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Abstract

A nitrogen ligand, i.e. 1,3-di-(0-aminophenoxy)-2-propyl propargyl ether (DPPE), has been synthesized and characterized.
Magnetic mesoporous silica composite (MNP @SiO,-SBA) was obtained via embedding magnetite nano-particles (MNPs)
between SBA-15 channels. DPPE palladium dichloride (MNP @ SiO,-SBA-DPPE-Pd(II)) was then prepared via click chem-
istry and fully characterized. The Hiyama reaction conditions including solvent, amount of catalyst, base and temperature
were optimized for the prepared catalyst. The activity and recyclability of supported magnetic Pd(Il) catalyst were evaluated
under the optimal reaction conditions. The catalyst was easily separated magnetically, reused in five runs sequentially, and
no significant loss of activity was observed.
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applications [4]. However, these reactions have their own
benefits and problems. For example, Suzuki coupling
reaction suffers from hardly prepared and hardly purified
arylboronic acids as starting materials. The Stille, Negishi,
and Kumada—Corriu coupling reactions include using of
toxic organotin, very reactive and less stable organozinc
and organomagnesium reagents [5].

Among the Pd-involved organic preparations, the Hiy-
ama cross-coupling reaction has a distinguished place.
This reaction involve an organosilicon compound and a
halogenated hydrocarbon which are easily prepared, acces-
sible, low cost, and stable starting materials [6—8]. The
main disadvantage of Hiyama coupling reaction is the less
reactivity of C—Si bond toward electrophiles. This is due to
the low polarizability of the C-Si bond, which decreases
the nucleophilicity of the organosilicon compound. This
problem can be overcome by using fluoride as a nucleo-
philic promoter. However, the fluoride ion may produce
some difficulties with base-sensitive protecting groups and
acidic protons. The low reactivity of aryl chlorides, that
are widely available commercially, is another shortcoming
of the Hiyama coupling reaction [9].

In recent years, magnetite nanoparticles (MNPs) have
attracted increased attention as a support for immobilization
of catalysts [10-12]. They are nontoxic, highly dispersible,
biocompatible, and they have a high surface-to-volume ratio.
Furthermore, MNP-supported catalysts enjoy the benefit
of easy and rapid separation from different reaction mix-
tures magnetically [13, 14]. It is highly recommended to
coat MNPs before any treatment because they agglomerate
intrinsically due to strong magnetic dipole—dipole inter-
actions and high specific surface area [15, 16]. The most
popular way to overcome this problem is using MNPs in the
form of a composite with other metal oxides. Compositions
of MNPs with different forms of mesoporous silica such as
MCMs and SBAs have been widely investigated in recent
years [17, 18]. Mesoporous silica provides high density of
silanol groups inside the pores for further functionalization.
There are plenty of reports on the incorporation of mag-
netic mesoporous for preparing magnetically retrievable
supported catalyst in the literature [19-21].

In recent years, the preparation of a broad spectrum of
supported Pd(II) complexes with different ligands as cata-
lysts for coupling reactions has been reported. Improving
the reaction yields and decreasing reactions time, processes
costs, and byproducts are some the results of these investiga-
tions [22]. In the present study, synthesis, characterization,
and grafting of 1,3-di-(0-aminophenoxy)-2-propyl propargyl
ether (DPPE) on magnetic mesoporous silica via click reac-
tion are explained. The supported ligand was then treated
with a Pd(II) solution in EtOH to give a Pd(II)-supported
magnetic catalyst (MNP@SiO,-SBA-DPPE-Pd(II)). The
obtained recoverable magnetic catalyst is a quite effective
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catalyst in the Hiyama reaction and different derivatives
were prepared.

2 Experimental
2.1 Materials

Fe;0,@8Si0,-SBA magnetic composite [23] and 3-azi-
dopropyltriethoxysilane [24] were prepared according to
reported methods in the literature. 1,3-Di-(o-nitrophenoxy)-
2-propanol (1) was synthesized via the method described
by Zhang et al. [10] via the reaction of o-nitrophenol and
1,3-dichloro-2-propanol in hot DMF and in the presence of
K,CO;. Laboratory grade solvents used in this work were
dried according to reported procedures in the literature [25].
The remaining chemicals were obtained from Merck and
used as received.

