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Abstract

A new Cu/Pd bimetallic Cu-MOF-[Pd] was synthesized through covalent, dative and 

inorganic post-synthetic modifications. In order to achieve the Cu-MOF-[Pd], Zn-

MOF (TMU-17-NH2) was initially selected and fabricated by grafting of 

salicylaldehyde via Schiff-base formation followed by complex formation with Pd(II). 

Then, the as-synthesis MOF, Zn-MOF-[Pd], was subjected as 3D-template to obtain 

Cu-MOF-[Pd] by transmetalation process. The Cu-MOF-[Pd] was characterized by 

FT-IR spectroscopy, atomic absorption spectroscopy (AAS), field emission scanning 

electron microscopy (FE-SEM), powder X-ray diffraction (PXRD), energy dispersive 

X-ray spectroscopy (EDS), and EDS mapping techniques. The feasibility of using Cu-

MOF-[Pd] as a highly active recoverable catalyst was confirmed in the Suzuki–

Miyaura cross-coupling reaction in a mixed water/ethanol solvent. The results show 
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that this novel nano-composite could serve as an efficient bimetallic heterogeneous 

catalyst and reuse at least for 5 times without loss in activity.   

Keyword: Metal-organic frameworks, Post-synthetic modification, Heterogeneous 

catalysis, Suzuki–Miyaura cross-coupling

Introduction 

Among a myriad of heterogeneous catalysts metal-organic frameworks (MOFs), as a 

new class of porous materials, have attracted a great deal of attention for their 

extraordinary sophisticated properties. In particular, owing to diversity in metal centers 

and functional groups, high surface area and tunable porosity, MOFs have been 

implemented as versatile heterogeneous catalysts, considering as promising candidates 

for overcoming homogeneous catalysts’ difficulties. [1-9]

Recently, mounting interest has been expressed for decoration of MOFs by various 

metals furnishing novel catalysis properties. The catalytic activity of MOFs can be 

contributed by both metal centers and organic linkers.[10-15] Particularly, the organic 

linkers have been used as scaffolds which distinct catalytic complexes, bio-molecules, 

and homogeneous catalysts immobilized or encapsulated.[16-17] In this regard, the 

metal-binding onto active surface of MOFs can be achieved via direct and post-
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synthetic approaches.[18-19] In the direct method, the functional metals are introduced 

with predesigned organic linkers bearing metal-binding sites.[20-22] 

In the post-synthetic modification (PSM), as a general concept, MOF structure can 

change following synthesis. The main PSMs consist of covalent PSM, dative PSM and 

inorganic PSM.[23-24] In this context, the most interesting applications of PSM in 

catalysis fields are related to MOFs possessing uncoordinated amine groups. The free 

NH2 groups can effortlessly undergo chemical modification to produce appropriate 

chelating ligands via Schiff-base formation. Thus the new metal catalytic sites can be 

anchored in the framework through complex formation.[25-27] 

In view of catalysis, a broad consideration has been paid to organometallic Pd 

complexes for synthesis of biaryl compounds in Suzuki-Miyaura coupling reaction 

with different homogenous or heterogeneous palladium catalytic systems.[28-32] In this 

regard, palladium decorated MOFs were successfully applied as robust, efficient and 

recoverable heterogeneous catalysts in C-C bond formation via coupling reactions. [22, 

33-37] Further consideration in this area allows us to explore a new Pd decorated MOF as 

a heterogeneous system toward Suzuki–Miyaura cross-coupling reaction in entirely 

phosphine-free and leaching free condition.

