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Abstract

In this research, a novel type ofsPg@silica-supported dendrimer capped by guanidine
groups for immobilization of palladium was reporté&this novel nano-sized catalyst catalyst
was characterized by FTIR, TGA, XRD, FESEM, EDX,MSXPS and HRTEM methods.
Enhanced catalytic activity of the prepared catalys Mizoroki-Heck and copper-free
Sonogashira coupling reactions were evaluated bervas a green solvent. The influence of
the various reaction parameters such as catalysageo time and temperature on two
mentioned C—C coupling reactions were studied. Reshowed that the catalyst could be
easily recovered by simple separation by an extenagnet and reused for five cycles of

recovery without considerable losing of its activit

Keywords: Dendrimer; Magnetic Nanocatalyst; Heterogeneouslysis; Mizoroki-Heck
reaction; Copper-free Sonogashira reaction.

Introduction

Palladium-catalyzed carbon-carbon bond-forming treas are one of the most useful tools
in organic synthesis [1, 2]. Various C-C cross dimgpreactions such as Mizoroki-Heck,
Suzuki-Miayura, Sonogashira and Stille reactionsettged since 1970s [3-11].
Mizoroki-Heck Coupling reaction is the most suctalssnethod to synthesis of various
substituted stilbene compounds, dienes and comgdgadlymers [12]. This reaction has been
generally performed in the presence of palladiutmmlexes, some organic or inorganic

bases and suitable solvents under mild conditidn$3, 14].



Another important catalytic cross-coupling reactitmt leading to synthesis of 1,2-
biarylethyne or 1,2-alkylarylethyne compounds ia@gashira reaction. Generally, Coupling
between terminal alkynes and aryl halides in teaction, has been catalyzed by palladium
Pd'/Pd complexes and copper (1) salts as a co catal{gt [1

Many Pd catalyst systems used in these above meudticross coupling reactions, are
homogeneous. Application of these homogenous sgsteame been confined due to their
recycling problems and wastewater pollutions. Tioeee design and application of new
heterogeneous catalytic systems have been devel@oettly [16, 17]. In homogenous
system, phosphines or other ligands were addeddhilization of P4/Pd® complexes [18].
However, Toxicity of these ligands, led to enviramh pollutions. In the other hand,
purification of the final products, are difficulud to residual Pd contaminations in these
systems [19, 20].

Palladium immobilized on nano-sized heterogeneaisytic systems are introduced as well
as the green catalysts, due to their recoveralaliy independency to ligands requirement.
Efficiency and stability of these Pd heterogenistesns are related to support that are often
used for the immobilization of Pd nanoparticles][21

Dendrimers are particularly well-defined branchedicture, which are good moiety to
stabilization of metals nanoparticles via encapgaia In the other hand, agglomeration of
hosting metal nanopatrticles in these dendriticcstme can be eliminated [22, 23]. The steric
effect between encapsulated nanoparticles is aroriant factor to high availability of
denderimer surface in the reaction media. In adiditcontrolling the dispersity of dendrimer
nanocomposite in common solvents and linking toeotburfaces, can be achieved by
inducing the various terminal group on the dendrinemplates. All of these unique
properties of dendrimers with uniform compositibaye been attracted widespread attention
in chemical catalysis [24-26].

Despite the more interesting properties of derdstipports, they often suffer from draw
back such as recycling and reuse. Magnetic nanolgariare considered as a suitable option
among the various applicable and valuable suppatémnals for preparation of heterogeneous
Pd catalysts systems. The immobilization of Pd agmetically recoverable supports, can be
resolved the problems associated with the filtratad very small particles at the end of
reaction. Therefore, magnetic nanoparticles supgmate been widely used in many organic
transformations, due to their specific propert23, 27, 28].