2.2 Synthesis of 1,3-Di-(o-nitrophenoxy)-2-propyl
propargyl ether (3)

To a stirred solution of 1,3-di-(o-nitrophenoxy)-2-propanol
1(0.830 g, 2.5 mmol) in dry DMF (5 mL) at O °C was added
NaH (0.132 g, 3 mmol; 60% dispersion in mineral oil) in
small portions under argon. The mixture was stirred at 0 °C
for 1 h and then propargyl bromide (0.31 mL, 6 mmol)
was added dropwise over 10 min. The reaction mixture
was warmed to room temperature and stirred for additional
10 h. The reaction was quenched with MeOH (7 mL) and
the white precipitated was filtered in vacuum, washed cold
EtOH and dried to afford 0.630 g product [1]. (Yield: 66%,
mp: 100-103 °C). FT-IR (KBr, cm™): 3269 (m), 3061 (w),
2932 (w), 2869 (w), 1607 (m), 1521 (s), 1350 (s), 1280 (m),
1250 (m), 743 (m).

2.3 Synthesis of 1,3-Di-(0-aminophenoxy)-2-propyl
propargyl ether (DPPE)

To a rapidly stirred suspension of powdered zinc (1.740 g,
26.6 mmol) in 4.25 mL of 37% aqueous ammonia was added
a solution of 3 (1.000 g, 2.65 mmol) in 4.25 mL of THF. The
mixture was refluxed for 6 h and then filtered. The filtrate
was extracted with three 15 mL portions of ethyl acetate/
water (50:50) mixture, and the combined extracts evapo-
rated to dryness. The obtained residual orange oil chroma-
tographed on 20 cm X 20 cm silica gel covered glass plates
using 75:25 petroleum ether/acetone eluent to afford to give
0.510 g of orange oily product [26]. (Yield: 62.5%). FT-IR
(KBr, cm™): 3294 (s), 3048 (w), 2935 (w), 2869 (W), 1648
(s), 1526 (m), 1448 (w), 1310 (w), 1032 (m), 735 (m). 'H-
NMR (250 MHz, CDCl; 6): 6.85-7.00 (m, 2H); 6.70-6.80
(m, 2H); 4.47-4.50 (m, 2H); 4.40-4.46 (m, 1H); 4.23-4.32
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Scheme 1 Synthesis of DPPE

(m, 4H); 3.90 (br, s, 4H); 2.54-2.56 (m, 1H). *CNMR
(62.5 MHz, CDCI,.8): 141.1 (C-O, Ar.), 136.6 (C-N, Ar.),
122.0, 118.5, 115.4, 112.2, 79.8 (CH-0), 75.5 (=C-CH,),
75.1 (EC-H), 68.3 (O-CH,~CH), 57.9 (=C-CH,). Mass:
(m/z)*: 312.15 (M™, 84%).

2.4 Synthesis of Azide Functionalized Magnetic
Nanocomposite Fe;0,@Si0,-SBA-N,

A suspension of Fe;0,@SiO,-SBA (1.000 g) in 50 mL
of toluene was irradiated in an ultrasonic bath for 10 min.
To this suspension, 3-azidopropyltriethoxysilane (2.0 mL,
9.7 mmol) was added, and the mixture was stirred for 16 h
at 80 °C under argon. The reaction mixture was then cooled,
filtered and washed with toluene several times and then dried
at 45 °C in a vacuum oven [11]. FT-IR (KBr, cm™): 2935
(w), 2869 (w), 2104 (m), 1628 (m), 1526 (w), 1448 (w),
1088 (s), 735 (m).

