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Abstract

UIO-66-NH,-GI@Pd nanocatalyst was successfully synthesizedinglu post-synthetic
modification (PSM) method and its application waseistigated in the Sonogashira coupling
reactions. Initially, UIO-66-Nkhwas synthesized and identified. This metal orgérmmework
(MOF) was modified with glyoxal, then, palladiumnagarticles (NPs) were supported on the
modified framework through PSM. This nanocatalsts identified via Fourier-transform
infrared spectroscopy (FT-IR), proton nuclear maignesonance’dNMR) spectroscopy, N
gas adsorption-desorption, thermo gravimetric awdy (TGA), energy dispersive X-ray
mapping spectroscopy (EDX-MAP), field emission stag electron microscopy (FE-SEM),
and X-ray diffraction (XRD)’HNMR analysis showed that around 30 % of the arhinetional
groups of nanoporous UlO-66-MHvere modified with glyoxal. The formation of Pd &P
supported on MOF was confirmed by transmissiontedlaamicroscopy (TEM) and EDX-MAP.
As well, according to the inductive couple plasn@ardac emission spectroscopy (ICP), around
2.98 w% of Pd NPs was present in the modified MEXfentually, the nanocatalyst provided the
excellent catalytic activity in the Sonogashira ging reaction. Also, the nanocatalyst has the
capability to be easily recycled up to 4 times, levhiis catalytic activity was maintained during

the activity.
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1.

Introduction

Metal-organic frameworks (MOFs) are a new claspaybus materials, which are formed from
metal ions or metal clusters as nodes and orgagaads as linkers [1]. MOFs have received
much attention because of their special propesties as ultrahigh porositiynable cavity sizes,
various topologies and high surface area as welhaspossibility of functionalization with
different modifier [2-4]. MOFs have been studied fbe various applications, including gas
storage [5-7], separation [8, 9], catalysis [10], Hhd drug delivery [12-14]. In recent years,
numerous studies have also been focused on ina#setigof MOFs as active heterogeneous
catalysts in a variety of reactions such as alkexidation [15-17], aldol condensations [18],
hydrogenation [19], epoxide ring opening [20], tkeoevenagel condensation reaction [21],
acetalization [22] and isomerization [23]. An attree feature of MOFs is the possibility of
post-synthetic modification (PSM) [24]. PSM can performed via modification of metallic
nodes and/or organic ligands by active functiomalgs, without displeasing influences on the
MOFs stableness [25]. PSM is particularly attratior production of catalyst materials. There
are many reports for the catalytic properties of @repared using PSM strategy. For instance,
Alinezhad et.al reported anchoring of Ni onto scefaof MOFs through post-synthesis
modification for cross coupling reactigj26]. In the other research, Zhang et.al prepared
Ru/UiO-66 catalyst for the reduction of nitroarenedcohol oxidation and Knoevenagel
condensation [27]. Luan et.al also prepared UICB86CUC) catalyst and considered its
application in the selective aerobic oxidation @folols [28]. The palladium catalyzed cross
coupling reactions is one of the most powerful $om organic synthesis. The Sonogashira
coupling reaction between “spybridized carbon atoms of aryl and vinyl halideith sp-
hybridized carbon atoms of terminal acetylenesbieen developed for synthesizing conjugated
alkynes. These alkynes are important class of comge that can be found in wide range of

natural products and other bioactive materials §29,

Although homogenous palladium catalysts have reaidekproperties such as high activity and

selectivity, they inherently suffer from difficultgf reusing and separation from the products



[31]. For instance, Pd-phosphan complex that has beequently used under homogeneous
condition is unstable during reactions losing itghhactivity as catalyst. Because palladium
nanoparticles (NPs) as heterogeneous catalyst calgnmiose their catalytic activity under

aggregation, they are not economical [32-35]. Itolsvious from the given cases that the
development of a new catalytic system based orbémefits of both systems of homogeneous

and heterogeneous is a significant issue in thelreatalyst researches.

MOFs are suitable support for catalytic reagentschdring Pd NPs to modified MOF can be
adjusted to prevent their aggregation. In additiontheir high activity, they will have the
capability of easy separation. One of the significkeatures of MOFs is their thermal and
chemical stability. Due to the high chemical andrithal stability of UIO-66-NH it remains
unchanged during PSM. Some researchers synthesimbilentified UiO-66-NkH and offered
special property through a PSM procedure [36]. BENH, is made of [Z§O4 (OH)4 (COy)12
clusters linked with 2-aminoterephthalic acid [3F]oreover, UiO-66-NH has high porosity
[23] and the amine groups on MOF can react witleofhnctional groups to obtain appropriate

chelating ligands.

