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Two supported noble metal species, gold and palladium anchored on an ionic liquid-modified Fe-based

metal-organic framework (MOF), were successfully synthesized and characterized by FT-IR, XRD, TEM,
XPS, SEM, EDX, and elemental mapping. The ionic liquid post-modified MOF was used for anchoring Au
or Pd at ppm levels, and the resulting materials were employed as catalysts in the reduction of
nitrophenol isomers, dyes, and Sonogashira—Hagihara reactions. Using the Au@Fe-MOF-IL catalyst,

reduction of nitrophenol isomers, as well as the reductive degradation of dyes, e.g., methylene blue (MB),
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methyl orange (MO), and methyl red (MR) were performed efficiently in water. On the other hand,

Pd@Fe-MOF-IL was used as an effective catalyst in the Sonogashira—Hagihara coupling reaction of aryl
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1. Introduction

Coordination polymers or metal-organic frameworks (MOFs)
are a unique class of ultra-porous crystalline materials
composed of inorganic nodes containing metal ions/clusters
and rods constructed by polydentate organic linkers through
robust bonds. MOFs, with special properties and applications,
can be designed rationally by applying different metal nodes
(intermediate/non-intermediate) and various organic linkers
(carboxylate, phenolate, azolate, sulfonate, etc.). These mate-
rials with permanent porosity, inherent crystallinity, flexible
structures, and high specific surface areas have been shown to
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iodides and bromides using very low amounts of Pd. These catalysts were recycled and reused for
several runs without deteriorating remarkably in catalytic performance.

have potential applications in gas molecules storage and sepa-
ration (such as H,, CO,, N,, C,H,, CH,, etc.), as sensors, as ion
conductors, for drug delivery, as supercapacitors, or for
catalysis.”® In recent years, numerous studies have been con-
ducted on the use of MOFs as heterogeneous catalysts in various
reactions, such as the Knoevenagel condensation reaction,’
epoxide ring opening,' and oxidation.'* Recently, an extensive
study has also been done on post-synthetic modification of
MOFs.> ™ Additionally, extensive study has been developed on
the post-synthetic modification of MOFs in which it is possible
to adjust the chemical properties of the walls of the channels
using organic linkers, and also modifying MOFs external
surface using different functional groups. By using these
modifications, MOFs with the same topology, but different
functional groups, can be produced.””™* Along this line, cova-
lent post-synthesis modification of MOFs with ionic liquids is
an effective method to improve the stability of MOFs and
provides the possibility of stabilizing different types of transi-
tion metals and nanoparticles (NPs)."” The introduction of
metal nanoparticles in these structures drives the creation of
bimetallic systems, which brings the synergistic effect of the
metal nanoparticles introduced with the metal nodes in the
MOF structure and enhances the catalytic activity.'**®
Nowadays, the increasing use of organic pollutants in
industry and agriculture and the removal of these pollutants
from the environment has become a severe concern for the
environment and scientists.”* Among them, dyes and
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nitrophenols are extensively used in various industries, such as
food industries, textile, papermaking, painting, beauty, explo-
sives, leather, rubbers, pulp, paper industries, printing, phar-
maceuticals, etc. These compounds are considered as main
hazardous pollutants*™® which exposure them even for a short
time leads to problems such as eye irritants, skin and breathing
issues, cough, kidney and liver damage, lung diseases, cancer,
etc. Many nitrophenols and dyes were listed as pollutants in
European legislation on textile dyeing and United States envi-
ronmental legislation.?**° In this regard, the approach of cata-
lytic chemical reduction in which these toxic compounds are
converted into substances with less toxicity or even valuable
products has attracted the attention of many scientists.>*
Sonogashira-Hagihara coupling reaction between vinyl or
aryl halides and terminal alkynes generated conjugated enynes
and aryl alkynes, which are important functional groups in

natural products, pharmaceuticals, materials
37-42

polymers,
science, etc.

Different organic reactions can be efficiently catalyzed by
precious metals. In the past, these metals were used at mol%
concentrations in various reactions, which possess serious
problems due to their limited resources and high price.
Research today focuses on the efficiency and biocompatibility of
reactions. This can be achieved by reducing the total reaction
volume, changing the (pre)catalyst (including its engineering
and designing cost-effective ones), or reducing its quantity.
Along this line, some studies have been reported high catalytic
activity using noble metals under ppm levels.***** For instance,
previous reports indicated that the trace amount of contami-
nants in FeCl; plays a significant role in the success of different
organic reactions including Sonogashira-Hagihara reaction.***
Subsequently, from the vast number of MOF frameworks re-
ported in the literature, we selected Fe-based MOF, NH,-MIL-
88B(Fe), and its ionic liquid modified was used for anchoring
Au and Pd noble metal species at the ppm levels (Au@Fe-MOF-
IL and Pd@Fe-MOF-IL). Au@Fe-MOF-IL showed excellent cata-
lytic activity in reduction of nitrophenols isomers and struc-
turally different organic dyes, and Pd@Fe-MOF-IL was
successfully applied in Sonogashira-Hagihara coupling reac-
tions of aryl bromides and iodides.