2.5 Synthesis of MNP@SiO,-SBA-DPPE via Click
Reaction

In a round-bottomed flask Fe;0,@Si0,-SBA-N; (1.000 g)
was dispersed in 20 mL of +-BuOH/water (1:1) containing
CuSO, (0.330 g, 1.32 mmol), sodium ascorbate (1.070 g,
5.4 mmol) and DPPE (1.200 g, 4.8 mmol). The mixture was
irradiated in an ultrasonic bath for 15 min and stirred at
80 °C for 24 h under argon. The magnetic particles were then
magnetically decanted, washed with EtOH and then dried in
a vacuum oven at 80 °C [11]. FT-IR (KBr, cm™!): 3397 (br,
s), 3067 (w), 2935 (w), 2869 (w), 2104 (m), 1628 (m), 1526
(w), 1448 (w), 1088 (s), 735 (m).

2.6 Synthesis of MNP@SiO,-SBA-DPPE-Pd(ll)

DPPE functionalized magnetic mesoporous silica (1.000 g)
was dispersed in a PdCl, (0.03 g, 0.17 mmol) solution in
EtOH (8 mL) in an ultrasonic bath for 15 min. The suspen-
sion was stirred at room temperature for 12 h. The catalyst
was decanted magnetically, washed several times with EtOH
and then dried in vacuum at 45 °C [25].
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2.7 General Procedure for the Hiyama Reaction

In a 25 mL round-bottom flask, the magnetic catalyst
(0.5 mol%) was dispersed in an ultrasonic bath in 1 mL
of dry dimethylsulfoxide (DMSO) for 8 min. Aryl halide
(0.2 mmol), triethoxyphenylsilane (0.2 mmol) and Et;N
(0.4 mmol) were then added and the mixture was stirred at
120 °C. The reaction was followed by running TLC in an
appropriated mixture of n-hexan/ethyl acetate as the elu-
ent, and upon completion, the catalyst was removed and the
residue was chromatographed on glass plates covered by
silica gel.

3 Results and Discussion

3.1 Preparation and Characterization
of the Catalyst

The new ligand (DPPE) has been prepared in two
steps as shown in Scheme 1. In the first step, 1,3-di-(o-
aminophenoxy)-2-propanol (1) was etherified with propar-
gyl bromide 2 [1]. Selective reduction of nitro groups in
the presence of ethynyl group by conventionl methods such
as Pd/C/hydrazine; Pd/C/NaBH,; Fe/HCl; Sn/HCl, and Zn/
HCI was unsuccessful. This was done by the specific method
described by Kovar and Arnold for preparation of the ethy-
nyl substuted o-diamines [14].

Common spectroscopy methods were applied to confirm
the structure of DPPE. More information are provided in the
Supporting Information file.

Magnetite nanoparticles were prepared via co-precipi-
tation method and then covered by a silica layer and then
embedded into mesoporous silica (SBA-15) [27]. The as-
prepared Fe;0,@Si10,-SBA particles were then silylated
with 3-azidopropyltrimethoxysilane via post-synthesis
grafting technique described by Malvi et al. [11]. The azide
functionalized magnetic mesoporous silica was further func-
tionalized with DPPE via the click methodology and then
treated with PdCl, solution in EtOH to afford supported
Pd(II)-complex, Scheme 2.
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Scheme 2 Synthesis of Fe;0,@SiO,-SBA-DPPE-Pd(II)
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Fig.1 '3C CP/MAS NMR spectrum of MNP@SiO,@SBA-DPPE

The FT-IR spectra of DPPE and MNP @SiO,-SBA-DPPE
are shown in Figures S-4a, b. For more discussion, please
see the Supporting Information file.

Solid state '3C CP/MAS NMR spectrum of non-magnetic
sample (SBA-DPPE), Fig. 1, exhibited three peaks of propyl
chain carbon atoms at 8 (C1), 20 (C2) and 52 (C3) ppm [28].
The presence of peaks at 122 (C4) and 147 (CS) ppm are
attributed to the two carbon atoms present in the triazole
ring [29] and signals centered at 70 (C6—-C8) ppm are due
to the Csp’ directly linked to oxygen atoms. Peaks centered
at the region 110-155 ppm are associated to the Csp? atoms
of the aniline group (C9-C14).

