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Abstract

A covalent hybrid of halloysite-poly(methyl methacrylate-co-maleic anhydride) was
prepared and applied for the immobilization of Pd nanoparticles. The hybrid system,
Pd@Hal-Gua-Poly, was then characterized via TEM, TGA, ICP, BET, FTIR and
XRD and successfully used as a heterogeneous catalyst for promoting two main Pd-
catalyzed reactions, i.e. hydrogenation of nitro-arenes and Suzuki coupling reaction
under mild and eco-friendly conditions. The study of recyclability of the catalyst
confirmed high recyclability and low Pd leaching of Pd@Hal-Gua-Poly. Moreover,
the hot-filtration test showed the heterogeneous nature of the catalysts. Notably, the
comparison of the activity of the catalyst with that of Pd@Hal and Pd@Poly con-
firmed the superior catalytic activity of the former, indicating that the hybridization
of Hal and Poly could lead to the improvement of the catalytic activity.
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Introduction

Halloysite nanoclay (Hal) is a natural tubular alumosilicate [1] with formula of
(A1,Si,05(OH),nH,0) that was first described by Berthier in 1826. However, since
1940 it has regained growing attention, and its utility for various scientific domains,
including catalysis [2—4], composites, cleaning, drug delivery, adsorbents, polymer fill-
ers, packaging, flame retardants and protection has been increased [5-8]. Apart from
the chemical and physical properties of Hal, such as morphological stability, differently
charged inner and outer surface, mechanical and chemical stability, low-cytotoxicity
and biocompatibility, its low cost and availability on a large scale render it a promising
alternative for other tubular nanomaterials such as carbon nanotubes [9—-15]. A useful
strategy for the modification of Hal properties is surface functionalization. The inner,
outer or even both surfaces of Hal can be chemically tuned in a way that adjusts the
surface properties for the targeted use [10].

Pd is one of the most used metals for catalytic purposes. A broad range of chemi-
cal transformation ranging from hydrogenation to Heck and Sonogashira C—C cou-
pling reactions can be catalyzed by homogeneous or heterogeneous Pd-based catalysts
[16-20]. Although homogeneous catalysis benefits from some advantages such as
high catalytic activity and selectivity, the tedious recovery and recycling of the cata-
lyst render it unattractive from the economic and environmental points of view. Hence,
in recent years increasing attempts have focused on development of heterogeneous Pd
catalysts [21-27]. Moreover, considering the growing environmental concerns, disclose
of protocols that can proceed under mild and environmentally benign condition is of
great importance [28—40].

In the following, our research on the utility of Hal for catalysis [5, 41-43], recently,
we have disclosed the preparation and application of a Hal-polymer hybrid system for
catalytic purposes [44]. The promising results and the observed synergism between Hal
and polymer encouraged us to design and prepare a novel Hal-polymer hybrid based
on the covalent conjugation of guanidine-functionalized Hal with poly(methyl meth-
acrylate-co-maleic anhydride). The resulting hybrid, Hal-Gua-Poly, was applied for the
immobilization of Pd nanoparticles to afford Pd@Hal-Gua-Poly. The catalytic activity
of the latter was then studied for two class of Pd-catalyzed reactions, hydrogenation of
nitroarenes and Suzuki coupling reaction. Moreover, the recyclability and Pd leaching
of the Pd@Hal-Gua-Poly were investigated. Finally, using two control catalysts, Pd@
Hal and Pd@Poly, the contribution of both hybrid components to the catalysis was
confirmed.
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Experimental
Materials and instruments

The chemicals used for the preparation of Pd@Hal-Gua-Poly and study of its cat-
alytic activity included Hal, (3-chloropropyl) trimethoxysilan, Pd(Cl),, NaBH,,
distilled water, EtOH, MeOH, triethylamine, toluene and DMSO, which were
all purchased from Sigma-Aldrich and used as received. Poly(methyl meth-
acrylate-co-maleic anhydride) with trade name KARABOND® COPMI2 was
provided from Karangin Co.