2. Results and discussion

2.1. Synthesis and characterization of Au@Fe-MOF-IL (3)
and Pd@Fe-MOF-IL (4)

NH,-MIL-88B(Fe) MOF 1 was synthesized via the reaction of
FeCl;-6H,0 and 2-aminoterephthalic acid at 150 °C (Scheme
1a)."” On the other hand, IL was obtained by reacting 1-methyl
imidazole and 1,2-dibromoethane in dry THF (Scheme 1b). As
outlined in Scheme 1c, NH,-Fe MOF modified ionic liquid was
easily synthesized via NH,-Fe-MOF (1) reaction with IL in the
presence of Et;N as a base. Au and Pd metals were anchored on
Fe-MOF-IL material through the reaction of HAuCl,-3H,0 and
PdCl, solutions with MOF (2), respectively (Scheme 1d). In the
case of Au@Fe-MOF-IL, final material was achieved after treat-
ing with NaBH,.
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Scheme 1 Synthesis of Au@Fe-MOF-IL and Pd@Fe-MOF-IL and their
application as catalyst.

The structure of as-prepared samples characterized by FT-IR,
TEM, SEM, XPS, XRD, and EDX, elemental mapping analysis.
The chemical groups of all samples were determined by FT-IR
spectrum, in the range of 400-4000 cm ™', and the results
were given in Fig. 1. The observed peaks at 768 cm " stand
assigned to the vibration peak of C-H, due to the benzene ring,**
while the band at 1255 cm™" refers to stretching vibrations of
C-N group.*®* A broad peak, at 2970 cm™* can be attributed to
the 2-aminoterephthalic acid ligand, resulting from the exis-
tence of the ~OH group.®® Therefore, the disappearance of -OH
stretching vibration peaks confirmed the synthesis of Fe-MOF
due to coordination between the target metals and the -
COOH group of 2-aminoterephthalic acid. Also, the absorption
bands at 1578 and 1381 cm™', can be attributed to the
symmetric and asymmetric stretching of C-O of the carboxylate
group.® Two peaks observed at 3130 and 2927 cm ™" distinguish
the asymmetric and symmetric vibration of the amino groups.*
The observed peaks at 3460 and 3334 cm ™" are related to N-H in
addition, the peak at ~1651 cm™' stands related to CONH
bands resulting from coordinated the residual DMF.** Results
indicated the overlap of the characteristic peak of C-N and
C=C bonds at ~1650 cm™ ' in imidazole ring with CONH
peak.?**®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 IR spectrum of Fe-MOF-IL, Au@Fe-MOF-IL and Pd@Fe-MOF-

IL.

As shown in Fig. S1,} X-ray diffraction (XRD) measurements
confirmed the crystalline structures of Fe-MOF-IL, Au@Fe-MOF-
1L, and Pd@Fe-MOF-IL. Fe-MOF-IL exhibits similar diffraction
patterns to those reported in previous literature, with strong
peaks at 9.2° and 10.2°, which correspond to (002) and (101).%%

The similar XRD pattern observed for Au@Fe-MOF-IL, and
Pd@Fe-MOF-IL, suggest that the immobilization of Au and Pd
did not cause an obvious change in the crystallinity of Fe-MOF-
IL. Due to the low content of Au and Pd, no diffraction peaks
related for these metals were observed. However, their existence
was confirmed, by other analyses, including atomic absorption

View Article Online
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spectroscopy. The Au and Pd contents in the composites were
determined as 0.43 mmol g~ ' and 0.49 mmol g™, respectively.

The newly-formed chemical bonds within the prepared
catalysts were characterized by XPS analysis. Apart from Fe 2p,
O 1s, N 1s, and C 1s, the appearance of Au 4f and Pd 3d signals
for Au@Fe-MOF-IL and Pd@Fe-MOF-IL further confirmed the
loading of Au and Pd in them, respectively (Fig. 2). It should be
noted peaks at 711.3, and 725.5 eV are associated with Fe** 2p;/,
and Fe** 2p;,,. Whereas the peaks at 710.7 and 723.4 eV are
related to Fe** 2p;,, and Fe** py, (Fig. 2b and i).* N 1s spectra of
functionalized MOFs were divided into three symmetrical
peaks, and evidence was observed in Fig. 2f and k. The B.E.
centered at 399 eV, 400.7 eV, and 401.4 eV were related to N-C,
N-H, and '"N=C-, respectively.5®*!