Due to exceptional thermal, chemical, and mech&stedility as well as large specific surface
of UIO-66-NH, area, in this project, nonporous MOF was prepadg organic ligand of 2-
amino-1, 4-benzenedicarboxilic acid (¥MBDC) and zirconium (IV) chlorideThen, during the
process of PSM, MOF was modified by glyoxal dughe formation of N, N-chelating ligand
which is suitable for is coordination of the matails. Then Pd (Il) ions were anchored onto the
surface of modified nanoporous UIO-66-pN&hd then reduced P8IPs. Finally, we studied the

application of the catalyst in coupling reactioas$ynthesis of organic materials.
2. Experimental

2.1. Materials

Zirconium (IV) chloride, 2-aminoterephthalicacidliadium (II) chloride (PdG), glyoxal, aryl
halides derivatives and terminal acetylenes andestd as N, N-dimethyl formamide (DMF),
dichloromethane (DCM), hexane and methanol werehased from Sigma-Aldrich and used

without further purification.

2.2.  Analysis methods



X-ray diffraction (XRD) was performed by a BRUKERS8Bocus Bragg—Brentano X-ray
powder diffractometer supplied with a Cu sealecetQb= 1.54178 nm) at 40 kV and 40 mA.
Thermo gravimetric analyses (TGA) were performemhgia TGA-STA504 (BAHR). Fourier
transform infrared (FTIR) spectroscopy was condiicien a TENSOR BRUKER 27
spectrometer'H NMR spectra were measured on a BRUKER ULTRASHIR@ AVANCE

[l NMR (400 MHz) spectrometer. The surface arearepvolume and pore size distribution of
the support and the catalyst were determined jgdSorption—desorption using BELSORP mini
IT instrument. Morphologies and structures of theaimiatd products were characterized on a
MIRA 3, TESCAN field emission-scanning electron mgcope (FE-SEM). Transmission
electron microscopy (TEM) was carried out on a JE@tnai-G. The actual loading of Pd NPs
was determined by inductively coupled plasma - agptemission spectrometry (ICP- OES)
analysis on the SPECTRO ARCOS, GERMANY.

2.3. Synthesis of UIO-66-NH

The UIO-66-NH crystals were constructed based on the literap@oach [38]. Zirconium
(IV) chloride (ZrCl) (0.54 mmol, 0.126 g) was added to a mixture of D@ mL) and HCI
(37%, 1 mL), and then dispersed with ultrasound I8r minutesuntil ZrCl, was entirely
dissolved. Another mixture of 2-aminoterephthabada NH--H-BDC) (0.75 mmol, 0.136 g) and
DMF (10 mL) was also dispersed with ultrasound 6rminutes, and then two mixtures were
dispersed again for further 10 mirhe final mixturewas heated at 80 for 24 h. Aftematurally
cooling to room temperaturéhe solid crystal powder was washed with fresh DidiFthrice.
The solid powder was soaked in water (15 mL) fdag. After, it was soaked in methanol (3x15
mL) for 3x24 hoursEventually, it was activated at 1@ under vacuum. FTIR (KBr, chy:
3550, 3350 (bry asym nHa V sym NHD)» 1570 (Vasymcoo), 1504 and 1432v(c=c), 1385 (Vsym coo),
1256 (Ve (aromatic), 964, 769, 666 H NMR analysis*H NMR (400 MHz, NaOD- BO) § 7.62

(1 H,d),7.135(0.96 H, s), 7.568 (1 H, d) ppm.