XPS measurements were performed les to obtain infor-
mation about the structural features and the chemical envi-
ronment. In the sample MNP@SiO,-SBA-DPPE-Pd(II),
the XPS analysis was utilized to confirm the incorpora-
tion of the metal and evaluate the oxidation state of Pd in
the catalyst. The high-resolution Cls spectra for MNP @
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SiO0,-SBA-DPPE and MNP@SiO,-SBA-DPPE-Pd(II)
are depicted in Fig. 2a and b. Both spectra are fitted with
three components at 284.7, 286.1 and 287.8 eV, which are
assigned to C-H/C-C/C,, C-N, and C-0, respectively [30].
As far as the N1s region (Fig. 3a and b), MNP@SiO,-SBA-
DPPE shows a peak centered at 398.8 eV which is fitted with
three components assigned to N-H,, .., (398.0 eV), N=N
(399.2 eV) and N-C (401.0 eV), respectively. After Pd com-
plexation, the N1s spectrum of MNP@SiO,-SBA-DPPE-
Pd(II) was quite similar with three components centered at
398.2 (Pd-NH,,./N-H, ;). 399.3 (N=N) and 401.0 (N-C)
eV. The electronic state of palladium was further analyzed
by XPS (Fig. 4a and b). The absence of palladium is clearly
confirmed in the support MNP @SiO,-SBA-DPPE (Fig. 4a).
In contrast, the Pd3d spectrum for MNP@SiO,-SBA-DPPE-
Pd(II) exhibits two peaks centered at 337.8 and 343.1 eV that
are associated to electron transitions of Pd3ds,, and Pd3d;),,
respectively. These values of binding energy confirm that all
species of Pd in the catalyst are present as Pd(II).

TGA was used to estimate the complex loading, Figure
S-4. For this purpose, the weight loss (from ambient tem-
perature to 590 °C) of MNP@SiO,-SBA (2.02%) was sub-
tracted from the weight loss of the supported Pd(II) com-
plex (35.18%). The obtained value (Am=33.16%) can be
regarded as the loaded complex (33.16% or 331.6 mg g~! of
magnetic SBA). Atomic absorption spectroscopy revealed
that the palladium loading is 0.10 mmol g~ (1.10%wt).

Figure 5a and b display the low angle XRD patterns of
MNP @SiO,-SBA and MNP@SiO,-SBA-DPPE-Pd(II),
respectively. Pure SBA-15 exhibits an intense peak at
20=0.84° corresponds XRD unit-cell parameter of 10.6 nm
[31-33]. It is the characteristic of a well order hexagonal
P6mm space group containing mesoporous phase. However,
the interlayer spacing of MNP @SiO,-SBA is slightly smaller
than pure SBA-15 and appeared at 20=1.06° corresponds
XRD unit-cell parameter of 8.3 nm, Fig. 5a. In the diffrac-
tion pattern of MNP @ SiO,-SBA-DPPE-Pd(II), this peak is
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Fig.2 High-resolution XPS spectra of Cls region for MNP@SiO,@SBA-DPPE (a) and MNP@SiO, @SBA-DPPE-Pd(II) (b)
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Fig. 3 High-resolution XPS spectra of N1s region for MNP @SiO,@SBA-DPPE (a) and MNP@SiO,@SBA-DPPE-Pd(II) (b)

also displayed at 20 =1.06° with low intensity, Fig. 5b. It
means that, the ordered mesoporous structure is retained.
The formation of the Pd(IT) complex inside the channels may
be responsible for attenuation of the peak intensity. In the
pattern of SBA-15, two additional peaks corresponding to
(110) and (200) diffractions are also observed at 26=1.58°
and 1.82°. Because of disordering silica channels by impreg-
nated magnetite nanoparticles, these peaks are not seen in
the patterns of MNP @ SiO,-SBA and final catalyst [27, 34].