These results proved successful post-synthetic modifications
of organic linkers with ionic liquid. In addition, XPS results
proved Fe-MOF-IL coordination with Au(0), Au(r) and Pd(u), for
the Au@Fe-MOF-IL and Pd@Fe-MOF-IL catalysts, respectively.
Two pair peaks at 83.4, 87.2 eV and 85.1, 88.6 eV were showing
existence of two oxidation state (0) and (I) for Au in Au@Fe-
MOF-IL (Fig. 2a). Also peaks at 338 and 343.1 eV, indicated
existence of Pd(u) in Pd@Fe-MOF-IL (Fig. 2g).°>

The morphology of the Fe-MOF-IL, Au@Fe-MOF-IL and
Pd@Fe-MOF-IL were investigated by the scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The immobilized Au NPs have a ~13 nm average size
(Fig. S31). The corresponding evidence showed that desired
catalysts pointing to two types of morphology, including deco-
rated with small irregularly shaped particles and spindle
morphology. TEM images of the prepared MOFs also confirm
the presence of irregularly-shaped particles, in addition to the
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Fig.2 XPS analysis of Au@Fe-MOF-IL from (a) Au, (b) Fe, (c) Br, (d) C, (e) O and (f) N, and XPS analysis of Pd@Fe-MOF-IL from (g) Pd, (h) C, (i) Fe, (j)

O, (k) N and (1) Br.
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Fig.3 SEMimages of Fe-MOF-IL (a, b and f), Au@Fe-MOF-IL (c), and Pd@Fe-MOF-IL (d). TEM images of Fe-MOF-IL (e and g), Au@Fe-MOF-IL (h

and i) and Pd@Fe-MOF-IL (j and k) in different magnification.

spindle-shaped morphology shown in the SEM images (Fig. 3).
Scanning electron microscopy (SEM) and TEM measurements
indicate that the immobilization of Au and Pd particles did not
alter the morphology of Fe-MOF-IL support.®
Thermogravimetric analysis (TGA) profiles of the obtained
samples are present in (Fig. S2}). TGA curves show that the
weight loss took place in three regions. The first weight loss of
Fe-MOF, Fe-MOF-IL, Au@Fe-MOF-IL, and Pd@Fe-MOF-IL, were
ca. 2 wt%, 11 wt%, and 8 wt% at 40-134, 40-258, and 40-230 °C
in the diagram, respectively. This weight loss was related to the
loss of the solvent molecules from their pores. Their most mass
loss was the second step which corresponded to the loss of
organic linkers. It should be noted increasing weight loses in
Fe-MOF-IL, Au@Fe-MOF-IL, and Pd@Fe-MOF-IL compared to
Fe-MOF is results of successful attachment of IL to MOF
structure. The complete decomposition of Fe-MOF, Fe-MOF-IL,

Au@Fe-MOF-IL, and Pd@Fe-MOF-IL, occurred at ~440 °C with
45%, 70%, 67%, and 65% mass loss, respectively (Fig. S21).

Energy dispersive X-ray spectroscopy (EDX) analyses and
elemental mapping images confirmed the presence of different
elements as well as Au and Pd in Au@Fe-MOF-IL and Pd@Fe-
MOF-IL, respectively (Fig. 4 and 5).

2.2. Catalytic performance of Au@Fe-MOF-IL for
nitrophenol isomers reduction

We evaluated the catalytic activity of synthesized Au@Fe-MOF-
IL catalyst for nitrophenol isomers reductions. To find opti-
mized conditions, effect of several parameters including the
type of reducing agent and its amount, catalyst loading (mol%),
type of solvent, and required time for performing the reaction
was investigated in reduction of p-nitrophenol as a model
compound. Initially, the reaction of p-nitrophenol and 4 equiv.

S a b
S
3
‘@ Fe
§ Fe
£ = B o L B
6 8 10 12 o 2 4 6 8 10 12
Energy (Kev)

Fig. 4 EDX analysis of Au@Fe-MOF-IL, and Pd@Fe-MOF-IL.
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Fig. 5 Elemental mapping images of Au@Fe-MOF-IL (a—h), and Pd@Fe-MOF-IL (i-p).

of NaBH, were conducted using 0.054 mol% of catalyst in
a mixture of H,O/EtOH solvents at room temperature for 15 min
(Table 1, entry 1). By reducing the amount of catalyst to
0.033 mol%, there was no change in the reaction efficiency
(Table 1, entry 3), however, further reducing the amount of
catalyst to 0.027 mol% resulted in a decrease in the reaction