The organic compounds used for performing the Suzuki—Miyaura coupling
reaction and hydrogenation reaction included aryl halides, nitroarenes, aryl
boronic acid, K,CO;, Cs,CO;, KOH, NaOH, EtOH, MeOH, CH;CH, toluene,
DMSO and deionized water. All were provided by Sigma-Aldrich and used with-
out further purification. The progress of the cross-coupling reactions was moni-
tored by TLC on commercial aluminum-backed plates of silica gel 60 F254 and
visualized using ultraviolet light [45]. All the organic products were known and
their identification was performed by comparing their melting points and FTIR
spectra with those of the authentic samples. For a selected sample, the 'THNMR
spectra was also recorded, Figure S1.

The structure of Pd@Hal-Gua-Poly was confirmed by applying TEM, XRD,
BET, TGA, FTIR, ICP-AES analyses. TEM images of Pd@Hal-Gua-Poly was
recorded by using Philips CM30300Kv field emission transmission electron
microscope. X-ray diffraction patterns were obtained by using a Siemens, D5000.
CuKa radiation from a sealed tube. To record N,-adsorption—desorption isotherm
and study the textural properties of the catalyst, BELSORP Mini II instrument
was employed. To perform the analysis, all the samples were pre-heated at 423 K
for 3 h. To perform thermogravimetric analyses (TGA), a METTLER TOLEDO
thermogravimetric analysis apparatus with a heating rate of 10 °C min~! from
50 to 800 °C under N, atmosphere was used. To record the FTIR spectra of all
samples, we used a PERKIN-ELMER- Spectrum 65 instrument. The ultrasonic
apparatus applied for the synthesis of Pd@Hal-Gua-Poly was Bandelin HD 3200
with output power of 150 W and tip TT13.

Preparation of the catalyst
Cl functionalization of Hal: synthesis of Hal-Cl (1)

In order to introduce Cl functionality on the outer surface of Hal, Hal (2 g) was
dispersed in 60 mL dry toluene and subsequently (3-chloropropyl) trimethoxysi-
lan (3 mL) was added in a drop-wise manner. Subsequently, the resulting mixture
was homogenized by using ultrasonic irradiation of power 100 W for 0.5 h. The
dispersed suspension was then refluxed under inert (N,) atmosphere for 24 h at
140 °C. Upon completion of the reaction, the precipitate was separated via simple
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filtering. To remove the unreacted reagents, the product was washed with metha-
nol several times and then dried at 140 °C overnight.

Incorporation of guanidine: synthesis of Hal-Gua (2)

Guanidine hydrochloride (1.35 g) was added to a suspension of Hal-Cl (2 g) in dry
toluene (50 mL) in the presence of catalytic amount of trietylamine (2 mL). The
resulting mixture was then refluxed at 110 °C for 24 h. Upon completion of the reac-
tion, the precipitate was filtered off, washed with dry toluene repeatedly and then
dried at 100 °C overnight. To confirm the conjugation of Gua on the Hal surface,
ninhydrin test was performed. The change in the color of Hal-Gua upon introduction
of ninhydrin proved the presence of amine functionalities on the Hal.

Decoration of imine functionalized Hal with polymer: synthesis of Hal-Gua-Poly (3)

The poly(methyl methacrylate-co-maleic anhydride) (1.25 g) was suspended in
DMSO and sonicated under ultrasonic irradiation of power 180 W for 15 min. To
the resulting suspension, the well dispersed mixture of Hal-Gua (2 g) in EtOH was
added. Then, the reaction temperature was increased to 140 °C and the mixture
was stirred for 24 h. Upon completion of the reaction, the precipitate was filtered,
washed with distilled water repeatedly and dried for 12 h at 70 °C.

Immobilization of Pd nanoparticles on Hal-Gua-Poly: Pd@Hal-Gua-Poly (4)

To incorporate Pd NPs on Hal-Gua-Poly, Hal-Gua-Poly (2 g) was suspended in dry
toluene (15 mL) containing Pd(Cl), (2 wt%) and then stirred at ambient temperature
for 8 h. To reduce Pd(II) to Pd(0), a solution of NaBH, in a mixture of toluene and
ethanol (10 mL, 0.2 N) was prepared and slowly introduced into the above men-
tioned suspension. The resulting mixture was then stirred for 2 h. Finally, the pre-
cipitate was filtered, washed with ethanol and dried in oven at 70 °C overnight. The
procedure for the synthesis of the catalyst is described in Fig. 1.
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Fig. 1 Schematic procedure for the synthesis of Pd@Hal-Gua-Poly
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To prepare Pd@Hal and Pd@Poly, the similar procedure was used except, Hal
and polymer were applied as supports, respectively.