On the other hand, bimetallic or multimetallic catalysts in comparison to monometallic 

catalysts may show an increased selectivity, superior performance and substantial 

resistance to deactivation.[38-39] Copper and copper based alternatives are particularly 
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attractive, being orders of magnitude cheaper and also less harmful to the environment 

than any noble metal,[40-41] so numerous Cu/Pd bimetallic catalysts have been 

developed and exhibited unique properties which are different from those of their 

monometallic Cu or Pd.[42-44]

Recently, we have reported the synthesis and characterization of a new Cu-MOF via 

post-synthetic metalation of a Zn-MOF (TMU-17-NH2).[41] Following our ongoing 

research on the development of valuable synthetic protocols, [16, 19, 41, 45] herein we 

report engineering of a new Cu/Pd bimetallic heterogonous catalyst through tandem 

post-synthetic reactions. The catalytic performance of the post-functionalized catalyst 

was investigated in synthesis of biaryl compounds via Suzuki-Miyaura coupling 

reaction (Scheme 1). Our approach is directed by three imperatives; (i) 

heterogenization of palladium catalyst; (ii) enhancing the catalytic activity by Cu sites 

on the MOF and (iii) boosting catalyst performance in a coupling catalyzed reaction. 

+

B(OH)2Br

Cu-MOF-Pd
H2O/EtOH
80°C, K2CO3

YX
R'R

R= NO2, COH, OCH3

R=F, OCF3, OCH3

Scheme 1. Suzuki–Miyaura cross-coupling Reactions Catalyzed by Cu-MOF-[Pd]
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Experimental 

Materials and Measurements

All chemicals were purchased from commercial sources and used without further 

purification. The infrared spectra (4000-400 cm-1) were recorded as KBr discs with a 

BOMEN MB102 FT-IR spectrometer. Powder X-ray diffraction patterns were 

recorded on a Philips X’Pert Pro diffractometer (Cu Kα radiation, λ= 1.54184 Å) in the 

2θ range 5−50°. The simulated powder XRD pattern based on single crystal data was 

prepared using Mercury software. The melting points of the products were determined 

with thermo scientific Type 9200 melting point apparatus. FE-SEM images were 

recorded using TE-SCAN scanning electron microscope operating at an acceleration 

voltage 20 kV. NMR spectra were obtained with a Bruker 250 MHz Avance in 

DMSO-d6. An Analytik Jena (Germany) flame AAS instrument was used for 

determining the amount of Pd. Investigations by means of scanning electron 

microscopy were carried out by applying an EDS detector. The measurements were 

conducted using a Rontec scanning electron microscope (Bruker, Germany)

Synthetic procedures

Preparation of [Zn(NH2-BDC)(4-bpdb)].2DMF (Zn-MOF)
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As reported by Morsali et. al,[46] the high quality single crystals were prepared by 

solvothermal reaction of Zn(NO3)2.6H2O (0.297 g, 1 mmol), 4-bpdb (0.210 g, 1mmol), 

and H2BDC-NH2 (0.181 g, 1 mmol) at 80 °C in 15 ml DMF.

Preparation of Zn-MOF-Sc 

Covalent PSM was applied to prepare Zn-MOF-Sc. hence a mixture of Zn-MOF (200 

mg) with a solution of salicylaldehyde (244 mg, 0.2 mmol) in ethanol (15 mL) was 

refluxed in a round bottom flask in an oil bath for 3 days. The mixture was cooled to 

the room temperature and the yellow precipitate was separated by centrifugation. The 

Zn-MOF-Sc was washed several times with ethanol, diethyl ether (2×5 ml), and dried 

in air.

Preparation of the Zn-MOF-[Pd]

Coordination or dative PSM was applied to prepare bimetallic Zn-MOF-[Pd]. Hence, 

0.1 g of PdCl2 was refluxed in 25 mL of acetonitrile until complete dissolution of 

PdCl2 salt. Then 50 mg of Zn-MOF-Sc (50 mg) was added to the solution and 

consequently five drops of triethyl amine was added to the mixture and refluxed for 24 

h. Next, the mixture was cooled to room temperature; the precipitate was centrifuged, 

washed several times with ethanol and diethyl ether (2×5 ml) and dried in air. After 

that, it was dried overnight in an oven at 80 °C.
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Preparation of the Cu-MOF-[Pd] 

Cu-MOF-[Pd] was prepared by transmetalation process. Thus, the as-synthesized Zn-

MOF-[Pd] (50 mg) was thoroughly soaked in DMF solutions of CuCl2.2H2O (0.1 M) 

at room temperature for 7 days to afford the transmetalated Cu-MOF-[Pd]. The Cu(II) 

solutions were refreshed every two days. Then, the solution was filtered and the Cu-

exchanged product was washed with DMF and kept in fresh DMF for 3 days. Prior to 

use as catalyst, the Cu-MOF-[Pd] was activated by washing with ethanol and ether and 

then dried under vacuum at 80 ºC for 5 hours.