Table 1 Optimization of the reduction of 4-nitrophenol at room
temperature®

NO, NH;
Au@Fe-MOF-IL
NaBH,, solvent
OH OH
t
Entry Au (mol%) NaBH,  Solvent (min)  Yield® (%)
1 0.054 4equiv. H,O/EtOH (1:1) 15 100
2 0.054 4 equiv. H,O/EtOH (1:1) 15 37
3 0.033 4 equiv. H,O/EtOH (1:1) 15 100
4 0.027 4 equiv. H,O/EtOH (1:1) 15 90
5 0.033 4 equiv. H,0 15 99
6 0.033 4 equiv. H,0 15 44°
7 0.033 3 equiv. H,0 15 90
8 0.033 2 equiv. H,0 15 90
9 0.033 4 equiv. H,O0 10 85

¢ Reaction conditions: 4-nitrophenol (0.5 mmol) and solvent (3 mL) in
5 mL reaction tube stirred for desire time. ? The yield was determined
by gas chromatography (GC). © Use of metal-free Fe-MOF as catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry

yield (Table 1, entry 4). Then, the reduction of 4-nitrophenol was
tested in water as the reaction solvent. In this condition, the
reaction yield was decreased negligible (1%), which was ignored
due to the significant advantage of the water (e.g. being envi-
ronmentally friendly) (Table 1, entry 5). The amounts of NaBH,
were subsequently decreased to 3 and 2 equiv., respectively,
which led to a decrease in produced 4-aminophenol yields
(Table 1, entries 7 and 8, respectively). Results demonstrated
that 4-aminophenol could be obtained in excellent yield (100%),
by using 4 equiv. of NaBH,. When the reaction time was reduced
to 10 min, lower yields were observed (Table 1, entry 9). To show
the synergistic effect, between the metals present in the
prepared MOF, reduction of 4-nitrophenol was performed with
MOF material (Table 1, entries 2 and 6), which resulted in
a lower yield. Different reducing agents e.g., glycerol, formic
acid, and hydrazine were also examined for the reduction of 4-
nitrophenol, in all cases providing poor yields as compared to
NaBH, (Table S1, entries 1-4}). Gratifyingly, we found that for
efficient reduction of nitrophenol, 0.033 mol% catalyst (4.3
ppm), 4 equiv. NaBH, in water as solvent at room temperature is
required.

Upon reaction optimization, the catalytic reduction of two
other nitrophenol isomers (m-nitrophenol and o-nitrophenol)
were subsequently investigated. The yields of the catalytic
reduction for o0-, and m-nitrophenol were 99% and 94%,
respectively (Table 2, entries 1 and 2).

In addition to catalyst activity, its reusability is a significant
point in practical application. To aim of investigate its recovery
performance, Au@Fe-MOF-IL was examined by successive

RSC Adv, 2023, 13, 8101-8113 | 8105
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Table 2 Reduction reactions of nitrophenol isomers®

N02 NH2
| SN Au@Fe-MOF-IL N
N NaBH, H,0, 15 min, rt | N
OH OH
Entry Nitrophenol Product Yield” (%)
NO, NH,
S oI - R
OH OH
NO, NH,
QL QL
OH OH
NO, NH,
3 94

“ Reaction conditions: 4-nitrophenol (0.5 mmol), NaBH, (2 mmol),
catalyst (0.003 mol% Au, 2.1 mol% Fe, 6 mg) and solvent (3 mL) in
5 mL reaction tube stirred for desire time. ® The Yield was determined
by gas chromatography (GC).

cycles of catalytic reduction reactions. In a typical experiment,
the catalyst was isolated from an as-completed reaction solution
and used directly for the next reaction cycle. Results of these
studies exhibited that catalyst could successfully have recycled
and reused for 9 sequential runs without diminution in catalytic
activity. However, in run 10, the yield of the corresponding
product quickly declined to 81% (Fig. S41).

2.3. Catalytic performance of Au@Fe-MOF-IL for
nitrophenol isomers reduction studied by UV-vis

In addition, the catalytic performance of the Au@Fe-MOF-IL
was also evaluated using nitrophenol isomers catalytic reduc-
tion investigated via UV-vis spectroscopy. When NaBH, without
the catalyst was added into the target solutions, the peak
intensities of 4-NP, 3-NP, and 2-NP at around 401, 393, and
415 nm respectively, do not change clearly after 30 min, which
indicates that presence of Au@Fe-MOF-IL catalyst is necessary
for the reduction of nitrophenol isomers (Fig. S51).** On the
other hand, the reaction in the presence of MOF without Au
particles led to partial conversion (~50%), which confirms the
synergistic effect of the substrate with Au particles (Fig. S51).
Nevertheless, the Fe-MOF-IL anchored Au particles efficiently
promote the reduction reaction of nitrophenol isomers by
NaBH,. In the presence of Au@Fe-MOF-IL, the characteristic
peak intensity of nitrophenol gradually was decreased with the
progress of the reaction time, while the characteristic peak
intensity of aminophenol increased (Fig. 6). In the 4-NP, 3-NP,
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Fig. 6 UV-vis absorption spectra of (a) 4-nitrophenol (b) 3-nitro-
phenol (c) 2-nitrophenol reduction with Au@Fe-MOF-IL in the pres-
ence of NaBH4. (d) Plot of In(C/Cy) versus reaction time derived from
spectra showed in (a)—(c).