Typical procedure for the Suzuki reaction

Aryl halide (1.0 mmol), aryl boronic acid (1.2 mmol), K,CO; (2.0 mmol) and Pd@
Hal-Gua-Poly (1.0 mol%) were put into a mixture of water/EtOH (5 mL) and placed
in an oil bath (100 °C). Then, the flask containing reaction mixture was stirred under
air atmosphere for appropriate time. Upon completion of the reaction (traced by
TLC, ratio of n-hexane/ethyl acetate, 7:3), the mixture was cooled to room tempera-
ture and the catalyst was separated by simple filtration, washed with EtOH several
times and dried in oven at 60 °C for 6 h. On the other hand, the solvent of filtrate
was removed under reduced pressure and the product was extracted with hexane
(10 mL). The resulting coupling product was purified by column chromatography
over silica gel to give the corresponding biaryl.

Hydrogenation of nitrobenzene to form an aniline

Pd@Hal-Gua-Poly as a catalyst (1.0 mol%) and nitrobenzene (1.0 mmol) were put
into a 5 mL deionized water. Then, the reactor was purged with 1.0 atm. H, and the
reaction mixture was stirred vigorously (700 rpm) at room temperature for appro-
priate reaction time. Upon completion of the reaction (monitored by TLC, ratio of
n-hexane/ethyl acetate, 7:3), the reactor was slowly depressurized and then, Pd@
Hal-Gua-Poly was separated by simple filtration, washed with water several times
and dried in oven at 60 °C for 6 h. The product was obtained by evaporating the sol-
vent and washing with EtOH.

Result and discussion
Catalyst characterization

The recorded TEM images of Pd@Hal-Gua-Poly are depicted in Fig. 2. In all
images, the Hal tube can be recognized as the main morphology. It also can be
detected that the outer surface of Hal is covered with polymer. This result was fur-
ther confirmed by other analyses (vide infra). The fine darker spots on the Hal tubes
in the TEM images of the catalyst can be assigned to the Pd nanoparticles. The
images showed that Pd nanoparticles are almost fine and well-dispersed with aver-
age particle size of 5 nm.

To investigate the change of the surface morphology of Hal upon incorporation
of Poly and Pd, the SEM images of Hal, Hal-Gua-Poly, and Pd@Hal-Gua-Poly were
recorded and compared, Fig. 3. As depicted in Fig. 3, in all SEM images, the tubes
of Hal can be detected, implying that upon functionalization with Poly and immo-
bilization of Pd the tubular morphology of Hal is preserved. However, it can be
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Fig.2 The TEM images of Pd@Hal-Gua-Poly catalyst

seen that in the case of the catalyst and Hal-Gua-Poly, the morphologies are more
compact.

TGA thermograms of pristine Hal, Hal-Si, Hal-Gua and Pd@Hal-Gua-Poly are
illustrated in Fig. 4. The thermogram of Hal and Hal-Si are very similar, except, the
latter exhibited three weight losses stages, at~ 150 °C (loss of water in the struc-
ture of Hal), at 330 °C (loss of silane) and~590 °C (dehydroxylation of the Hal
matrix), while the former showed only two weight losses stages (the ones related to
the loss of water and Hal dehydroxylation) [46, 47]. The thermogram of Hal-Gua is
very similar to that of Hal-Si. Comparison of this thermogram with that of Hal-Si
revealed that the content of Gua was about 4.2 wt%. The thermogram of Pd@Hal-
Gua-Poly is distinguished from the others and exhibited lower thermal stability and
an additional weight loss stage at 560 °C that can be assigned to the degradation of
Poly. Comparing this thermogram with that of Hal-Gua revealed that the content of
Poly 17.3 wt%.

To further characterize Pd@Hal-Gua-Poly, Pd content of the catalyst was meas-
ured using ICP analysis. The result revealed the low content of Pd in Pd@Hal-Gua-
Poly (0.5 wt%).