General procedure for the Suzuki–Miyaura cross-coupling reaction 

The activated Cu-MOF-[Pd] (10 mg), as catalyst, was added to a solution of aryl 

halide (1 mmol), phenylboronic acid (1.2 mmol, 0.15 g) and K2CO3 (1.5 mmol, 0.21 g) 

in 4 mL H2O-EtOH (1:1, v/v). The reaction mixture was stirred at 80 °C for the 

required time, progressing of the reaction was monitored by TLC simultaneously. 

After completion of the reaction, the reaction mixture was cooled to room temperature, 

centrifuged for separation of the catalyst and subsequently dichloromethane (3 × 10 

ml) was added to the reaction vessel. The organic layer was isolated dried over 

anhydrous sodium sulfate and concentrated under reduced pressure. The crude product 
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was purified by column chromatography (n-hexane/ethyl acetate) and the pure desired 

product obtained by evaporating the solvent.

Result and discussion 

Catalyst characterization

[Zn(NH2-BDC)(4-bpdb)].2DMF (TMU-17-NH2 that in this work called Zn-MOF), 

consisting of ZnN2O4 clusters connected by 2-amino-1,4-benzendicarboxylic acid 

(NH2–BDC) and 1,4-bis(4-pyridyl)-2,3-diaza-2,3- butadiene (4-bpdb), is a robust MOF 

which can undergo tandem post-synthetic modifications (PSMs). The uncoordinated 

amino groups in the linker make it a potential candidate for both covalent and 

subsequently dative post-synthetic modifications (Scheme 2). Accordingly, the 

covalent modification was carried out by grafting salicylaldehyde onto amine-tagged 

Zn-MOF to produce corresponding Schiff-base chelating attachment (Zn-MOF-Sc)  

followed by dative modification in which Zn-MOF-[Pd] was yielded by anchoring of 

Pd(II) spices on Schiff-base complexation (Scheme 2). In the final stage of tandem 

modifications, post-synthetic metal exchange (inorganic modification) was occurred 

where the Zn(II) ions were exchanged with Cu(II) ions, achieving the Cu-MOF-[Pd] 

(Scheme 3).
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Scheme 3. Preparation of the Cu-MOF-[Pd] by inorganic post-synthetic modification.

Figure 1 depicts the FT‐IR spectra of synthesized Zn-MOF, Zn-MOF-Sc, Zn-MOF-

[Pd] and Cu-MOF-[Pd]. The characteristic vibrational bands of the Zn-MOF were well 

matched with those of the reference.[46] Two typical absorption peaks of Zn-MOF 

located at 3980 and 3364 cm−1 are ascribed to asymmetric and symmetric stretching 

vibrations of amino group of the NH2-BDC ligand (Figure 1a).[47-48] However, 

significant reduction of N—H absorption peaks at 3980 and 3364 cm–1 can be related 

to appear imine groups yielded from reaction of the aldehyde group of the 

salicylaldehyde with the –NH2 group of the NH2-BDC ligand (Figure 1 b, c and d).[48-

49] The broad absorption bands appearing at 2600—3600 cm–1 may be attributed to the 

stretching vibrations of the coordinated water molecules to Pd(II) ions (Scheme 2 and 
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3).[26, 48] Comparison between FT-IR spectra of the Zn-MOF-[Pd] and Cu-MOF-[Pd] 

demonstrates that the structure remains stable after metal exchange.