2.4. Synthesis of UIO-66-NH-GI

Freshly prepared UlIO-66-NH100 mg) was dispersed in 10 mL of €&HN under ultrasonic
irradiation. To this suspension to 0.75 equiv. lyogal (110 mg, 40% w/w aq. solution) was

added drop by drop and mixture was stirred at reemperature for 24 hours. Then solution was



decanted and the crystals were washed withGDH(3x5 mL) by centrifuging and dried in
vacuum at 7@. FTIR (KBr, cm™): 3450 (br,vnr), 1625 §c=n), 1570 ¢c=0), 1505 and 1425/(
c=c), 1383 (Vsym coo), 1270 (Ve (aromatic), 968, 765, 670.'H NMR analysis:*H NMR (400
MHz, NaOD- B0O) ¢ 7.59 (0.61 H, d), 7. 53 (2.13 H, d), 7. 10 (1.808H 7.02 (2.17 H, d), 6. 96
(0.61 H, d), 6.87 (0.57 H, s) ppm.

2.5. Synthesis of UIO-66-NH-GlI@Pd

To prepare UIO-66-NHGI@Pd, 0.1 g of vacuum-dried UIO-66-MH&| was firstly dispersed in
10 mL DCM at room temperature. To this suspendtalCh (10 mg) was added and the mixture
was stirred at room temperature for 20 h. Thentheyaddition of NaBR (10 mL, 0.04 M), the
Pd (Il) was rapidly reduced to Pd and the resultmgture was stirred for 3 h. The product was
obtained by centrifuging, washed with methanol (3riL) and dried in vacuum to obtain green-
gray powder product. FTIR (KBr, ¢M): 3391 (brynz), 1620 ¢ c=n), 1566 ¢ c=0)

2.6. Sonogashira coupling reactions

A mixture of aryl halide (1 mmol), terminal alkyn€k.2 mmol), KCO; (652 mg, 2.0 mmol)
and UIO-66-NH-GI@Pd NPs (15 mg, 0.05 mol %) in®t EtOH (1:1,v: v) was stirred under
reflux. The progress of the reaction was checkedhbylayer chromatography (TLC). At the
end of the reaction, the mixture was cooled grdgualenvironmental temperature. Thethyl
acetate (15 mL) was added, and the organic phasese@arated. The mixture was purified by
column chromatography over deactivated silica g&hgi pure n-hexane as eluent to furnish a
crude product. Products were simply detecte+bgnd"*C NMR.

3. Results and discussion

3.1. PSM of UIO-66-NH;

UIO-66-NH, is a nanoporous MOF which its organic ligandsdsraed with pendant amine
(-NHy) groups. The available NHyroups, not all of them, were modified with glybkg PSM
through a simple imine condensation reaction. Bydifgong the UIO-66-NH with glyoxal,
suitable sites were created to support Pd NPs.pbsé synthetic functionalization route for

UIO-66-NH, preparation is shown in scheme 1.
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Scheme 1PSM procedure for UIO-66-NH
3.2. Spectroscopic studies

The FTIR spectra of UiO-66-NH UlO-66-NH-GI and UIO-66-NH-GI@Pd are shown in
Fig.1. In the UiO-66-NHspectrum, the appearance of absorption band at, 3350and 1257
cmindicate the existence of the asymmetric and sytmer¥—H stretching vibrations and C—N
stretching vibration of aromatic amines. Furtheremdhne absorption peaks at 1570 and 1385 cm
! are correlated to the asymmetric and symmetric-O-€retching vibrations and peaks at 1504
and 1435 cr are corresponded to C=C group of the terephthétdter. In the FTIR spectra of
UiO-66-NH,-Gl, the absorption peak at 1625 tis due to the formation of azomethine group
(C=N). In the FTIR spectrum of UiO-66-NHGI@Pd, the change in absorption peaks of the
azomethine group to lower frequencies and lacKedroess of its peak confirms connection of

the Pd NPs to azomethine nitrogen.
Fig. 1

The'HNMR spectraipon digestion of the UiO-66-N+and UiO-66-Gl in NaOD and &b show
the successful modification of a few amines grompthé UIO-66-NH (Fig. 2). The'H NMR
spectrum of UlO-66-Nkishows three resonance signals at 7.062, 7.1357.&68 ppm. These
peaks are ascribed to the 2-amino-1, 4-benzenédixitic acid ligand. In théH NMR spectrum
of UlIO-66-NH,-GlI, in addition to the existing previous signadgveral new signals (at 7.59,

6.96, and 6.87 ppm, corresponding to imine and atienming CH protons) appear which can



describe the successful modification of approxityad®% of the NH functional groups in the
UlO-66-NH,.