In Fig. 5 the XRD patterns of Pd@Hal-Gua-Poly and Hal-Gua-Poly are pre-
sented and compared with that of pristine Hal. As illustrated, the XRD pattern of
Hal-Gua-Poly exhibited the characteristic bands of pristine Hal (20=12.5°, 20.6°,
27.6°, 35.6°, 50.7°, 55.5° and 63.7° (JCPDS No. 29-1487) [48]. Notably, the com-
parison of the XRD patterns of pristine Hal and Hal-Gua-Poly confirmed that the
characteristic bands of Hal in Hal-Gua-Poly were of lower intensities. However, no
shift and displacement was observed, indicating that the modification was occurred
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Fig. 3 SEM images of a Hal, b Hal-Gua-Poly, and ¢ Pd @Hal-Gua-Poly

on the outer surface of Hal. The XRD pattern of Pd@Hal-Gua-Poly is very similar
to that of Hal-Gua-Poly and exhibited the characteristic bands of Hal with lower
intensities as well as the characteristic bands of Pd nanoparticles (labeled as O) can
be detected.

The structure of Pd@Hal-Gua-Poly was also verified by FTIR spectroscopy.
In detail, the FTIR spectra of the catalyst was recorded and compared with that
of Hal-Gua-Poly, Hal-Gua and pristine Hal Fig. 6. According to the literature,
the characteristic bands of Hal are as follows: the bands at 3693 and 3624 cm™!
(vibration of —OH on interior surface of Hal) 1022 cm™! (Si-O stretching), and
540 cm™! (AI-O-Si vibration) [49]. These bands can be detected in the FTIR
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Fig.5 The XRD patterns of pristine Hal, Hal-Gua-Poly and Pd@Hal-Gua-Poly catalyst

spectra of Hal-Gua-Poly, Hal-Gua and Pd@Hal-Gua-Poly, indicating that upon
introduction of Gua, Poly and Pd nanoparticles, the structure of Hal is preserved.
In the FTIR spectra of Hal-Gua-Poly and Pd@Hal-Gua-Poly, an additional band
at 1733 cm™! can be observed that can be attributed to the -C=0 functionality in
the backbone of the polymer and confirm conjugation of polymer with Hal.

In the following, BET analysis was exploited to estimate the specific surface
area of Pd@Hal-Gua-Poly and pristine Hal. The result showed upon introduction
of polymer, this value decreased significantly (from 51 to 10 m? g=!), implying
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the placement of Poly on the outer surface of Hal. Notably, the nitrogen adsorp-
tion—desorption isotherm of Pd@Hal-Gua-Poly (Fig. 7) was of type II [50].

Catalytic activity

Following characterization of the hybrid system, its catalytic activity for two main
Pd-catalyzed reactions, Suzuki coupling reaction and hydrogenation of the nitro
group to amine functionality, has been investigated. The initial experiments were
carried out for two model hydrogenation and coupling reactions, the coupling reac-
tion of iodobenzene with boronic acid and hydrogenation of nitro benzene respec-
tively. Using the two model reactions and altering the reaction variables, the
optimum reaction condition for each reaction was found, Tables 1 and 2 in SI. Grati-
fyingly, the catalyst could promote the hydrogenation reaction under mild and eco-
friendly condition, i.e. use of water as solvent at 50 °C, to afford the desired product
in short reaction time. The catalyst also showed high catalytic activity for Suzuki
coupling reaction and led to the formation of coupling product in high yield in the
presence of K,COj; as base and the mixture of water/ethanol as solvent at 100 °C.
Encouraged by high catalytic activity of Pd@Hal-Gua-Poly for catalyzing both
hydrogenation and coupling reactions, the generality of the developed protocols was
studied by applying several substrates with different electronic and steric proper-
ties, Tables 1 and 2. In the case of Suzuki coupling reaction, the results indicated
that Pd @Hal-Gua-Poly not only could promote the reaction of aryl iodide that is an
active substrate, but also it can successfully catalyze the reaction of less active sub-
strates, i.e. aryl chloride and aryl bromide. Moreover, steric substrate, 1-naphtalene,

Table 1 Pd@Hal-Gua-Poly catalyzed Suzuki-Miyaura reaction of various halides with terminal alkynes

