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Abstract

The hexagonal mesoporous organic—inorganic hybrid as a new nanocatalyst was
prepared by the treatment of SBA-15 with (3-chloropropyl)triethoxysilane, the
2,4,6-triamino pyrimidine ligand, and then PdCl, to obtain the SBA-15-propyl-tri-
amino pyrimidine@Pd called as SBA-Pr-3AP@Pd, which was examined through
Suzuki—Miyaura cross-coupling reaction by several aryl halides and phenylboronic
acid under mild conditions in high yield.

Keywords Decorated mesoporous silica - Suzuki—-Miyaura cross-coupling -
Heterogeneous nanoporous catalyst - 2,4,6-Triamino pyrimidine ligand - SBA-Pr-
3AP@Pd

Introduction

The application of the nanoreactor as the particular nanochemical compounds
such as dendrimers [1], carbon nanotubes [2], zeolites [3], and mesoporous silica
is highly valuable [4, 5]. Among the several nanoreactors, mesoporous silica com-
pounds, mainly SBA-15, have been extensively considered due to the high surface
spaces, highly well-arranged structure, mechanical constancy, thick walls, and inert
environment for the immobilization of transition metal nanoparticles [6, 7].
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Jiang and co-workers reported the generation of the 2D metals, such as
mesoporous compounds with many active sites, which act as catalysts. The
mesoporous metallic Ir nanosheets have high electrocatalytic activity in the
oxygen evolution reaction (OER) [8]. In another attempt, palladium-catalyzed
decarbonylative Suzuki—Miyaura of amides applied in the synthesis of biaryls
through the activation of the N-C(O) amide bond [9-11].

The application of several nanoporous metals such as Cu, Ru, Rh, Pd, Pt, and
Au under different conditions through electrochemical deposition was exten-
sively increased in different reactions [12, 13]. Application of the metal nano-
particles in catalysis, particularly in organic moieties, has received much atten-
tion [14, 15]. As a result, palladium nanoparticles (Pd NPs) have received much
consideration [16]. In this study, Pd NPs sustained on the two-dimensional hex-
agonal structures of SBA-15 to avoid accumulation [17]. The mesoporous struc-
ture of SBA-15 is full of silanol groups; this hydrophilic structure decreased the
transportation of hydrophobic compounds. However, hybrid porous scaffolds of
SBA-15 with ligands containing organic groups afforded the hydrophobic and
hydrothermally steady structures to apply in organic synthesis [18, 19].

Suzuki—Miyaura is a coupling reaction to produce the biaryl compounds in
the presence of the different catalysts, including Pd [20]. There are numerous
kinds of Pd-attached ligand-based SBA-15, which were reported for the synthe-
sis of biaryl compounds [2, 21-23]. Cao and co-workers designated the com-
bination of a Pd-diimine@SBA-15 catalyst for the Suzuki—-Miyaura coupling
by immobilizing Pd ions and diimine-functionalized SBA-15 mesoporous [24],
then in another attempt Sarkar and co-workers organized an SBA-15 functional-
ized by thiol in the presence of the Pd catalyst for Suzuki—Miyaura coupling
reaction [25]. Ghorbani-Vaghei et al. designated the synthesis of the SBA-15/
AO/Pd(II) nanocatalyst by grafting of the amidoxime group on SBA-15 silica in
the presence of the PdCl, [26].

Carbon—carbon (Csp>~Csp?) bond-creating cross-coupling reactions used to
give symmetrical and unsymmetrical compounds, which were used in several
one-pot methods [27]. Also, it is clear that the Suzuki—Miyaura coupling reac-
tion of aryl halides with aryl boronic acids is a practical approach to the synthe-
sis of biaryl structures [9-11, 28]. Since the Pd-based homogeneous catalysis
caused problems in the separation of the expensive palladium catalyst from the
produced compounds [29], immobilization of Pd catalyst solved this problem to
respect the green environment [30]. Thus, in the subject of palladium chemistry,
the study of useful and recyclable catalysts is an important issue.

Also, inexpensive and environmentally benign heterogeneous catalytic com-
plexes are striking development, which is essential in this subject. The abun-
dant efforts have been dedicated to the growth of efficient and selective cata-
lyst to be applied in the Suzuki—-Miyaura coupling reaction [31, 32]. In this
study, the functionalized SBA-15 compound has been used as the most common
supports, which was developed the surface and stability of the catalyst in the
Suzuki—Miyaura coupling reaction [33].
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Results and discussion
Synthesis of SBA-Pr-Cl

In this process, SBA-15 was prepared according to the literature [34].