Figure 1. FT-IR spectra of a) Zn-MOF (black), b) Zn-MOF-Sc (red), c) Zn-MOF-[Pd] 

(blue) and d) Cu-MOF-[Pd] (green)

Powder X-ray diffraction patterns of the Zn-MOF (simulated), Zn-MOF, Zn-MOF-

[Pd], and Cu-MOF-[Pd] are presented in Figure 2. The PXRD pattern of Zn-MOF 

corresponds well with the simulated pattern and the literature data.[46] Comparing the 

PXRD patterns of the Zn-MOF, Zn-MOF-[Pd], and Cu-MOF-[Pd] show similar PXRD 

patterns for all the products; This clearly demonstrates that the framework of the 
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pristine MOF in each step remained intact, meaning that tandem organic 

transformation and Pd complexation did not affect the structure of the framework.  

However, a new peak appeared at 40.01° 2θ can be attributed to the successful 

anchoring of the zero-valent palladium nanoparticles, Pd (0) NPs, into the 

framework.[50-52] Furthermore, the PXRD pattern of the transmetalated Cu-MOF-[Pd] 

was analogous to that of the pristine framework (Zn-MOF-[Pd]), indicating that the 

framework integrity remained unaffected during the metal-exchange process.

Figure 2. PXRD patterns of a) Zn-MOF, b) experimental Zn-MOF, c) Zn-MOF-[Pd], 

and d) Cu-MOF-[Pd]
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The surface morphology and size of the Cu-MOF-[Pd] have been elucidated by field 

emission scanning electron microscopy (FE-SEM) (Figure 3, A). The images illustrate 

semi-spherical morphology with average particle size of 70 nm. 

To further confirm the structure of the Cu-MOF-[Pd] after dative and inorganic post-

synthetic modifications, SEM-EDS, AAS and EDS mapping techniques were carried 

out. According to energy dispersive X-ray (EDX) the presence of Zn, Cu, and Pd 

addition to C, N and O from organic ligands in the prepared catalyst were proven 

(Figure 3, B). In order to evaluate the metal quantities in the catalyst, Atomic 

Absorption Spectroscopy (AAS) was applied. In agreement with SEM-EDS results 

(Table S1), the weight percentages of Pd, Cu, and Zn in Cu-MOF-[Pd] were 5 %, 15% 

and 0.7%, respectively. 

 

  

a)
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Figure 3. a) FE-SEM images and b) EDX analysis of Cu-MOF-[Pd]

Moreover, elemental mapping of the Cu-MOF-[Pd] catalyst reveals a well distribution 

of C, N, O, Cl, Cu, Zn, and Pd elements in the structure (Figure. 4), representing 

successful decoration of Pd on the MOF. Notably, the distribution of Pd element was 

uniform and the distribution area was the same as that of the Cl element. The presence 

of chlorine in the EDX map may also suggest an oxidation number of two, Pd(II), for 

the palladium in the structure of the Schiff-base compound. Furthermore, these 

observations confirm that dative and inorganic modifications of the MOF were 

successfully achieved.

Based on the FT-IR and EDX analyses it can be deduced that four coordinate square 

planar geometry of Pd(II) ion occupied by one chloride ion, nitrogen and oxygen 
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atoms of the Schiff-base scaffold, and an O atom of a water molecule (Scheme 2 and 

3).

  

  

Figure 4. EDX Mapping of Cu-MOF-[Pd]
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Catalytic activity

In order to demonstrate the catalytic activity of Cu-MOF-[Pd], 10 mg of the catalyst 

was examined in the Suzuki-Miyaura model reaction of bromobenzene and 

phenylboronic acid in different solvents (Table 1). The results revealed high catalytic 

performance of the Cu-MOF-[Pd] in 1:1 ratio of H2O/EtOH mixture (Table 1, entry 5). 

To obtain the optimum reaction condition, different amount of catalysts in a wide 

range of temperature were screened. Evaluating precisely, it was found that using 

minor amount of the catalyst, lower than 10 mg, led to lower yield and longer reaction 

time (Table 1, entry 8).