Fig. 2
3.3. XRD studies

UiO-66-NH,, UiO-66-NH-GI and the UiO-66-NHGI@Pd nanocatalyst were characterized by
XRD analysis (Fig. 3)The main diffraction peaks of UiO-66-Ntppear at@= 7.73, 8.88 and
26.04 which are in accordance to the previous articléd.[Bs can be seen, the characteristic
peaks do not show any shift after modification wgtpoxal and loading of Pd NPs, which means
the lattice structure of UiO-66-NHvas well preserved. However the peak strengtibvsoasly

weakened due to the interaction between MOF andfEd

Fig. 3

3.4. Morphological characterization

FESSEM images of UIO-66-NHand UIO-66-NH-GI nanoporous sample at different
magnifications show that the nanoparticles are eggged together and have an irregular shape
(Fig. 4a, b, c, d). The images reveal that theapediameter is less than 100 nm. It seems that
after modification of UlIO-66-NkE the morphology of sample is somewhat reservedM TE
images indicate the nanoparticles distributionhia torm of small black spots on the surface of
UIO-66-NH,-GI. As well, no obvious aggregation was obseri&d.(4e, f and g). Additionally,
the size distributiorof Pd NPs was determined based on TEM images so #rage size is
about 10 nm (Fig. 4f).

Fig. 4
3.5. Elemental analysis

Fig. 5 describes the elemental analysis of the BBENH,-Gl and UiO-66-NH-GI@Pd obtained
using EDX and elemental mapping. From the elemésted for UiO-66-NH-GI@Pd, the
corresponding EDX analysis confirm the presencelefents C, O, Cl and, Zr in the UiO-66-



NH2-Gl and as well as the presence of Pd in UiO-66-H@Pd as shown in EDX. Also, from
mapping analysis, the distribution of elementslatively homogeneous.

Fig. 5

The existence of Pd NPs in the synthesized UIO-Be-Bl@Pdwas also checked using ICP

analysis, and the amount of Pd in the catalystmeasured about 2.98 wt. %.

3.6. N, adsorption/desorption characterization

The specific surface area and porosity of UIO-66;MHd its modified samples were obtained
using Brunauer—Emmett—Teller (BET) and Barrett-&mydalenda (BJH) methods, respectively
(Fig. 6). According to the results indicated in Teali, the BET surface area and micropore
volume of UiO-66-NH were calculated to be 1124gn and 0.479 cAy ™, respectively, which

is almost according to the previous reports. Fromgaring the results of surface area between
UIO-66-NH,, UiO-66-NH2-GI and UiO-66-NH2-GlI@Pd indicated tecrease in surface area
of UIO-66-NH,-Gl and UIO-66-NH-GI-Pd to 863 and 524 Ty, respectively, which is due to
increasing in the extra volume of Gl groups and\iPg to MOF and/or partial destruction of the
MOF structure via modifications in harsh conditiomkich confirms the modification of UIO-
66-NH, .

Fig. 6
3.7. Thermal measurements

Thermogravimetric method was used to surbeythermal stability of MOFs. According to the
TGA curves (Fig. 7), weight losses take place ifewa steps. The first step weight loss of the
UIO-66-NH, in ~ 100°C relates to the removal of water molecules fromepoThe next step of
weight loss in around 22% is assigned to the removal of remaining DMF malies from the
framework cavities. At the end, the final weighsdostarts at 493C and continues to 58&
which relates to the decomposition of organic stmecand the collapse of the framework. The
same weight-loss profile is observed for UlIO-66-NBl and UIO-66-NH-GI@Pd but with

higher disintegration temperature. It is due toghesence of grafted glyoxal onto the framework.



Fig. 7

3.8. Catalytic activity studies

UIO-66-NH,-GI@Pd was considered as nanocatalyst for the Ssag coupling reaction. The
reaction conditions were optimized using the modeshction of phenyl acetylene with
iodobenzene in the presence of factors such asmplbase types, temperature and the amount
of catalyst. Primarily, this reaction was tested/amious single and mixed solvents (entries 1-4)
and then, different bases such agC®; KOH, NE&, and pyridine (entries 3, 5-7) were
examined. The amount of catalyst and the temperatureaction were also optimized (entries 2,
8-11) and the best results were obtained with 1%imtipe catalyst in the mixture of solvents
H,Olethanol and BCO;at temperature 70 (Table 2).