Synthesis of SBA-Pr-3AP

The 2,4,6-triaminpyrimidine compound (0.25 g) was added to the dispersed SBA-
Pr-CI (1 g) in EtOH, and Et;N refluxed for 24 h. The obtained white powder was
filtered and washed with excess EtOH, to remove any residual organosilane by
soxhlation method using EtOH as solvent over a 24 h to obtain SBA-Pr-3AP as
the white powder, which was dried at ambient temperature.

Immobilization of Pd(ll) ions on surface of SBA-Pr-3AP@Pd

SBA-Pr-3AP (1.0 g) and palladium chloride (0.2 g) in EtOH (40 mL) was refluxed
for 24 h. The dark gray powder as a resulting solid was filtered, washed with ace-
tone, and dried in vacuum at 80 °C for 2 h to give SBA-Pr-3AP@Pd. According
to the AAS, 25.91 wt % of palladium was precipitated on the synthesized catalyst.
Also, there is no Pd in the reaction solution until the 7th run.

Suzuki-Miyaura cross-coupling reaction

The mixture of various aryl halides (1 mmol), phenylboronic acid (1.3 mmol) and
K,COj; (2 mmol) was stirred at the round-bottom flask in the presence of SBA-
Pr-3AP@Pd catalyst (0.002 g) in H,O: EtOH (4 mL) under an air atmosphere at
100 °C. The reaction progress was checked by thin-layer chromatography (TLC).
At the end of the reaction, the SBA-Pr-3AP@Pd catalyst was filtered off, and the
mixture was cooled down to ambient temperature. Next, the organic layer was
extracted with chloroform and water. The resulting residue was purified by plate
chromatography using n-hexane and ethyl acetate as eluents. The chemical struc-
ture of the desired products was confirmed by melting point and GC-MS analysis.

Characterization and synthesis of catalyst

In the first step, SBA-15 reacted with (3-chloropropyl)triethoxysilane in dry
toluene under reflux condition to form SBA-Pr-Cl [35], which reacted with the
2,4,6-triamino pyrimidine in EtOH using Et;N as a base under reflux condition to
give SBA-Pr-3AP. In the last step, the Pd ions were immobilized on the nanohet-
erogeneous surface catalyst of SBA-Pr-3AP (Scheme 1), which was characterized
by XRD, SEM, FT-IR, N, adsorption—desorption, EDX, and TGA analysis. The
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Scheme 1 The synthetic procedure for the preparation of SBA-Pr-3AP@Pd catalyst

immobilized palladium catalyst was used in the Suzuki—Miyaura cross-coupling
reaction as an efficient catalyst [36].

FT-IR analysis

To characterize and confirm the functionalized groups on the catalyst, FT-IR spec-

troscopy was applied, as shown in Fig. 1 for (a) SBA-15 (b) SBA-Pr-Cl, (c) SBA-
Pr-3AP and (d) SBA-Pr-3AP@Pd. The bands at 800, 960, and 1100 cm™!, are

SBA-15

S W S

c SBA-15-Pr-3

Transmitance (%)

3880 3380 2880 2380 1880 1380 880 380

Wavenumber (cm™)

Fig.1 FT-IR spectra of a SBA-15, b SBA-Pr—Cl ¢ SBA-Pr-3AP d SBA-Pr-3AP@Pd
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existing in all spectra, which are related to Si—O-Si symmetrical stretching vibra-
tions, Si—-OH symmetrical stretching vibrations, and unsymmetrical stretching vibra-
tions of Si—O-Si spectroscopy, respectively. In the SBA-Pr-ClI (b), SBA-Pr-3AP (c),
and SBA-Pr-3AP@Pd (d), the peaks appearing at 2852 and 2956 cm™! are the rep-
resentative of aliphatic CH, groups, which demonstrates the propyl group into the
pore walls of SBA-15. The peak around 600-800 cm™! shows CI group in the second
spectrum. The stretching vibration of the carbon—carbon double bond in aromatic
ring appeared at 1554 cm™! and the peaks of 1454 cm™' displayed stretching vibra-
tions of the C=N group for the spectra of (c) and (d). The band at 1648 cm™! is
due to the imine bond of the aromatic ring and its stretching vibrations displayed
at 705 cm™'. Moreover, the band at 578 cm™! in the spectrum of SBA-Pr-3AP@Pd
is assigned to stretching of Pd—-N [37]. These results showed that the synthesized
SBA-15 was effectively functionalized with Pd species and obtained the final cata-
lyst SBA-Pr-3AP@Pd.