and 2-NP reduction experiments, the complete reduction indi-
cates producing the desired products in 100%, 96%, and 97%
conversion with Au@Fe-MOF-IL catalyst after 120 s, 30 s, and
120 s, respectively. These conversions calculate using the UV-
visible spectra (where C, and C, are the absorbance of nitro-
phenol at initial concentration and nitrophenol concentration
at time ¢, respectively):

G -G

0

Conversion% = x 100 (1)

In addition, the reaction apparent rate constant also was
calculated according to the relationship between In(C/C,) and
reaction time (where k (s™') is the kinetic rate constant, C, and
C, are the absorbance of nitrophenol at initial concentration
and nitrophenol concentration at time ¢, respectively, and ¢ (s)
indicate reaction time):

In(Co/C)) = —kt 2)

The apparent rate constant (k,pp,) of the as-prepared Au@Fe-
MOF-ILwas 5.4 x 10 s 1,3.3 x 10 *s ' and 1.6 x 10 s 'in
reduction of 4-NP, 3-NP and 2-NP respectively which was
calculated based on eqn (1) and Fig. 6d.%® According to Fig. 6d
and 7d, a linear correlation between the In(C,/C,) and the
reaction time is observed. However, it represents pseudo-first-
order kinetics, due to the excess NaBH,. These results clearly
show the effective catalytic activity of Au@Fe-MOF-IL in the
reduction reaction of nitrophenol isomers. As evident, the
reduction of m-nitrophenol was immediate. In contrast, the
reduction reaction of p-nitrophenol and o-nitrophenol isomers
occurred during higher times. This difference in reactivity
attributes to the higher basicity nature of the m-nitrophenol
isomer. However, the conjugation effect delocalized the nega-
tive charge of p-nitrophenolate and o-nitrophenolate ions and
led to the positivity of the nitrogen atom. This reason can
explain two other isomers lower activity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4. Catalytic performance of Au@Fe-MOF-IL for dyes
reduction reaction studied by UV-vis

The catalytic activities of Au@Fe-MOF-IL for the reduction of
toxic organic dyes (MB, MO and MR) were also evaluated in the
presence of NaBH,. The progress of the reduction reactions was
monitored via UV-vis spectroscopy. When Au@Fe-MOF-IL with
NaBH, puts into the target solutions, the absorbance of MB
(Amax = 464 nm), MO (Ayax = 460 nm), and MR (A = 435 nm)
slowly decreases with increasing reaction time (Fig. 7).°*” The
apparent rate constant (kupp) of 1.46 x 10 s~ %, 5.6 x 10 > s,
and 7 x 107 s™', were obtained for the reduction reaction of
MB, MO, and MR catalyzed by Au@Fe-MOF-IL.

2.5. Catalytic performance of Pd@Fe-MOF-IL for
Sonogashira-Hagihara alkynylation coupling

Catalysts based on palladium indicated effective catalytic
activity in the Sonogashira-Hagihara coupling reaction.®® Thus,
the catalytic activity of Pd@Fe-MOF-IL was evaluated in the
Sonogashira-Hagihara coupling reaction of aryl halides with
terminal alkynes. To achieve optimal conditions, we chose the
reaction of iodobenzene with phenylacetylene as the reaction
model. To achieve this goal, various parameters such as catalyst
loading, type of base, solvent, and reaction temperature were
examined (Table 3). The condition including 0.15 mol% Pd
loading in DMSO solvent and NaOAc base at 80 °C revealed
relatively good yields (Table 3, entry 1). It was observed that
desired product, 1,2-diphenylethyne in good yield was obtained
in DMF in comparison with the other solvents (Table 3, entries
2-7). The influence of bases on the Sonogashira coupling
reaction was also examined, DABCO served as the most suitable
bases among the different studied bases for this reaction (Table
3, entries 8-12). According to the results, the amount of palla-
dium as an important factor in this reaction was investigated. It
was observed that 12.5 mg Pd@Fe-MOF-IL containing
0.05 mol% Pd loading was chosen as the most appropriate
(Table 3, entries 12-15). As presented in Table 3, entry 16, the
model reaction performed without Pd (blank runs), under
optimum conditions, produced desired product just in 18%
yield. Next, the effect of temperature was examined to explore
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Fig. 7 UV-vis absorption spectra of (a) MB (b) MO (c) MR reduction
with Au@Fe-MOF-IL in the presence of NaBH,. (d) Plot of In(C/Cy)
versus reaction time derived from spectra showed in (a)—(c).
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Table 3 Reaction conditions optimization for cross-coupling of
phenyl acetylene and iodobenzene catalyzed by Pd@Fe-MOF-IL*

oo -

Catalyst

Pd@Fe-MOF-IL (x mol%) 4

solvent, base, T(°C)