Figure 6a and b shows the wide angle XRD patterns of
magnetite and MNP @SiO,-SBA-DPPE-PA(II), respectively.

Both samples exhibit well-resolved diffraction peaks that
can be indexed as (220), (311), (400), (422), (511) and
(440) planes associated with cubic magnetite nanoparticles
(JCPDS-ICDD Copyright 1938, file No. 01-1111) with the
Fd-3 m space group [16]. However, due to confinement of
MNPs between the channels of mesoporous silica, intensities
of these characteristic diffraction peaks were attenuated in
the pattern of supported catalyst, Fig. 6b.

Figure 7a, b show N, adsorption—desorption isotherms
obtained by Brunauer—Emmett—Teller (BET) surface areas
analyses. As shown, an H2 hysteresis loop of type-IV curve
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Fig.4 High-resolution XPS spectra of Pd3d region for MNP @SiO,@
SBA-DPPE (a) and MNP@SiO,@SBA-DPPE-PA(II) (b)

6000

5000

——MNP@Si02-SBA
——MNP@Si02-SBA-DPPE-Pd(ll)

4000

3000

2000

Intensiy (A. U.)

1000

0.5 1.5 25 35 45 55
26 (°)

Fig.5 Low angle powder XRD patterns of a magnetic SBA and b the
supported complex

is observed for the MNP@SiO,-SBA [35]. The BET surface
area and mean pore diameter of MNP @SiO,-SBA are 482.9
m? g~! and 7.63 nm, respectively. The sharp increase in P/
PY with the narrow size distribution (7.63 nm) highlights
the formation of ordered mesoporous structure [19]. These
values are less than the corresponding parameters reported
for pure SBA-15 [32]. Comparison of the XRD unit cell
parameters of magnetic SBA and pure SBA-15 also shows a
similar trend, Table 1. The BET surface area and mean pore
diameter in the supported catalyst are dropped to 83.8 m* g™
and 5.22 nm, respectively. Therefore, it can be concluded
that the surface decoration by DPPE-Pd complex inside the
pores of magnetic SBA is performed successfully without
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blocking the intrachannels space by MNPs. XRD pattern
of the final catalyst also confirms that the ordered struc-
ture magnetic SBA is retained. Therefore, molecules can



A Pd(ll) Magnetically Retrievable Catalyst for Hiyama Reaction: Functionalization of Magnetic... 3471

Table 1 Structural parameters of SBA-15 and the prepared materials

Sample a, (nm)* Dore (nmM) Sger (m? g7h)
SBA-15° 10.6 8.9 850
MNP@SiO,-SBA 8.3 7.6 482.9
MNP@SiO,-SBA- 8.3 52 83.8

DPPE-Pd(II)

#XRD unit-cell parameter
bReference[32]

easily slip inside the channels for subsequent transforma-
tions (Table 2).

The image obtained by TEM also confirmed ordered
structure of magnetic SBA (Fig. 8). Highly ordered arrays of
1D mesoporous channels in which MNPs with 20 to 50 nm
diameter are located between the channels of MNP@SiO, @
SBA are seen in this image.

Figure 9 shows the hysteresis loops of MNP, MNP @SiO,
and MNP@Si0O,-SBA-DPPE-Pd(II) at room temperature
and the results are tabulated in Table 3. Superparamagnetic
behavior of the samples is shown by small remanence, hys-
teresis, coercivity values, and narrow width of the loop as
seen in the inset of Fig. 9 [36, 37]. The saturation mag-
netizations of MNP, MNP@SiO, and MNP@SiO,-SBA-
DPPE-Pd(II) are 78.14, 34.52, and 1.56 emu g_l, respec-
tively. Dropping of the maximal saturation magnetization of
supported catalyst is due to (1) formation of a non-magnetic
silica shell around MNPs; (2) incorporation of MNP @ SiO,
into congested non-magnetic SBA channels; and (3) surface
decoration of magnetic SBA by a non-magnetic Pd-complex.
In spite of low M value, the catalyst could be separated
magnetically by an external magnet, Figure S-5.