In the present work, a novel third generation afeadrimer terminated to guanidine moiety
has been designed and successfully supported gd,@&&iO, nanoparticles as a novel
nanostructured organic-inorganic hybrid materialeiocapsulation of the Pd nanoparticles.
After the fully characterization of the preparedchomaterial (G3-Gu-Pd), we have used G3-
Gu-Pd as a novel, reusable and efficient heteragenmagnetic and dendritic catalyst in the
Mizoroki-Heck and copper-free Sonogashira couplinggriety of aryl halides and alkenes
were tested in Mizoroki-Heck reaction in aqueousdim®. In addition, copper-free
Sonogashira coupling between aryl halides and eefyéenes also checked in water as the
reaction solvent (Scheme 1).
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Scheme 1Green synthesis of alkene and alkyne derivatives

Experimental

General: all of aryl halides, olefins, 1-cyano gdare, phtalic anhydride, palladium chloride,
other reagents and solvents were purchased frorckM@ompany. Ethynylbenzene, and 1-
ethynyl-4-methylbenzene were provided by Sigma-istdrCompany.’H and *C NMR
spectra were recorded on a Brucker Avance DRX (@b{x) in deutrated solvents. X-ray
diffraction patterns were measured on Bruker imsgnt model D8, Avance. Shimadzu, FT-
IR 8300 spectrophotometer was applied to obtainRRdR spectra. For ICP analysis an
inductively coupled plasma (ICP) analyzer (Vari&insta-Pro) was employed. The catalyst
scanning electron micrograph (SEM) obtained by SE#8frumentation model, XL-30 FEG
SEM, Philips, at 20 kV. Transmission electron msoapy (TEM) image was recorded on
TEM apparatus model, Zeiss-EM10C at 100 .KVWermo gravimetric analysis also was
performed bySDT Q600 V20.9 Build 20 instrument. Buchi meltingind instrument model,
B-545 was used to melting points determination ofrifed products. The reaction
improvement was checked by thin layer chromatogramm silica gel PolyGram
SILG/UV254 plates. All of the products were purifidy column chromatography using
packed columns by silica gel 60 (70-230 mesh). Kiiewvn products were characterized by
comparison of their spectral and physical data thitdse reported in the other literatures.



Synthesis of FeO, magnetic nanoparticles (MNPS)

MNPs was prepared based on the chemical co-pratgitmethod [29]. According to this
method, first, deionized water (DI-water) togetith nitrogen gas was added during 30 min
to not only to bring about adequate agitation, dlab to hamper the ferrous ions oxidation.
Afterwards, FeGl6H,O (4 g, 14.5 mmol) and Fe£AH,O (2 g, 10.1 mmol) were dissolved
in DI-water (200 mL) under nitrogen atmosphere v@éverely stirring at 80 °C. After that,
the solution was mixed for 30 min, then ammaoéution (25%, 20 mL) was poured drop
wise into the solution until the pH raised to ab&Qtand the stirring continued for 45 min.
When ammonium was being added to the solutionai {ed to changing of solution color
from the brown to dark brown and then became blakler the temperature of the
synthesized adsorbent lowered, adsorbent was egfigatashed using ethanol until reaching
pH to the neutral state.

Synthesis of silica coated MNPs (SMNPs)

Based on a modified co-precipitation technique, syathesized core-shell composite of
Fe0,@SiG (SMNPs) [29]. Initially MNPs (1.4 gr) was dispedsa absolute ethanol (80
mL) at 40 °C. When the suspension was formed, & m&ed with 25% ammonia (4 mL),
Dl-water (7.50 mL) and tetraethyl orthosilicate @%, 0.56 mL) for 2 h. The composite was
magnetically separated from the suspension usingagnetic field and then dispersed in
ethanol (30 mL). For improving the Si—-O—Fe bonditigg suspension was kept in a 60 °C
water bath for 6 h. R®,@SiO, particles were collected by using an external reagmd
then washed with ethanol and water three timed iiatpH became neutral; and finally, it
was gathered using an external magnet, vacuum-dti&@ °C for 12 h, and ultimately kept
in an air tight container.