Entry (mol% Pd)  Base Solvent T(°C)  Yield® (%)
1 0.15 NaOAc DMSO 80 73
2 0.15 NaOAc DMF 80 76
3 0.15 NaOAc CH;CN 80 13
4 0.15 NaOAc 1,4-Dioxane 80 10
5 0.15 NaOAc Toluene 80 6
6 0.15 NaOAc H,0 80 48
7 0.15 NaOAc H,0: EtOH 80 55
8 0.15 DABCO DMF 80 97
9 0.15 Na;PO, DMF 80 86
10 0.15 K,CO; DMF 80 21
11 0.15 Et;N DMF 80 14
12 0.15 NaNO; DMF 80 10
13 0.10 DABCO DMF 80 97
14 0.05 DABCO DMF 80 96
15 0.03 DABCO DMF 80 72
16 — DABCO DMF 80 18
17 0.05 DABCO DMF 60 81
18° 0.05 DABCO DMF 80 63

“ Reaction conditions: iodobenzene (0.5 mmol), phenylacetylene (0.75
mmol), base (0.75 mmol) in solvent (2 mL), 24 h. ? GC yields.
¢ Reaction times: 18 h.

the best condition for the reaction. It was observed that the
reaction temperature also plays a crucial role in the reaction
yield. Decreasing the reaction temperature to 60 °C has resulted
in a lower yield of desired product (Table 3, entry 17). Moreover,
we attempted to examine the time dependence of the catalyst on
the coupling reaction, due to the reaction time dropped to 18 h,
the yields decreased to 63% (Table 3, entry 18).

In the next step, following the optimal reaction conditions,
we further expanded the scope of the Sonogashira-Hagihara
reaction for the reaction of a series of alkenes with a wide range
of electron-withdrawing or electron-donating aryl halides. As
shown in Table 4 aryl iodide as well as both of its electron-
donating (e.g.,, -CH;, and -OCHj3) and electron-withdrawing
substituents (such as, -CHO, -NO,, -CN, and -Cl) were able
to provide the desired products in excellent yields (Table 4,
entries 1-9). Furthermore, coupling reaction of heteroaromatic
including 2-iodothiophene with alkynes gave the desired
product in excellent yields (Table 4, entries 10-12). As observed
in entries 12 and 13 propargyl alcohol yielded the desired
product in excellent yields (Table 4, entries 12 and 13). Due to
these results, we examined the catalytic activity of Pd@Fe-MOF-
IL in the Sonogashira coupling reaction of phenylacetylene with
various aryl and heteroaryl bromides. Fortunately, aryl
bromides with electron-withdrawing substituents such as -NO,,
—-CHO, and -CN also obtained products in excellent yields
(Table 4, entries 14-16). Furthermore, the reaction of phenyl-
acetylenes with heterocyclic bromides such as 2-bromopyridine
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Table 4 Sonogashira—Hagihara reaction of various types of aryl iodides® and aryl bromides? with alkynes catalyzed by Pd@Fe-MOF-IL

Pd@Fe-MOF-IL

RZ

Ar'——R?

DABCO, DMF, 24 h

Entry Aryl halide
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Yield® (%)
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Table 4 (Contd.)
AX 4 RP— Pd@Fe-MOF-IL Afl——_R?
DABCO, DMF, 24 h
Entry Aryl halide Alkyne Product Yield® (%)
I OH OH
13 © =/ _ 98
Br
o O 00
14 88
CHO
Br
& o= ~0=0
15 90
CN
Br
— O,N =
16 © ( > 2 O O 93
NO,
X __ / N\
17 | _ — _ — 84
N~ Br N
Br N
@{ ¢ N —
18 | X N—= 89
NN
0
NO
Br 2 &
19 — O 78
Me

“ Reaction conditions for coupling reaction of aryl iodides: ArI (0.5 mmol), alkyne (0.75 mmol), DABCO (0.75 mmol), catalyst (0.05 mol% Pd, 12.5
mg) and DMF (2 mL) at 80 °C. ? Reaction conditions for coupling reaction of aryl bromides: ArBr (0.5 mmol), alkyne (0.75 mmol), DABCO (0.75
mmol), catalyst (0.11 mol% Pd, 25 mg) and DMF (2 mL) at 80 °C. ¢ GC yields.

and 5-bromopyrimidine yielded corresponding products in 84%
and 89% yield, respectively (Table 4, entries 17 and 18). Aryl
chlorides reaction was also examined but results indicated that
under optimized reaction conditions reactions did not proceed
well.