In the Sonogashira coupling reaction, the catlydictivities of UIO-66-NH-GI@Pd
nanocatalyst for different aryl halides and termmeetylenes were investigated at 70 °C in air
using suitable mixed solvents &/ Ethanol) and base {KOs). The results are shown in Table
3. The comparison of the percentage of productbléTd, entries 1- 10) shows that the reactivity
as following order: iodobenze > bromobenzene > arotdenzene in the coupling reactions.
Finally, in the reactions between terminal acetgland aryl halides, the reactivity of aryl halides
with electron-withdrawing and electron-donating stithents was studied. The aryl halides with
electron- poor substituents, such as -NQ@able 3, entries 4, 6 and 10) exhibited a higher
activity, while that with electron- rich groups,csuas —Me (Table 3, entries 3, 5, 8 and 11) and —
OMe (Table 3, entries 2 and 9), exhibited sligh#gs activity. It was also seen that much less-
reactive aryl chloride (Table 3, entry 7) give esponding coupling products with 30% vyield.
The percentage of products related to phenylagesyig higher than that of terminal acetylene

aliphatic.

3.9. Catalyst reusability

An important in the case of porous solid catalystthe reusability. According to this point,
UIO-66-NH,-GI@Pd nanocatalyst was investigated for the rewdréty and reusability in the

Sonogashira coupling reaction among terminal aeetyland aryl halides. At the end of the



reactions, catalyst was isolated by centrifugind exashed with ethylacetate (2- 4 mL). Then it
was dried at 60 °C for 12 h in vacuum conditione Thcovered UIO-66-NHGI@Pd could be
reused directly for the further reactions. Catalgittivity was retained after 4 times recovery and

reuse nearly. (Table 4).

The Pd leaching from UIO-66-NHGI@Pd nanocatalyst into reaction solution was stigated

by ICP analysis. The results show the heterogewéitatalytic processes and partial leaching of
Pd from the catalyst. The results also confirmedigh stability, strong attachment of Pd NPs
onto the modified MOF. The ICP analyses on thelgsttdefore the reaction and after the fourth
run showed the presence of 2.98 and 2.49 wt. % Bteki catalyst, respectively. Therefore, it can
be concluded that the amount of Pd leaching wasaparhe XRD pattern and TEM images of
the recycled catalyst are shown in Fig. 3 and Bjgiespectively. A comparison between the
TEM images of the catalyst before and after foursrindicates the presence of Pd NPs on the
surface of the recycled catalyst.

Table 5 shows the merit of this catalytic methodj the performance of UIO-66-NHGI@Pd in
the Sonogashira coupling reactions between iod@renand phenylacetylene is compared with
some other catalysts. The catalysts with higher B@#generally more active and efficient in
shorter reaction times and low amount of them aoeigh to complete the reaction. Although the
number of recycled UIO-66-NHGI@Pd nanocatalysts is lower than other catalgspgpminent
issue that makes this nanocatalyst has better rpgafce than the other catalysts, is higher
activity of the catalyst in term of TOF. The othéighlights of UIO-66-NH-GI@Pd
nanocatalysts are: a) facile synthesis of catalysthigher catalytic activity with lower Pd
content (0.05 mol %), c) wide substrate scopeet@rogeneous nature, and e) reusability.

The mechanism pathways for the Sonogashira coupkagtion using UiO-66-NHGI@Pd
nanocatalyst are shown in scheme 2. Oxidative iaddiof arylhalides to Pd generates
intermediate Pd (Il) species (a). Intermediate d@)ses the subsequent transmetalation of an
alkynyle from palladium to palladium, followed bgductive elimination from intermediate (c)

to afford unsymmetrical acetylene.
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Conclusion

In this work, the efficient UIO-66-NHGI@Pd nanocatalystas successively synthesized by
glyoxal condensing taJIO-66-NH,, and introducingPd NPs onto the modified MO&uring
the PSM process. The nanocatalyst was charactdnizéd IR, NMR, ICP, XRD, SEM, TEM,
TGA, BET and EDX-MAP techniques. UIO-66-N#&I@Pd nanocatalyst was used for the
carbon-carbon bond formation by the Sonogashirgplooy reaction. The performance of
nanocatalysin catalyzing the reaction dérminal acetyleneand aryl halidess efficient. Mild
conditions operation, good tolerance for air andstooe, high activity due to high surface area
and porosity are some of the assets that can bglighted for UIO-66-NH-GI@Pd
nanocatalyst. Along with these advantages, usingamount of the nanocatalyst, short reaction
times, simple separation of the catalyst, recyttgtand reusability of the nanocatalyst for the