3.2 Hiyama Coupling Reaction
Iodobenzene and triethoxyphenylsilane were chosen as

the model compounds for optimizing the Hiyama coupling
reaction conditions. Reaction parameters such as the base,

Table 2 Magnetic properties of the prepared materials

Sample M, (emu g7)* M, (emu g™H)® H, (Oe)* M M
MNPs 78.14 4.03 18.62  0.05
MNP@SiO, 34.52 1.91 2224 0.06
MNP@SiO,@ 1.56 0.08 29.60  0.05
SBA@DPPE-

Pd(ID)

#Saturation magnetization
"Remanent magnetization
“Coercive force

9Remanence ratio

(b)

Fig.8 TEM images of magnetic SBA

amount of the catalyst, solvent, amount of base, and reaction
temperature were studied. The results are shown in Table 3
and Fig. 10a—e. The effect of the base was evaluated (Entries
1 to 7). The highest conversion is achieved with the Et;N
base (Entry 1, 70.6% yield). The optimization of catalyst
dosage shows that using the catalyst containing 0.5 mol%
Pd(II) is the optimal value (Entry 1, 70.6% yield). Higher
and lower amount of the catalyst loading gave poor results
(Entries 8 to 9). According to solvent screening (Entries 10
to 16), the DMSO solvent is the best choice due to the high-
est yield (Entry 12, 88.5% yield). The amount of the base
was also investigated. Lower or higher quantities of Et;N
than that of 2.0 molar ratio diminish the reaction conversion
(Entries 17 and 18). It should be noted that the reaction does
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Fig.9 Magnetization curves for the MNP, MNP@SiO, and MNP@
Si0,-SBA-DPPE-Pd(II)

not proceed properly at the temperatures lower or higher
than 120 °C (Entries 19 to 21) and in the absence of the
catalyst (Entry 22).

Various aryl halides were subjected to the optimized Hiy-
ama reaction conditions with triethoxyphenylsilane, Table 4.
As shown, aryl iodides and aryl bromides showed moderate
to good conversions. Please see the Supporting Information
for the NMR spectra. However, aryl bromides containing
electron attracting substituents showed poor conversions and
TOFs (Entries 8 and 9).

A possible mechanism for the Hiyama cross-coupling
reaction catalyzed by MNP @SiO,-SBA-DPPE-Pd(II) can
be proposed as Scheme 3. In the first step Pd(II) species
leached in presence of base (Et;N) to giving [PdX4]*~. The
leached palladium species are immediately re-deposited on
the catalyst surface and further reacted with aryl halide on
the catalyst surface to give desired coupling product. The
leaching and re-deposition of Pd species are also been noted
by Akira Sakon et al. [38] for Hiyama coupling reaction cat-
alyzed by linear polystyrene-stabilized PdO nanoparticles.

Table 5 compares the catalytic activity of MNP @SiO,-
SBA-DPPE-Pd(II) with a few reported catalysts in the lit-
erature. Comparing the TOFs reveals that the prepared cata-
lyst shows better activity than some reported catalysts. The
catalyst used in Entry 5 is also prepared in our group, but it
obtains via a complicated process [3]. The catalyst reported
in this study enjoys from enhanced activity and magnetic
separation and easy work-up.
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3.3 Recyclability of the Catalyst

Supported catalysts are usually prepared via complicated
and expensive routes. Therefore, it is necessary to pay suf-
ficient attention to retrieving of a used catalyst. The stability
and re-usability of the magnetic catalyst were tested in the
Hiyama coupling reactions of iodobenzene and triethoxy-
phenylsilane, Fig. 11. After each reaction, the catalyst was
collected magnetically, washed with ethyl acetate, and then
dried. As shown, the conversion reaches to 88.5% in the first
run and then slightly dropped to 83.0% during 5 consecutive
runs of the Hiyama reaction. Therefore, it can be concluded
that the prepared supported catalyst is active and recyclable.

