryl bromides with
alkynes, were obtained in 79–94% yields (Table 2, entry 18–23). When
aryl chlorides were employed, the products were formed in low yields
even at 100 ºC for 24 h. To exhibit the important effect of the Pd, Cu
and ZIF-67 in Sonogashira reaction, the reaction of iodobenzene with
phenylacetylene was performed in the presence of ZIF-67, ZIF-67@Pd,
ZIF-67@Cu and PdCu individually as catalysts. The results illustrated
that the reaction accomplished with ZIF-67 was not produced, a 38% of
the final product was obtained using ZIF-67@Pd, a 20% with ZIF-
67@Cu and a 56% employing PdCu under optimized reaction condi-
tions.

Next, we further studied catalytic activity of ZIF67@PdCu in the re-
duction of 4-NP to 4-AP. Generally, in accordance with UV–Vis ab-
sorbance (Fig. 8), the absorption peak of 4-NP decreased at a wave-
length of 400 nm and the new peak, related to 4-AP, appeared at a
wavelength of 300 nm. Also, during the catalytic reduction, the color of
the solution changed from yellow (4-NP) to colorless (4-AP). It should
be noted that the peak related to 4-NP at 400 nm remained unchanged
even after 10 h in the absence of the catalyst [70–72]. Results showed
that using ZIF67@PdCu in the presence of NaBH4 the reduction of 4-NP
to 4-AP was immediately completed (1 s) (Fig. 8a). It was also observed
that the ZIF-67@PdCu exhibited higher catalytic activity than ZIF-
67@Pd (Fig. 8b), ZIF-67@Cu (Fig. 8c) and ZIF-67 (Fig. 8d). The appar-
ent rate constants (kapp) obtained for all catalysts were calculated using
ln (Ct/C0) = ln (At/A0) = -kapp t equation, where Ct and C0 represented
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Fig. 8. The UV-Vis absorption spectra of 4-NP to 4-AP after reduction with NaBH4 in the presence of (a) ZIF-67@PdCu (b) ZIF-67@Pd (c) ZIF-67@Cu (d) ZIF-67 (e)
Plots of ln(C/C0) versus reaction times for the catalytic reduction of 4-NP using different catalysts.

Table 3
Catalytic activity of ZIF-67@PdCu, ZIF-67@Pd, ZIF-67@Cu and ZIF-67 in hy-
drogenation of 4-NP at ambient temperature.
Knor(g−1 s−1) Kapp(s−1) Conversion% Time Catalyst

4610 4.61 99.1 Immediate (1s) ZIF-67@PdCu
9 9×10−3 99 9 min ZIF-67@Pd
4 4×10−3 96.52 14 min ZIF-67@Cu
0.085 8.3×10−5 26.22 60 min ZIF-67

the concentration of 4-NP at time t and the time of initial concentration,
respectively. As well as, At and A0 represented the absorbance of 4-NP
at 400 nm at time t and 0 [73]. The kapp values of ZIF-67@PdCu, ZIF-
67@Pd, ZIF-67@Cu and ZIF-67 were estimated in 4.61 s-1, 0.009 s-1,
0.004 s-1 and 0.000083 s-1, respectively (Table 3). The rate constants
kapp of ZIF-67@PdCu were compared with the other ones reported for
other catalysts reported previously (Table 4) [74–82]. In conclusion, it
is demonstrated that ZIF-67@PdCu has a superior rate and efficiency.

Table 4
Comparison of the rate constants of other catalysts reported for 4-NP reduc-
tion with NaBH4.
Reference Kapp (min−1) Catalyst

[74] 0.218 CS-CNTs-PdNPs
[75] 0.0348 CS/GA/RGO/Pd
[76] 0.12 Pd-GA/RGO
[77] 0.288 CuxO@C
[78] 1.74 Cu/CuxO/C
[79] 4.185 Cu/Co@NCF
[80] 0.252 CoOx/CN
[81] 2.6 Cu(0.25)@ZIF-Co/Zn
[82] 3.54 N-Co@C-800-3
This work 276.6 ZIF-67@PdCu
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Fig. 9. Reusability of the ZIF-67@PdCu catalyst in the Sonogashira reaction of
iodobenzene with phenyl acetylene under optimized conditions.

Fig. 10. (a, b) SEM and (c, d) images of reused ZIF-67@PdCu catalyst after 5
runs.

The stability and recyclability of catalysts are essential parameters
for developing heterogenous catalysts and industrial usage. In this re-
gard, the reusability of ZIF-67@PdCu catalyst was checked in the reac-
tion of iodobenzene with phenyl acetylene under the optimized reac-
tion conditions. For this purpose, after completing the reaction, the cat-
alyst was collected by centrifugation, washed with water and ethanol
and after drying used in another batch of the reaction. According to Fig.
9, the ZIF-67@PdCu catalyst was successfully recycled for 5 consecu-
tive runs giving 89% yield. However, after 6th run the efficiency of the
catalyst notably decreased. The reused catalyst after 5th run was char-
acterized using XPS, SEM and TEM analysis. The SEM and TEM images
of reused ZIF-67@PdCu catalyst demonstrated more or less similar mor-
phology to fresh one (Fig. 10). XPS spectra of reused ZIF-67@PdCu cat-
alyst in C, N, Co and Cu showed similar pattern to fresh one. However,
in the case of Pd, results showed the reduction of all Pd (II) species to Pd
(0) (Fig. 11) occurred.

4. Conclusion

In summary, the ZIF-67@PdCu rhombic dodecahedral structure was
successfully synthesized of PdCu embedded in ethylenediamine func-
tionalized ZIF-67 by a simple method and characterized by different
techniques. The as-prepared ZIF-67@PdCu was applied as an efficient
catalyst in the Sonogashira-Hagihara coupling reaction of aryl halides (-
I and -Br) with aryl acetylenes in DMA as a solvent using DABCO as a
base and 0.102 mmol% Pd at room temperature for aryl iodides and 40
ºC for aryl bromides within 24 h. The evaluations for aryl chlorides as a
substrate in Sonogashira reactions showed low yields at 100 ºC for 24 h.
The catalytic performance of ZIF-67@PdCu was higher than to ZIF-67,
ZIF-67@Pd, ZIF-67@Cu and PdCu due to the synergistic effect between
Pd, Cu and ZIF-67. The ZIF-67@PdCu exhibited an excellent catalytic
performance in reduction of 4-NP with the reaction rate constant 4.61
s−1. The best catalytic activity of ZIF-67@PdCu was compared with the
less efficient ZIF-67@Pd, ZIF-67@Cu and ZIF-67 for 4-NP catalysts. The
introduced catalyst demonstrated superior stability and it was recycled
up to for 5 runs without any significant lose in catalytic activity. Our
work provided a simple way to perform Sonogashira coupling reactions
at room temperature using the fabrication of highly efficient and recov-
erable ZIF-67@PdCu catalyst.

Fig. 11. XPS spectra of reused ZIF-67@PdCu catalyst after 5 runs.
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