On increasing the reaction temperature up to 80°C, the yield was increased to 98% 

(Table 1, entry 10). According to the results, the best performance was achieved in a 

mixture of H2O/EtOH (1:1) as solvent in the presence of 10 mg of Cu-MOF-[Pd] at 80 

̊C. 

Table 1. The effect of solvent, catalyst and temperature in the coupling reaction of 

bromobenzene and phenylboronic acid

Entry Catalyst (mg) Solvent Temperature (ºC) Time (min) Yields (%)
1 15 H2O 50 30 55
2 15 EtOH 50 30 85
3 15 PhCH3 50 30 trace
4 15 DMF 50 30 60
5 15 H2O:EtOH 50 30 98
6 15 H2O:DMF 50 30 95
7 10 H2O:EtOH 50 30 88
8 7 H2O:EtOH 50 30 70
9 10 H2O:EtOH 80 20 80
10 10 H2O:EtOH 80 15 98
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To investigate the generality of the catalyst, the optimized protocol was applied for a 

collection of electronically diverse arylboronic acids as well as diverse aryl halides 

bearing a wide range of functional groups. The results are summarized in Table 2. 

Clearly, the catalyst promoted the coupling of iodinated and brominated aryl 

substrates, upon a slight increase of the reaction time (Table 1, entries 1, 2), whereas 

Suzuki–Miyaura cross-coupling of chlorobenzene, using the optimized procedure, 

resulted in longer reaction time and lower yield (Table 2, entry 3). The results 

presented in Table 2 point out that, excellent yields were obtained for both electron-

rich and electron-deficient arylbromides. While the electron-deficient arylbromides 

gave desired products in high yield and shorter reaction time, the electron-rich ones 

required longer reaction time. For instance, formation of the nitro biaryl (Table 2, 

entry 4) was faster than the methoxy analogue (Table 2, entry 6). In general, having 

excellent functional group compatibility was found in this protocol. The structure of 

the products was confirmed by FT-IR, 1H, 13C NMR, melting point and compared with 

the corresponding reported data for the selected compounds (Figures S2-S14). 
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Table 4. Suzuki-Miyaura cross-coupling reactions catalyzed by Cu-MOF-[Pd]

+

B(OH)2Br

Cu-MOF-[Pd]
H2O/EtOH
80°C, K2CO3

YX
R'R

R= NO2, COH, OCH3

R=F, OCF3, OCH3

Entry X Y Yield 
(%) Time (min)

1 I B(OH)2 90 10

2 Br B(OH)2 98 15

3 Cl B(OH)2 30 60

4 Br NO2 B(OH)2 95 10

5 Br C
O

H
B(OH)2 85 15

6 Br OCH3 B(OH)2 85 20

7 Br B(OH)2F3CO 90 10

8

Br
B(OH)2H3CO

OCH3

OCH3

80 30
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9
Br

B(OH)2

F

F

95 10

10 Br
B(OH)2

90 10

11 Br
B(OH)2

95 15

12 Cl
B(OH)2

10 60

13 NO2
Br

B(OH)2
98 10

14 HO C
O

H
Br

B(OH)2

85 25

15 Br C
O

H

B(OH)2
58 20

16
O OBr B(OH)2

95 10

Recyclability and leaching test of Cu-MOF-[Pd]

The recovery and reusability of the Cu-MOF-[Pd] were studied in the model reaction. 

Once the reaction was over, the catalyst was isolated from the reaction medium by 

centrifugation, washed with ethanol and water, dried and reused five times with no 
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significant loss in activity (Figure 5). Furthermore, powder X-ray diffraction pattern of 

five runs catalyst was compared with PXRD of fresh catalyst. According to Figure 6 

the structure of catalyst remained intact even after five runs without losing of catalytic 

activity.

Figure 5. Reusability of the Cu-MOF-[Pd]

The possibility of homogeneous or semi-heterogeneous catalysis could be proved or 

disproved by hot filtration test. In the hot filtration test the model reaction of 

bromobenzene and phenylboronic acid in the presence of Cu-MOF-[Pd] were selected. 