EDX analysis

The EDX spectrum in Fig. 2 explains the presence of the elements C, N, O, Si, and
Pd in SBA-Pr-3AP@Pd. The palladium peak displays the immobilization of the Pd
nanoparticles on the surface of SBA-Pr-3AP@Pd.

BET analysis

The nitrogen adsorption—desorption isotherms and the BJH pore size distribution
(based on the adsorption branch of the isotherms) for all samples SBA-15, SBA-
Pr-3AP, and SBA-Pr-3AP@Pd are shown in Figs. 3 and 4. Type IV characterizes
the isotherms with an H1-type hysteresis loop defined by [IUPAC, demonstrating

Cps/eV
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i Carbon 1243 11.46
“ Nitrogen 7.70 721
8 Oxyzen | 4638 | 4345
Silicon 2424 27
Pd
] = Chlorine | 3.61 | 3.6l
6 N Pd . 33
co si o Palladium 12.39 11.60
4-
2
Q- N T T T
0 2 4 6 8 10

Kev

Fig.2 EDX Spectrum of SBA-Pr-3AP@Pd
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Fig. 4 BJH pore size distribution curves of a SBA-15, b SBA-Pr-3AP, ¢ SBA-Pr-3AP@Pd

';aBb:_ 11 5?;’;%;2_?2%?2?}3?? Entry Catalyst SEET (ng‘l) V2 (em?® g‘l) Digyy (nm)
Pr-3AP d SBA-Pr-3AP@Pd 1 SBA-15 898 0.99 9.9

3 SBA-Pr-3AP 521 0.79 7.4

4 SBA-Pr-3AP@Pd 351 0.49 52

ASger 18 a specific surface area, V total pore volume, and Dy aver-
age pore diameter
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the well-ordered mesoporous arrangement of SBA-15. Table 1 presents the
results for three structural parameters of the samples, including specific surface
area (BET method), total pore volume, and pore diameter (BJH method). Suc-
cessful incorporation of functional organic materials into mesoporous SBA-15
silica pores and the inclusion of Pd into this structure shifted the pore size to a
smaller value and led to diminishing in pore volume and surface area.

XRD analysis

Low-angle XRD patterns of SBA-15 and SBA-Pr-3AP@Pd catalyst are shown in
Fig. 5. SBA-15 has a strong diffraction reflection (100) and two small diffraction
reflections (110) and (200) due to hexagonal symmetry and its long-range order-
ing structure [38]. The SBA-Pr-3AP@Pd marks a decrease in the overall intensity
of the (100), (110), and (200), which might be related to the organic compounds
and Pd-attached particles.

There is a flat pattern in the wide-angle XRD diffraction pattern, which is
related to the pure SBA-15 and SBA-Pr-3AP. Two peaks around 40° and 45°
could be attributed respectively to the (111) and (200), which are related to the
metallic Pd(II), the fresh SBA-Pr-3AP@Pd catalyst diffractogram. It was proved
that the Pd(II) was immobilized on the SBA-Pr-3AP (Fig. 6).

Intensity (a.u.)

b

099 149 189 249 299 349 399 449 499
20 (°)

Fig.5 Low-angle XRD patterns of a SBA-15, b SBA-Pr-3AP@Pd
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' (a): SBA-15-Pr-3AP

(b): SBA-15-Pr-3AP@Pd
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Fig.6 The wide angle XRD patterns of a SBA-Pr-3AP, b SBA-Pr-3AP@Pd
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Fig.7 SEM images of a SBA-Pr—Cl, b SBA-Pr-3AP, ¢ SBA-Pr-3AP@Pd

SEM analysis

A typical scanning electronic microscopy (SEM) images of SBA-15 (a), SBA-
Pr-3AP (b), and SBA-Pr-3AP@Pd (c) was not changed as shown in Fig. 7. In
this case, the arrays of two-dimensional hexagonal mesoporous SBA-15 and the
attachment of organic components inside the pore channels of SBA-15 silica has
no distinct influence on the morphology of composition.