Synthesis of Bis(phthaloyl)diethylenetriamine

Bis(phthaloyl)diethylenetriamine was prepared basedthe procedure described in the
literature[30]. A mixture of diethylenetriamine (80g, 0.10 mol) and phtalic anhydride (33.2
g, 0.22 mol) in glacial acetic acid (160 g) waduweéd for 2 h. The solvent was evaporated
on a rotary evaporator by boiling water bath and weplaced with 160 g of hot ethanol
(95%) with stirring until a solid appeared. The qwot was filtered and washed with cold
ethanol: yield 30.1 g (83%); m.p. 182-183 °C.

Preparation of magnetic silica-supported dendrimerterminated to guanidine (G3-Gu)

The SMNPs (5.0 g) and (3-aminopropyl) trimethoxaiséd (5.0 ml) was refluxed in dry

toluene (125 mL) for 24 h. The solids were isolaéed washed successively with toluene



and ethanol and dried at 80 °C for 10 h under vacuthe aminated SMNPs-1 as prepared
was then further reacted with methylacrylate (MB)26 g, 50.0 mmol) in methanol (125.0
mL) at 70 °C for 24 h. The reaction mixture wagdrsed subsequently with a large amount
of ethanol, then collected using an external magndtdried under vacuum at 80 °C for 10 h
to afford functionalized SMNPs-2. Subsequently,ainlO0 mL flask with a mechanical
stirring bar, the obtained functionalized SMNPs£2(gr) and DMF (50.0 mL) were heated
to 90 °C. Then bis(phthaloyl)diethylenetriamines@gr, 68.95 mmol) was dissolved in DMF
and then added to the mixture dropwise and theumaxwvas refluxed at 110 °C for 24 h. The
reaction mixture was magnetically separated and heovered solid was washed
subsequently with a large amount of ethanol andddunder vacuum at 80 °C for 10 h to
afford functionalized SMNPs-3.

In the next step, deprotection of amine groups per$ormed with hydrazine hydrate. For
this, in a round bottom flask equipped with a cors#e, functionalized SMNPs-3 (7.5 gr) and
hydrazine hydrate (5 mL, aqueous solution 55%) weflexed in acetonitrile at 80 °C for 24
h. The resultant solid was separated off with magrield, then washed with methanol and
denoted as G1. Twice repetition of the above s{epaction with MA, bis (phthaloyl)
diethylenetriamine and deprotonation were performespectively, for dendrimer branching)
afforded the third-generation dendrimer (G3) pradidte obtained dark solid G3 (7.5 gr)
was reacted with 1-cyanoguanidine (5.85 gr, 52.b%otpin DMF (125 mL) at 110 °C for 12

h to afford guanidine capped dendrimer grafted onthe surface of SMNPs (G3-Gu)
(Scheme 1). The amount of nitrogen content wasriié@ted by elemental microanalysis to
confirm the formation of dendrimers. The elemerdahlysis data in Table 1 show the
amount of the nitrogen content in G1, G2, G3 and@ahanomaterials.

Metalation of third generation of guanidine end caped dendritic magnetic support
(G3-Gu-Pd)

The mixture of G3-Gu (0.5 gr) and Pd (OAdP.125 gr) was stirred in absolute ethanol (10
mL) with mechanical stirrer for 12 h at 50-60 °Qeh crude solid was isolated with external
magnet and washed successively with ethanol (2rmt_pand dried at 80 °C for 12 h under

vacuum.
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Table 1.Nitrogen content of the modified nanomaterials.