After about 50% conversion (half time, 8 min), the catalyst was separated by 

centrifugation and the supernatant solution was allowed to react. The result showed no 

further conversion even after 30 min. Moreover, AAS analysis as additional evidence 

was applied in order to detect the presence of Pd ion in the filtrated in which no trace 

of Pd was appeared, indicating the heterogeneous catalytic behavior of Cu-MOF-[Pd].
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Figure 6. Powder XRD patterns of a) fresh and b) after five times reused Cu-MOF-

[Pd]

A plausible mechanism for the Suzuki–Miyaura cross-coupling reaction catalyzed by 

the Cu-MOF-[Pd] is suggested in Scheme 4. Four-coordinate nucleophilic boronate 

species is generated in situ and substitute the halide ligand of the Pd intermediate, 

followed by the elimination of B(OH)3 to from an intermediate and transfer the organic 

moiety to palladium species. In addition, the Cu centers can accelerate and activate the 

aryl halide. It should be mention that, as the pristine MOF has a very small pore size 

and it is known as non-porous MOF (proven by BET analysis),[46] the Pd nano-

particles are expected to be on the surface of the composite, so the catalysis most 

likely occurs on the surface of the catalyst.
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Scheme 4. A plausible mechanism for the Suzuki–Miyaura cross-coupling reaction   

catalyzed by the Cu-MOF-[Pd].

Comparison

The catalytic performance of Cu-MOF-[Pd] by considering the yield for the coupling 

reaction of bromobenzene and phenylboronic acid has been compared with several Pd-

based catalysts in Table 3. It is resulted that Cu-MOF-[Pd] catalyst in the 

water/ethanol, as green solvents, provides excellent catalytic activities and performs 

the model reaction with yields up to 98%, in the shortest reaction time and highest 

reusability, while other procedures require prolong reaction time and toxic solvents 

with lower yields.
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Table 5. Comparison of efficiency of Cu-MOF-[Pd] with other heterogeneous 
palladium catalysts in Suzuki–Miyaura cross-coupling of bromobenzene with 
phenylboronic acid

Catalyst Solvent Temp (°C) Time (h) Yield (%) Ref

PdCl2bpy–Cu Toluene 95 4 94 [53]

IRMOF-3-PI-Pd (II) Ethanol 80 5 88 [25]

UiO-67 

Pdbpydc0.5/bpdc0.5
Toluene 95 16 89 [22]

MONT Toluene 70 5 99 [54]

Pd/Y-MOF 96 8 89 [55]

MIL-NHC-Pd DMF/Water 60 0.5 100 [27]

Pd(II) doped UiO-67 DMF/Water 120 20 95 [56]

Pd2+/AZC Ethanol 80 8 99 [57]

Pd–phosphine complex Water 100 0.5 99 [58]

Cu-MOF-[Pd] Water/Ethanol 80 10 min 98
This 

work

Conclusion 

In summary, we synthesized a new Cu/Pd bimetallic heterogonous catalyst through 

three steps tandem post-synthetic reactions including covalent, dative and inorganic 

modifications. The Cu-MOF-[Pd] with uniform distribution of the active site and high 
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density of the Pd illustrates highly heterogonous catalyst activity for the Suzuki-

Miyaura cross-coupling reaction in the mixed water/ethanol solvent. The catalyst 

reuses at least for 5 times without loss in activity.
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Suzuki-Miyaura Cross-Coupling Reaction catalyzed by Cu-MOF-[Pd]

Highlights 

 A new Cu/Pd bimetallic Cu-MOF-[Pd] was synthesized through covalent, dative 
and inorganic post-synthetic modifications.

 using Cu-MOF-[Pd] as a highly active recoverable catalyst was confirmed in the 
Suzuki–Miyaura cross-coupling reaction in a mixed water/ethanol solvent.

 The Cu-MOF-[Pd] with uniform distribution of the active site and high density 
of the Pd illustrates highly heterogonous catalyst activity
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