To approve the synthesized SBA-Pr-3AP@Pd catalyst nature, its TEM image
was recorded after reaction completion, which showed the presence of Pd nano-
particles, as shown in Fig. 8.
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Fig.8 TEM images SBA-Pr-3AP@Pd

TGA analysis

The thermal stability of the synthesized SBA was examined by thermogravimetric
analysis. The TGA thermograms for the SBA-Pr-3AP and SBA-Pr-3AP@Pd dis-
plays the first weight loss below 200 °C, and this could be related to the desorption
of physically adsorbed water (Fig. 9). The apparent mass change (18%) from 200 to
790 °C is probably due to the decomposition of organic groups. Moreover, relatively
slow weight loss at elevated temperatures could be related to the dehydration of the
surface —OH groups. So, the TGA curves confirm the successful grafting of organic
groups onto the surface of silica.

The evaluation of the synthesized catalyst SBA-Pr-3AP@Pd was effected by its
catalytic activities in the Suzuki-Miyaura cross-coupling reaction. Several param-
eters, such as solvent (EtOH, water, and toluene), the base quantity, and the catalyst
amount, were optimized to find the best reaction conditions. The Suzuki-Miyaura
coupling reaction model of 4-iodobenzene and phenylboronic acid under mild con-
ditions with a little amount of Pd was designated as a typical reaction.

As shown in Table 2, the best result was obtained when the reaction was car-
ried out in the presence of SBA-Pr-3AP@Pd in H,O:EtOH as solvent using

105

100

95 18%
%0 ° 23% SBA-Pr-Cl
85 c
80
75

@ SBA-Pr-3AP

e SBA-Pr-3AP-Pd

Weight Loss (%)

70
65

60

0 200 400 600 800 1000
Temperature (°C)

Fig.9 TGA curves of a SBA-Pr—Cl, b SBA-Pr-3AP, ¢ SBA-Pr-3AP@Pd
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Table 2 Optimization of the

. . Entry Base Solvent Temp. (°C) Pd (mol %) Yield (%)°
reaction conditions

1 K,CO; Toluene 120 0.10 17
2 K,CO; DMF 120 0.10 74
3 K,CO; DMSO 120 0.10 71
5 K,CO; EtOH 120 0.10 26
6 K,CO; Neat 120 0.10 Trace
7 - DMF 120 0.10 -
8 EuN - DMF 120 0.10 19
9 NaOH DMF 120 0.10 80
10 KOH DMF 120 0.10 83
11 KOH DMF 110 0.10 91
12 KOH DMF 100 0.10 93
13 KOH DMF 90 0.10 92
14 KOH DMF 100 - -
15 KOH DMF 100 0.05 96
16 K,CO; H,O:EtOH 120 0.002 96
17 KOH DMF 100 0.07 96

*Reaction conditions: 4-iodobenzen (1.0 mmol), phenylboronic acid
(1.3 mmol), K,CO; (2 mmol), SBA-Pr-3AP@Pd catalyst (0.002 g),
base (2 mmol) and solvent (4 mL)

HO.__OH

X SBA-Pr-3AP-Pd 0.002 g

R K,COj3 (2 mmol) R
H,O:EtOH (1:1)

R= p-NOQ, m-N02, di-phenyl, m-CH3, NH2-C6H5, OMe-C6H5,
X=1,Cl, Br

Scheme 2 The Suzuki—Miyaura cross-coupling reaction in the presence of SBA-Pr-3AP@Pd catalyst

K,CO; as a base at 100 °C. With the optimized conditions, the reaction was con-
tinued and completed (Scheme 2, Table 3). Various aromatic aryl halides with
phenylboronic acid were reacted in the presence of the SBA-Pr-3AP@Pd as a cat-
alyst and H,O/EtOH as a solvent. It is important to mention that the time of the
reaction in each of the products determined through TLC.

To display the value of this catalyst in the Suzuki—-Miyaura reaction, the
obtained results were compared with previously reported in the literature, as
shown in Table 4, which was compared the reaction between phenylboronic acid
and iodobenzene in the presence of different catalysts.
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Table 3 The Suzuki-Miyaura cross-coupling reaction of various aryl phenylboronic acid and aryl halides
in the presence of SBA-Pr-3AP@Pd catalyst®

Entry X R Product Time® (min)  Yield® (%)  mp (°C) [Refs.]
1 4-NO, 1-Br Q O 40 94 111-114 [2]
O,N
2 3-NO, 1-Br  O2N 50 93 111-114 [19]
3 4-Cl 1-Br 30 89 212 [2]
4 3-Me 1-Br  Me 40 94 0Oil [39]
5 4-Me 1-Br M 40 91 45-47 [40]
e
6 4Br  1-Br 50 100 212 [39]
7 H I 15 96 71-72 [21]
8 4NH, Br lh 92 Oil [15]
H,N
9 4-OMe I MeO \*/ 40 89 89-91 [19]