4™ cycle make the nanocatalyst as candidate forieffiSonogashira reactions.
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Table 1.Surface area and porosity of the UIO-66-\NHiO-66-NH2-Gl, and UiO-66-NH2-Gl@Pd

UiO-66-NH, UiO-66-NH,-GI UiO-66-NH,-Gl@Pd
BET specific surface area 1124 863 524
(m*g)
BJH average pore volume 0.479 0.382 0.246
(cn? g

Table 2. Optimization of reaction conditions for the Sonsigiga coupling reaction between
phenyl acetylene and iodobenzene using UiO-66-SHDPd as catalyst

Ph—=——H - > Ph—— @

Entry Solvent Base Catalyst amount Temperature Yield
(mol %) °C %
1 H,O K,CO3 0.05 70 65
2 Ethanol K,COs 0.05 70 60
3 H,0O/ Ethanol K,CO3 0.05 70 95
4 Hexane K,CO3 0.05 70 40
5 H,0O/ Ethanol KOH 0.05 70 75
6 H,0/ Ethanol NEt; 0.05 70 75
7 H,O/ Ethanol Pyridine 0.05 70 70
8 H,0/ Ethanol K.CO3 0.03 70 60
9 H,O/ Ethanol K,CO3 0.1 70 95
10 H,O/ Ethanol K,CO3 None 70 -
11 H,0O/ Ethanol K,CO3 0.05 r.t 20

General reaction conditions: phenyl acetylene in2ol) and iodo benzene (1 mmol) were mixed togeditr
bases (2 mmol) and catalyst in various amountsrit. solvent under atmosphe(Beaction time was 0.5 h)



Table 3.C-C cross coupling reaction of aryl halides wi¢mtinal acetylen@.

X
UiO-66-NH,-Gl@Pd L )
Rl— + »> R R
K,COg, 70°C
H,O/ Ethanol (1:1)1 ml
R2
Entry R! R? X Product Time | Yield | TON | TOF
() | (%)° (h™)
1 Ph H I Ph%@ 0.5 95 | 1900| 3800
2 Ph OCH; | | Ph%@—ocm 2 87 |1740| 870
3 Ph CHs I Ph%@*CHg 2 87 | 1740, 870
A Ph NO; | | Ph%@NOZ 0.5 | 97 |1940| 3880
5 Ph CH; | Br Ph%@CHg 3 | 80 |1600|533.3
Ph NO, | Br Ph%<j>—No2 2 87 | 1740| 870
6
7 Ph CHO | Cl Ph%@(}@ 3 30 | 600 | 200
8 | CHs(CH2s | CHs l C6H13%© 4 80 |1600| 400




9 | CHs(CHp)s | OCHz | | | CoHis——=— @CHg 5 80 |1600| 320
10 | CHx(CHp)s | NO, | Br | CeHis—— @Noz 5 75 | 1500| 300
11 | CHx(CHps- | CHs | Br | CoHyy—= @CH3 5 70 | 1400| 280

# Reaction conditions: Aryl iodids (1 mmol), termimaetyleneg1.2 mmol), KCO; (2 mmol), UIO-66-NH-GI@Pd

nano catalyst (0.015 g, 0.05 mol%) were mixed iOHEtOH (1 mL) at 70 °C.

Table 4.Recyclability study of UIO-66-NHGI@Pd nano catalyst

® Isolated yield

Run 1 2 3 4
Time (h) 0.5 1.5 3 3
Yields (%)° 95 92 90 90

2UI0-66-NH,-GI@Pd (0.015 g, 0.05 mol%), phenyl acetylene (irol), iodobenzene (1mmol),&0; (2 mmol)
and HO/EtOH (1 mL) at 70 °C were stirred under air.

®|solated yield.

¢ Recovered and used

Table 5. Catalytic activity of UIO-66-NHGI@Pd in comparison to some reported catalysts in

the Sonogashira coupling reaction between iodolmenaad phenylacetylene.