Sample identifier Elemental analyses of N (wt%)
G1 0.89
G2 0.94
G3 1.06
G3-Gu 1.59

General procedure for the catalytic Mizoroki-Heck @upling

In a round bottom flask (5 mL) equipped with corslemand mechanical stirrer, aryl halide
(2.0 mmol), olefin (1.1 mmol), ¥CO; (1 mmol), SDS (0.4 mmol, 0.1 gr), water (3 mL) and
G3-Gu-Pd catalyst (10 mg, 0.8 mol% of palladiumteat) were added. Then, temperature
raised to 100 °C in an oil bath and reaction pregreas checked by TLC during the reaction
mixture stirred and refluxed for the specific tinfEable 3). After cooling the reaction
mixture, G3-Gu-Pd catalyswvas recovered by the external magnet and thetirgyroduct
was extracted with ethyl acetate (3 x 5 mL). Thetragted organic layer was dried over
NaSQy. After evaporating the solvent by vacuum distilat and purifying with silica gel
column chromatography employing-hexane/ethyl acetate eluent, pure corresponding
product was obtained. All of the synthesized présluweere characterized by melting point,
'H NMR, *C NMR, IR spectroscopy and elemental analysis &gporting Information).
The data for all compounds were in accordance twoithose reported in the other referenced
literature.

General procedure for the copper-free Sonogashiraotipling

In a round bottom flask (5 ml) equipped with conskamand mechanical stirrer, aryl halide
(2.0 mmol), terminal alkyne compound (1.1 mmol)CiK; (1 mmol), SDS (1 mmol, 0.1 gr),
water (3 mL) and G3-Gu-Pd catalyst (12.5 mg, 1 moRpalladium content) were added.
Then the mixture was stirred with mechanical stiae95 °C. Reaction improvement was
checked by TLC. Stirring was continued to completad reaction and time of the reaction
was mentioned (Table 5). After cooling the reactamture, G3-Gu-Pd catalyswvas collected
by the external magnet and the resulting produst exdracted with ethyl acetate (3 x 5 mL).
Then extracted organic layer was dried overS@. After evaporating the solvent by
vacuum distillation and purifying the residue witlilica gel column chromatography
employingn-hexane/ethyl acetate eluent, pure correspondiogduat was obtained.

The products also characterized same as the hactiae (see Supporting Information).



Fig. 1. Schematic representation of G3-Gu-Pd catalyst @magnetic recycling capability from

reaction media. a) G3-Gu-Pd in reaction mixture lanseparated G3-Gu-Pd with external magnet.

Results and Discussion

Characterization of the catalyst

Morphology and particle size of the support (G3-@rgpared for immobilization of the |Pd
nanoparticles and also the final catalyst (G3-Gu-Rdre investigated by field emission
scanning electron microscopy (FESEM) and resulteevaepicted in Fig. 2a and 2b. The
FESEM images of G3-Gu and G3-Gu-Pd show spherichluaiform nanoparticles with size
range of <100 nm. The shape of the magnetic naholearwas maintained after metalation
but a minor enlargement was observed in rasfgel0 nm due to the contribution of the Pd

nanoparticles around the branches of the magnetidraner.
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Fig.3.EDS analysis of G3-Gu-Pd

To investigate the elemental components of the catalyst, energy dispersive X-ray (EDX)
analysis was performed and shown in Fig. 3. EDX analysis confirmed the presence of the Fe,

O and Si related to the magnetic core (MNPs) and silica shell (SiO,). In addition, EDX



analysis shows carbon and nitrogen correspondin@eaorganic structure of the dendritic
nanocomposite. According to the EDX measuremerngs &, G3-Gu-Pd catalyst prepared in
this work contains 1.88 wt% of Pd and the othemelets in the catalyst were reported in the
table in the corner of Fig. Rlso the ICP analysis of G3-Gu-Pd catalyst shovwat itis
containing 0.80 mmol:§of the Pd

Fig. 4. Shows the EDX-SEM elemental mapping of the catakstlose examination of the
images reveal that the Si, Fe and, specially, tha@tBms were highly dispersed throughout

the catalyst and results confirm no agglomeraticthe catalyst species were happened.

Fig. 4. EDX-SEM elemental mapping of the catalyst.