“Reaction conditions: ArX (1.0 mmol), phenylboronic acid (1.3 mmol), K,CO; (2 mmol), SBA-Pr-
3AP@Pd catalyst (0.002 g), and EtOH:H,O (1:1) (4 mL)

Time of the reaction detected by TLC
“Yield obtained by GC-MS

Table 4 A comparison of

this work with some reported No. Catalyst Temp. (°C) Time (min) Yield (%)
procedures I Pd-SBA-16 70 4h 95 [41]
2 Pd(OAc), @SBA- 80 20 97 [19]
15/PrNHEtNH,
3 SBA-15/A0/Pd(I)* 50 18 98 [26]
SBA-15/di-urea/Pd 70 20 99 [2]
5 SBA-Pr-3AP@Pd 80 15 99 This work

“Pd immobilized on amidoxime-functionalized Mesoporous SBA-15

The mechanism of the Suzuki—Miyaura cross-coupling reaction in the pres-
ence of SBA-Pr-3AP@Pd was illustrated in Scheme 3, which was described by
the catalytic activity through three steps: oxidative addition, transmetalation, and
reductive elimination [42]. In the oxidative addition step, aryl halides were added
to Pd(0) complex to provide intermediate Ar—Pd(II)-X. In the second step, the
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Arl—x

Oxidative Addition

Reductive Elimination
Ar'__ Ar?

Ar'
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S~
Ln =|—O0—=Si
) L, Pd o—

Ar’ ~
_OH

B(OH);

Transmetalation

S
Ar?B(OH);

OH"
Ar?B(OH),

Scheme 3 Mechanism of the Suzuki-Mataura cross-coupling reaction by SBA-Pr-3AP@Pd

aryl boronic acid was activated by a base which treated with aryl palladium (II)
complex through the reductive elimination was afforded the desired product.

Catalyst leaching and recyclability

The catalyst leaching and recyclability were accomplished through the hot filtra-
tion test, to obtain the leaching of Pd from the catalyst during the reaction, for the
Suzuki—Miyaura cross-coupling reaction under the optimal conditions was per-
formed. In this process, after 10 min, the hot reaction mixture was filtered to sep-
arate the catalyst, and the reaction was continued under the supernatant solution.
Through the GC-MS measurements, there is no increase in the product, and there
is no Pd in the filtered solution by AAS (Atomic absorption spectrometry). So, this
result proved that the Pd NPs were firmly grafted on the SBA-Pr-3AP@Pd duo to
the excellent affinity between Pd NPs and 2,4,6-triamino pyrimidine ligand.

Reusability of catalyst

The recyclability of the heterogeneous catalysts is essential from the economic per-
spective. The method of reusing the SBA-Pr-3AP@Pd catalyst was manipulated for
the Suzuki—Miyaura coupling reaction of 4-iodobenzene and phenylboronic acid
upon optimized reaction conditions. After the accomplishment of each cycle, the
solid catalyst was removed from the reaction easily, washed with ethyl acetate and
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Fig. 10 Reusability study on the synthesize of the reaction of the 4-iodobenzene and phenylboronic acid

hot EtOH, after drying through vacuum overnight, then use again in a sequential
run. The results in Fig. 10 determine that the supported catalyst was highly recy-
clable under the studied reaction conditions, preserving almost unaltered catalytic
performance after seven uses.

To investigate the mechanism, the mercury drop test was used, as mercury amal-
gamated the heterogeneous catalyst in contrast with homogenous, [43] a drop of
Hg(0) on the reaction texture of various reactant at reflux condition, no catalytic
activity was pictured, which shows that Pd(0) and Pd(II) cycles [44—47].

Conclusion

In conclusion, Pd nanoparticles grafted in SBA-15 to afford active hybrid catalysts
for applying in Suzuki—-Miyaura cross-coupling reaction in aqueous media. The
SBA-Pr-3AP@Pd catalyst could be simply removed and recovered from the reaction
mixture. The catalytic activity did not decline even after reusing several times. The
Suzuki-Miyaura coupling reaction was run through phenylboronic acid and various
aryl halides under mild conditions with a little amount of Pd to obtain various diphe-
nyl compounds. This catalyst afforded unique advantages such as excellent product
yields, easy preparation, and short reaction times. Furthermore, the heterogeneous
catalyst was easily recovered by filtration. The main point is that the hybrid catalyst
used at least seven times without any problem. This catalyst could be proposed in
other coupling reactions, such as Sonogashira or Heck.
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