The heterogeneous nature of Pd@Fe-MOF-IL in the Sono-
gashira-Hagihara reaction of phenylacetylene with iodo-
benzene was also evaluated by the filtration test. For this

© 2023 The Author(s). Published by the Royal Society of Chemistry

purpose, the catalyst was taken out after 2 h, which was bring
yielded 25%. Then, filtrate was allowed to further react for 22 h
under optimized condition. GC result indicated formation of
desire product in 50% confirming almost heterogeneous nature
of catalyst. The reusability of Pd@Fe-MOF-IL, was also investi-
gated by successive cycles of catalytic reactions in the Sonoga-
shira-Hagihara coupling reaction (Fig. 8). A typical experiment
involves isolating the catalyst from a completed reaction
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Fig. 8 Filtration test of Pd@Fe-MOF-IL in the Sonogashira—Hagihara
reaction.

solution and using it directly for a new reaction cycle. The
results of these examinations confirmed that the catalyst could
be successfully recycled and reused for 5 sequential runs
without diminution in catalytic activity. However, from run 6,
the yield of the corresponding product quickly declined to 61%

(Fig. S61).

3. Conclusions

The two gold and palladium supported catalysts easily prepared
by anchoring an imidazolium unit to the Fe-based MOF allowed
a very low loading of nanoparticles at ppm levels. For the
reduction of organic pollutants using NaBH, such as nitro-
phenols, Au@Fe-MOF-IL showed a high catalytic efficiency and
high recyclability. In addition, toxic organic dyes such as
methylene blue, methyl orange and methyl red can be removed
from water. For the Sonogashira-Hagihara reaction, Pd@Fe-
MOF-IL works as catalyst with very low Pd loading in DMF at
80 °C for the cross-coupling of terminal acetylenes with aryl
iodides and bromides. Recycling experiments showed that this
supported catalyst can be recycled and reused during five cycles.
Synergistic effects between Fe and Au or Fe and Pd are impor-
tant in catalytic activities in reduction and in Sonogashira-
Hagihara reactions, respectively.

4. Experimental section

4.1. General methods

Tetrachloroauric(u) acid trihydrate (HAuCl,-3H,0, 99.5%),
palladium chloride (PdCl,, =99.9%), iron(u) chloride hexahy-
drate (FeCls-6H,0, 99%), 2-aminoterephthalic acid (NH,-BDC,
99%), nitrophenol isomers, sodium borohydride (NaBH,), aryl
halides, phenylacetylene, N,N-dimethylformamide (DMF,
99.9%), methyl orange (MO), methyl red (MR), and methylene
blue (MB) were purchased from Merck Millipore-Sigma, Sigma-
Aldrich, and Acros. "*C NMR and 'H NMR spectra were con-
ducted at 100 MHz and 400 MHz, respectively on Bruker Avance
HD. Chemical shifts are set on the d-scale in ppm, and residual
solvent peaks were utilized as internal standards. X-ray
diffraction (XRD) patterns performed using Philips X'Pert Pro
instrument. The SEM and TEM analyses were taken by JEOL
JSM 840 and EOL JEM-2010, respectively. X-ray detector Bruker

8110 | RSC Adv, 2023, 13, 8101-8113

View Article Online

Paper

XFlash 3001 applied with SEM equipment for microanalysis
(EDS) and mapping. XPS analyses were achieved by K-Alpha
spectrometer.

4.2. Synthesis of NH,-MIL-88B(Fe) MOF

The NH,-MIL-88B(Fe) MOF was synthesized according to the
modified solvothermal method previously reported in our
group.'” 2-Aminoterephthalic acid (3 mmol, 0.54 g) and FeCl;-
-6H,0 (3 mmol, 0.81 g) were dissolved in DMF (67 mL). The
resulting solution was stirred for 20 min at room temperature
and then sonicated for 15 min. Afterwards, the solution was
transferred into a 100 mL Teflon-lined autoclave and heated at
150 °C for 24 h. The brown precipitate was separated using
centrifugation, washed with DMF and absolute ethanol three
times, then dried in a vacuum oven at 50 °C for 24 h.

4.3. Synthesis of 1-(2-bromoethyl)-3-methylimidazolium
bromide ionic liquid (IL)

1,2-Dibromoethane (5 mmol), 1-methyl imidazole (2 mmol),
and dry THF (1 mL) were added to a 10 mL container and stirred
continuously at room temperature for 24 h under argon atmo-
sphere. Then, the mixture was gradually heated up to 45 °C, and
the reaction persisted for another 24 h. The resulting pale-
yellow precipitate was washed three times with n-hexane and
dried at 50 °C for 24 h. 'H NMR (DMSO, 400 MHz) § (ppm): 9.34
(s, 1H), 7.91 (s, 1H), 7.82 (s, 1H), 4.67 (2H, t,J = 6), 3.99 (2H, t, J
= 6), 3.93 (s, 3H); >*C NMR (DMSO, 101 MHz) é (ppm): 6 *C
NMR (101 MHz, DMSO) 6 137.6, 137.4, 124.3, 124.2, 122.9,
122.8, 50.5, 36.5, 36.3, 32.1.