3.4 The Catalyst Stability and Pd Leaching Study

The catalyst was retrieved and characterized by FT-IR, Fig-
ure S-6a and b. As seen, the spectrum of the used catalyst
does not show any significant change compared to the fresh
catalyst.

The leaching study was conducted by coupling reaction
of equimolar ratio (0.2 mmol) of iodobenzene and phenyl-
triethoxy silane with 10 mg of the catalyst under optimal
reaction conditions. The stability and heterogeneous nature
of MNP@SiO,-SBA-DPPE-Pd(II) were studied by analyz-
ing the aliquot of benzyl alcohol. The reaction liquor was
analyzed by atomic absorption after separating the catalyst.
The palladium content was found to be 0.0085 mg (leaching
8.0%). However, the remaining Pd(II) seems to be enough to
catalyze the reaction, because the conversion drop are only
0.4% and 0.1% during the second and third runs (Fig. 11),
respectively.

The XRD patterns of the fresh and used catalysts are
shown in Figure S-7a and b. As seen, the signs related
to Pd(0) particles are absent and no significant change is
observed. Therefore, metal leaching may be responsible for
the observed moderate catalyst deactivation rather than for-
mation of Pd black aggregates.

Single electron microscope images (SEM) of the fresh
and the used catalyst do not show any considerable change in
the catalyst morphology, Fig. 12a and b. A uniform spheri-
cal morphology with particle size diameters greater than
100 nm is observed in both images. These particles seem to
be aggregated possibly due to the very high hydrophilicity of
the mesoporous silica shell and moisture adsorption.
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Table 3 Optimization of conditions for Hiyama reaction

| Si(OEt);
+ Cat., Et;N O O
Solvent, A

TOF (h~1)® Yield (%)* Temperature (°C)  Base Pd (mol%) Solvent TOF (h™")*
1 DMF 0.5 Et;N 120 70.6 47
2 DMF 0.5 NaOH 120 60.2 40
3 DMF 0.5 TBAB 120 40.5 27
4 DMF 0.5 Cs,CO;4 120 - -
5 DMF 0.5 NaOAc 120 - -
6 DMF 0.5 K,CO, 120 50.5 34
7 DMF 0.5 Pyridine 120 - -
8 DMF 0.4 Et;N 120 50.4 42
9 DMF 0.75 Et;N 120 323 14
10 DMAc 0.5 Et;N 120 - -
11 EtOAc 0.5 Et;N Reflux - -
12 DMSO 0.5 Et;N 120 88.5 59
13 Acetone 0.5 Et;N Reflux - -
14 CHCl, 0.5 Et;N Reflux - -
15 EtOH 0.5 EuN Reflux - -
16 NMP 0.5 EtN 120 75.0 50
17 DMSO 0.5 Et;N¢ 120 79.3 53
18 DMSO 0.5 Et;N¢ 120 85.0 57
19 DMSO 0.5 Et;N 80 - -
20 DMSO 0.5 Et;N 100 23.0 15
21 DMSO 0.5 Et;N 140 87.0 58
22 DMSO 0.0 Et;N 120 - -

Reaction conditions: Iodobenzene (0.2 mmol), phenyltriethoxy silane (0.2 mmol), solvent (1.0 mL), Et;N (0.4 mmol) and reaction time 3 h
Tsolated yields

Turn over frequency: TOF the number of moles of reactant converted/(The number of moles of metal active sites x Time in hours)

“Et;N (0.2 mmol)

4Et;N (1.0 mmol)
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(b)

Conversion (%)
Convesion (%)
TOF (h-1)

TOF (h-1)

8 10 15

Pyridine CsCO3 NaOAc TBAB K2CO3 NaOH  Et3N Catalyst (mg)

Base

Conversion (%)
Convesion (%)

TOF (h-1)
TOF (h-1)

0.2 04 1

e 3 QD o (9 & 4 o] "
vs’@(' des} Q}o @@V o‘y N & o‘p Et;N (mol ratio)
Solvent

Conversion (%)