Entry Catalyst Conditions Time Yield TOF reuses Ref.
(h) (%)
1 PS-Pd(ll)-furfural (1 mol%)  EtN, DMF, 90°C 8 100 12.5 5 [40]
2 PdCo NPs/ 3DG (4 mol %) 2 (3mL), 80C 8 94 2.93 7 [41]
3 PdCu@GQD@F®, (Pd 0.3 DABCO, Toluene or 24 99 13.75 10 [42]
mol %, Cu 0.35 mol %) DMA, 60°C
4 CS-MMT/Pd (0.3 mol %) DMSO/CHCOOK, 5 94 62.66 4 [43]
110°C

5 Pd—Au/C [2 mol%] K3PQ,, iPrOH/H,0, 20 73 1.82 5 [44]




80 C

6 Fe,0,@Si0@Pd (I1)-Slp. H,O/DMF [2/1], 1 96 480 8 [45]
Comp. (0.2 mol %) K,C0,;,90°C
7 pramipexole- MWCNTs/Pd  DMF, ET:N, 96°C 2 96 480 6 [46]
(0.1 mol %)
8 NHC- Palladium complex DMSO, K;PQ,, 100°C 1 81 81 4 [47]
(2 mol %
9 Nano Pd@F£, (1 mol %) DMF, Piperidine, 110°C 24 83 3.46 6 [48]
10 SiIO@Fe0,-Pd (1 mol %) DMF, KCO;s, 100°C 6 95 15.83 8 [49]
11 UiO-66-NH,-GI@Pd (0.05  H,0, Ethanole, 70'C 0.5 95 3800 4 This
mol %) work
12 UiO-66-NH, H,0, Ethanole, 70'C 8 30 - - This
work

Figure captions

Figure 1. FTIR spectra of UIO-66-NE UIO-66-NH,-Gl and UIO-66-NH-Gl@Pd
Figure 2.'H NMR spectra of digested UIO-66-Nldnd UIO-66-NH-G| samples using NaOD in,D (1 M)

Figure 3. XRD patterns of UIO -66-Nk UIO -66-NH-GI, UIO-66-NH,-GI@Pd NPs and recovered UIO-66-NH
Gl@Pd after four times

Figure 4. FESEM of UIO-66-NH (a, b), UIO-66-NH-GI (c, d) and TEM of UIO-66-NHGI@Pd (e, f, g)
Figure 5. EDX spectra (inset is the EDX mapping) of the UIGN&1,-Gl and UIO-66-NH-GI@Pd samples
Figure 6. N, adsorption-desorption isotherm of UIO-66-NKIO-66-NH2-Gl, and UiO-66-NH2-Gl@Pd
Figure 7. TGA profiles of UIO-66-NH, UIO-66-NH,-Gl, and UIO-66-NH-GI@Pd samples

Figure 8 TEM pictures of the recovered UIO-66-M&I@Pd nanoparticles after four reaction cycles
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Fig.1. FTIR spectra of UIO-66-NHUIO-66-NH,-Gl and UIO-66-NH-Gl@Pd
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Gl@Pd after four times

Fig.4. FESEM images of UlO-66-NHa, b), UIO-66-NH-GI (c, d) and TEM of UIO-66-NRHGI@Pd (e, f, g)



7004

6004

5003

400

300

200"

1003

03

UI0-66-NH2-Gl

Zrig

UIO-66-NH2-Gl@Pd

2o

ZrKa ZKp

kev

300

UiO-66-NH»

Ui0-66-NH: -Gl

[
=3
=]

Ui0-66-NH: -Gl@Pd

Va/em3(STP) g!

I
=3
=

0 0.2 0.4 0.6 0.8 1

p/po

Fig.5. EDX mapping spectra of UIO-66BH&I and UIO-66-NH-Gl@Pd samples

Fig.6. N, adsorption-desorption isotherms of UIO-66-\NHiO-66-NH2-Gl, and UiO-66-NH2-Gl@Pd
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Fig.7. TGA profiles of UIO-66-Ni UlIO-66-NH-GI, and UIO-66-NH-GI@Pd samples

Fig.8. TEM pictures of the recovered UIO-66-NBI@Pd nanoparticles after four reaction cycles
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Highlights

A strategy for development of catalyst with high performance is well-defined.
Metal organic frameworksis used as support.
UI0O-66-NH,-Gl @Pd was synthesized using to PSM method.

UIO-66-NH,-Gl@Pd exhibited high catalytic performance in the Sonogashira coupling
reactions.
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