X OH
| = B reaction condition
2R

R R1 -
Entry X R! Time (min) Yield® (%) TON TOF (h™")
1 I H 120 90 9000 4500
2 I p-Me 170 83 8300 2964
3 I p-OMe 100 92 9200 5750
4 I p-COMe 130 93 9300 4400
5 I p-NO, 110 90 9000 4600
6 I 1-Naphtalene 180 75 7500 2500
7 Br H 195 85 8500 2600
8 Cl H 210 90 9000 2500

Reaction condition: aryl halide (1.0 mmol), boronic acid (1.2 mmol), Pd@Hal-Gua-Poly (1 mol%),
K,COj; (2.0 mmol) in water:EtOH (5 mL) at 100 °C

“Isolated yield
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Table2 Pd@Hal-Gua-Poly catalyzed hydrogenation reaction of nitroarene
Entry Reagent Product Time (min) Yield® (%) TON TOF (h™!)

1 ©/N02 ©/NH2 80 95 9500 7307

2 O O 180 90 9000 6000
OO
3 QNOZ Y©/NH2 120 80 8000 4000
(0] O
4 /©/NOZ /©/NH2 100 92 9200 7666
HoN HoN

Reaction condition: nitroarene (1 mmol), Pd@Hal-Gua-Poly (1 mol%) in water (5§ mL) at 50 °C under
1 atm. H, gas

“Isolated yield

could also tolerate the Suzuki coupling reaction to afford the corresponding product
in relatively high yield.

In the case of hydrogenation reaction, the investigation of the scope of the reac-
tion showed that Pd@Hal-Gua-Poly could successfully promote the reaction of ster-
ically demanding substrate, nitro-naphtalene and 4-nitroacetophenone that has car-
bonyl functionality as a competing group for hydrogenation in its structure to afford
only 4-aminoacetophenone as a sole product. This result indicated the high selectiv-
ity of the catalyst toward nitro functionality.

Next, it was shown whether hybridization of Hal with poly(methyl meth-
acrylate-co-maleic anhydride) could result in synergism and improve the catalytic
activity of the final catalyst compared to that of individual components. In this line,
two control catalysts, including Pd@Hal, Pd@Poly were synthesized and their cat-
alytic activities for hydrogenation of nitrobenzene under optimum reaction condi-
tion was investigated and compared, Table 3. As tabulated, the catalytic activities

Table 3 Comparison of the Entry Catalyst Yield® (%) Time (min) Loading

catalytic a'ctivity of the present of Pd NPs
catalyst with the other prepared (Wt%)
catalysts for the hydrogenation
reaction 1 Pd@Hal-Gua-Poly 95 80 1.13
Pd@Hal 65 80 0.68
3 Pd@Poly 70 80 1.02

Reaction condition: nitrobenzene (1 mmol), catalyst (I mol%) in
water (5 mL) at 50 °C under 1 atm. H, gas

solated yield
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of the studied catalysts decreased in the following order: Pd@Hal-Gua-Poly > Pd@
Poly > Pd@Hal. This result indicated that Hal-Poly was a better catalyst support than
individual Hal and Poly. To shed light to the origin of the different observed cata-
lytic activities of the control catalysts, the Pd loading of each sample was calculated
and compared, Table 3. As shown, the loading of Pd in these samples increased in
the following order: Pd@Hal-Gua-Poly > Pd@Poly > Pd@Hal. This trend is similar
to the trend of an increase of the catalytic activity and indicates the key role of Pd
loading in the catalytic activity. In other words, Hal-Gua-Poly had better capacity to
anchor Pd nanoparticles that are the main catalytic species and consequently showed
the highest catalytic activity.

In the last part of the study of the catalytic activity, the catalytic activity of Pd@
Hal-Gua-Poly was compared with some of other catalysts, reported in the literature,
Table 4. As tabulated, various protocols with use of various catalysts, solvents and
reducing agents have been reported. Comparing the yield of the catalysts, it can be
concluded that the catalytic activity of the catalyst is comparable to that of Pd-based
catalysts. Moreover, the mild reaction condition, i.e. aqueous media, use of environ-
mentally benign reducing agent (hydrogen gas) with low pressure, relatively facile
and cost-effective synthetic procedure and recyclability of the catalyst render the
present protocol a potential methodology for hydrogenation reaction.