TOF (h-1)

80 100 120 140

Temperature (°C)

Fig. 10 Optimization of the Hiyama reaction conditions: a base; b catalyst loading; and ¢ solvent; d base mol ratio; and e reaction temperature.
Reaction conditions: Iodobenzene (0.2 mmol), triethoxyphenylsilane (0.2 mmol), solvent (1 mL)
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Table 4 Hiyama reaction of arylhalides with phenyl triethoxysilane catalyzed by the supported Pd(II) complex

X
Cat. Et;N
- —_—
+ Ph—Si(OEt)s puso 120°C R

2

o
o
)
(=N
=
(o]
=

Entry Aryl halide m. p. (°C) Time (h) TOF (h™!)

Found Reported [Refs.]

Conversion (%)

1 ©/l O 67-68 68-70 [39] 3 59
2 /©/l O 88-89 86-90 [37] 20 8
MeO O
MeO
3 /©/Br 44-46 4448 [37] 20 6
4 ©/Br 66—-68 68-70 [39] 20 7
5 /©/Bf O 50-52 52-54 [40] 20 3
®
H,N
6 Q/B' O 86-87 88-90 [41] 20 5
g ]
/0
7 Br O 43 45 [37] 20 5
8 Br O - 117-123 [42] 20 -
oA
[}
9 7 | - —5[43] 20 -
x
N Br A

\
z

88.5

75.5

60.0

70.5

30.0

54.0

50.0

trace

trace

Reaction conditions: Aryl halide=0.2 mmol, PhSi(OEt); =0.2 mmol, cat=10.0 mg, base =Et;N =0.4 mmol, DMSO=1.0 mL

@ Springer



3476

S. Mousavi et al.

Scheme 3 Schematic illustra-
tion of the Hiyama reaction
catalyzed by MNP@SiO,-SBA-
DPPE-Pd(II)

Ar—X

X= CI" or Et;N

Leaching

VR
@—x

[PdX,*

50&)3

X—Si(OEt);

69

[PhPdX3]%

Re-deposition

Table 5 Comparison of MNP @SiO,-SBA-DPPE-Pd(II) with some reported catalysts for the Hiyama reaction of iodobenzene and phenyltrieth-

oxysilane

Entry Catalyst Conditions Time Conversion (%) TOF (h™!) Refs.

1 Palladium chloride Toluene, TBAF.3H,0, 100 °C 10 h 90 1.8 [44]

2 Fe;0,@Si0,-Pd catalyst THF, TBAF, 60 °C, N, 10 h 94 18.8 [45]

3 PS-tsu-Pd(II) complex Ethyleneglycol, LiOH.H,0, 100 °C 10h 80 16.0 [46]

4 NCN-Pincer-Pd Complex K,CO;, Glycerol, 100 °C 24 h 99.0 1.6 [47]

5 The supported NHC Pd(II) complex DMF, CsF, 120 °C 1.5h 99.5 99.9 [3]

6 MNP @SiO,-SBA-DPPE-Pd(II) DMSO, EiN, 120 °C 3h 88.5 59 This work

100

80

60

(%)

40 .
Conversion

20
TOF (h-1)

Fig. 11 Recycling of MNP@SiO,-SBA-DPPE-Pd(II) for the Hiyama
cross-coupling reaction of iodobenzene and triethoxyphenylsilane

@ Springer

4 Conclusion

In summary, the synthesis, characterization, and application
of an efficient and retrievable magnetic catalyst are reported.
The catalyst was obtained by supporting a Pd(II) complex
onto magnetic mesoporous silica. It was fully character-
ized by conventional techniques. It was also shown that, the
prepared supported complex could efficiently catalyze the
Hiyama cross-coupling reaction, and excellent conversions
are obtained. It was also shown that the catalyst could be
retrieved magnetically and reused.
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Fig. 12 SEM images of: a fresh MNP @SiO,-SBA-DPPE-Pd(II); and b used catalyst
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