4.4. Synthesis of ionic liquid-modified MOF (NH,-Fe MOF-
IL)

A solution of NH,-Fe MOF material (0.5 g), IL (2 mmol, 0.54 g),
and Et;N (3 mmol, 0.42 mL) were poured in a 500 mL flask
containing DMF (2 mL) and stirred at 40 °C overnight. Then, the
reaction mixture was subjected to centrifugation and resulting
solid was washed several times with absolute ethanol, and dried
at 40 °C for 12 hours in a vacuum oven.

4.5. Synthesis of Au@Fe-MOF-IL

The NH,-Fe-MOF-IL material (0.5 g) was dispersed in DMF via
5 min sonication. In another flask, HAuCl,-3H,0 (0.02 mmol, 8
mg) was dissolved in the DMF (2 mL) by sonication, then added
dropwise to the MOF solution during 20 min. Then, a NaBH,
solution (0.5 mmol, 19 mg in 2 mL DMF) was added dropwise
and allowed to react at room temperature for 24 h. The reaction
was submitted to centrifugation of the reaction mixture, fol-
lowed by washing of resulting solid with DMF and absolute
ethanol and drying at 40 °C for 24 h in a vacuum oven.

4.6. Synthesis of Pd@Fe-MOF-IL

NH,-Fe-MOF-IL (0.5 g) was sonicated for 5 minutes in DMF. By
sonication, PdCl, (0.07 mmol, 12.5 mg in 2 mL DMF) was dis-
solved in DMF (2 mL) and then added dropwise to the MOF
solution for 20 minutes. In the end, the reaction mixture was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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centrifuged, washed with DMF and absolute ethanol, and dried
at 40 °C for 24 hours in a vacuum oven.

4.7. General procedure for the reduction of nitrophenols

A 5 mL glass flask was filled with nitrophenol (0.5 mmol),
NaBH, (2 mmol), Au@Fe-MOF-IL catalyst (0.03 mol% Au,
2.1 mol% Fe, 6 mg), and H,O (3 mL). Afterwards, the reaction
mixture was continuously stirred at room temperature for the
desired duration. TLC and GC were used to monitor the prog-
ress of the reactions. After the reaction was completed, distilled
water and ethyl acetate were used to extract the crude product.
In the end, the pure product was isolated using column or plate
chromatography.

4.8. General strategy of nitrophenols reduction studied by
UV-vis

The reaction mixture consists of a 2.5 mL aqueous solution of
corresponding nitrophenol isomers (0.12 mM), a 0.5 mL
aqueous solution of fresh NaBH, (0.5 mL, 0.5 M), and 1 mg
Au@Fe-MOF-IL catalyst were poured into 5 mL reaction tube
and mixture was stirred at room temperature. Following this,
a portion of the reaction mixture was taken out, and its catalyst
was separated from the suspension. The conversion of nitro-
phenol isomer to aminophenol, was measured by using a UV-vis
spectrophotometer after filtering off the residues.

4.9. General strategy of dye reduction (MB, MO, and MR)

The aqueous solution of desired dye (MB, MO, or MR) (3 mL,
0.05 mM), an aqueous solution of fresh NaBH, (0.5 mL, 0.05
mM), and catalyst Au@Fe-MOF-IL (1 mg) were poured in a 5 mL
flask, and the mixture was stirred at room temperature. After-
ward, a portion of the reaction mixture taken out, and its
catalyst separated from the suspension. Next, the residue was
filtered off, and its corresponding UV-vis absorption spectrum
was measured by a UV-vis spectrophotometer.

4.10. General method for the Sonogashira-Hagihara cross-
coupling reaction

A 10 mL round-bottomed flask was charged with a mixture of
aryl halide (0.5 mmol), Pd@Fe-MOF-IL catalyst (0.05 mol% Pd,
1.7 mol% Fe, 12.5 mg, for Arl, and 0.11 mol% Pd, 7.4 mol% Fe,
25 mg for ArBr), DABCO (0.75 mmol), and DMF (2 mL), and
alkyne (0.8 mmol) under argon atmosphere. The reaction
mixture was allowed to stir at 80 °C and progress of reaction was
monitored by GC. After completing the reaction, the catalyst
was removed by filtration and the residue diluted with water (6
mL), then the crude product was extracted with ethyl acetate (3
x 5 mL). Further purification was performed using column
chromatography on silica gel using hexane and ethyl acetate as
eluent.
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