Catalyst recyclability

Motivated by high catalytic activity of Pd@Hal-Gua-Poly, the recyclability and Pd
leaching of the catalyst were also investigated. The recyclability of the catalyst was
simply studied by reusing the recovered catalyst for the next run of the model hydro-
genation and Suzuki reactions (see experimental section). Repeating the reuse of the
catalyst for seven consecutive reaction runs (Fig. 8), it was found that upon each run,
the catalytic activity decreased slightly (except the second run of recycling for the
Suzuki reaction that the catalyst preserved its catalytic activity) and after seven reac-
tion runs only 20% loss of the catalytic activities were observed. Regarding the Pd
leaching that is important from economic and environmental points of view, the ICP
analysis demonstrated that this value for the first four runs of the recycling was neg-
ligible. However, upon further recycling, this value gradually increased and reached
its highest value (0.4 wt% Pd loading) upon seventh recycling.

Next, the catalyst stability upon recycling was studied by recording the FTIR
spectrum of the recycled Pd@Hal-Gua-Poly and comparing it with that of the fresh
one, Fig. 9. As depicted, the two spectra are quite similar and showed the character-
istic bands of Pd@Hal-Gua-Poly. However, the intensities of the characteristic bands
in the FTIR spectrum of the recycled catalyst are lower than those of the fresh one.

To investigate the effect of recycling on the catalyst morphology, the recycled
catalyst after seven reaction runs has been subjected to the TEM and SEM anal-
yses, Fig. 10. As depicted in Fig. 10, the TEM and SEM images of the recycled
catalyst are similar to those of the fresh catalyst. In the TEM image of the recy-
cled catalyst, the Hal tubes decorated with Poly, as well as the dark spots that
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Fig. 8 Recyclability of the Pd@Hal-Gua-Poly catalyst in Suzuki coupling reaction (a) and hydrogenation
reaction (b)
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Fig.9 The FTIR spectra of fresh Pd@Hal-Gua-Poly and after seven runs

are indicative of Pd nanoparticles can be detected. In SEM image of the catalyst
also the Hal tubes can be seen.

The EDX analysis of the recycled catalyst, Fig. 11, also confirmed the pres-
ence of Pd nanoparticles. Moreover, the presence of Si, Al and O can be attrib-
uted to the structure of Hal. The C and N and O elements can also be indicative
of the functionality (Poly and Gua) on the surface of Hal.

Finally, the nature of the catalysis was studied by hot-filtration test. The
results of this experiment proved that in the course of the both reactions, Pd
nanoparticles did not leach from the surface of the support to the reaction mix-
ture and re-deposited on the support at the end of the reaction. This confirmed
the heterogeneous nature of the catalysis.
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Fig. 10 a TEM and b SEM
images of the recycled catalyst
after seven reaction runs
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Conclusion

Guanidine functionalized Hal was reacted with poly(methyl methacrylate-co-maleic
anhydride) to form a covalent hybrid system, Hal-Poly. The latter was then applied
for the immobilization of Pd nanoparticles and formation of Pd@Hal-Gua-Poly that
was an efficient catalyst for promoting two class of Pd-catalyzed reactions, hydro-
genation of nitroarenes and Suzuki coupling reaction, under mild and environmen-
tally benign condition. The comparison of the catalytic activity of the catalyst with
two control samples, i.e. PdA@Hal and Pd@Poly confirmed the synergism between
Hal and Poly. Noteworthy, the catalyst was highly recyclable (up to seven reaction
runs) and showed low loss of the catalytic activity and Pd leaching upon recycling.
Considering the relatively simple protocol for the synthesis of the catalyst, its high
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Fig. 11 EDX analysis of the recycled catalyst

catalytic activity for two model reactions as well as high recyclability, Pd@Hal-
Gua-Poly can be considered as a potential heterogeneous catalyst for promoting
various Pd-catalyst chemical transformations, such as C—C coupling, C=C hydro-
genation, A* and KA? reactions that are utile reactions for the synthesis of more
complex compounds with utility for drug and chemical industries. Moreover, it can
be assumed that Hal-Gua-Poly can be applied for the immobilization of other cata-
lytic species such as silver and copper species to furnish the catalysts that can be
applied for diverse range of organic reactions.
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