X-ray diffraction (XRD) analysis is a promising dyt&cal tool for characterization of
physical and chemical forms of the magnetic pasidghcorporated in the silica body. The
XRD patterns of the MNPs and final catalyst wergpaired in 2 ranged from 10 to 80° (Fig.
5a). The main peaks at) 2quated 30.5, 35.9, 43.3, 53.9 57.3, 63.2 and° TrSBMNPs,
which were marked respectively with (220), (314Y0Q), (422), (511), (440) and (533)
indices based on the plane of a cubic spinel stracbf the MNPs (JCPDS card no. 19-
0629).[31] In addition, similar peaks were seethim XRD diagrams of synthesized G3-GU-
Pd catalyst, confirming that the cubic phase of MN#still kept after chemical treatments.
No characteristic peaks Of Si@vere detected, indicating the $SMas amorphous.[32] In the
XRD pattern of G3-Gu-Pd a weak peak a 240° confirmed the presence of Pd
nanoparticles. Nanoparticle size was also detemniurseng Scherrer equation [L = KlI/ (b cos
0)], where | is the wavelength of the Cu-K radiat{@154178 nm)§ is the Bragg angle, b is
the FWHM (full width at half maximum) value of thespective peaks, and K is a constant of
value 0.89. The obtained size of G3-Gu-Pd nanapestifrom Scherrer equation was
calculated to be9.86 nm, which is consistent with the TEM results.

10
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Catalytic activity and recyclability of the catalya copper-free Sonogashira and Mizoroki-
Heck reactions are affected from thermal stabditghe catalyst because these reactions are
usually performed under heating conditions. The TGAG3-Gu-Pd were performed by
heating the sample at the rate of 10 °C/min undeitragen atmosphere (Fig. 6). The
TGA/DSC curve shows that the first weight loss esduefore 100 °C, which was assigned to
the release of adsorbed solvents; another at 200&Crelated to the decomposition of
organic ligands grafted on to the silica suppohte Evaluated temperature for graft removal
indicates the high thermal stability for the G3-8Bd-catalyst until 200 °C under a nitrogen

atmosphere.

11
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Fig. 6. TGA/DSC analysis of the prepared catalyst

Transmission electron microscopy (TEM) is an effextapproach for characterization of
nanostructured materials specially core-shell systsuch as overall particle size, core size,
shell thickness and uniform or nonuniform shelltaog For this, HRTEM image of the
catalyst was recorded and depicted in Fig. 7. HRTiEkslge shows the uniform and spherical
shape of G3-Gu and the Pd nanopatrticles with tkeage size of 12 and 4 nm, respectively.

SiO; shell

»2 vl A [\, a5

Fig. 7.HRTEM image of the catalyst (G3-Gu-Pd)
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FTIR spectra of the first and third generation tué support, G3-Gu and final catalyst were
collected in Fig. 8. As can be seen from Fig. 8,weak peak located at 580 ¢iis assigned
to the Fe-O band related to the magnetic corgQfeand this peak was observed in all
magnetic samples. The peak at 1083anas attributed to Si-O stretchinghe absorption

band at 3480 cith was attributed to the OH and amine groups.

G1
T |a3
=
&
@
5
'_
G3-Gu-Pd
| I | | | I | |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm )

Fig. 8.FTIR spectra of the catalyst and intermediate corapts.

Magnetic measurements for the bare MNPs and fieatldtic catalyst were carried out using
a vibrating sample magnetometer (VSM) instrumer80ft K. The magnetization curves are
shown for MNPs and G3-Gu-Pd in Fig. 9. No hysterésiobserved in the magnetization
curves of exanimated nanoparticles and the saburatiagnetization value was found to be
equal to 80 and 60 emu'dgor MNPs and G3-Gu-Pd, respectively, and suggestireir
superparamagnetic properties. As regards, G3-GoaRdparticles have an organic dendritic
layer and also Pd nanopatrticles around its maguetie. Besides, a considerable part of the
final material is composed from non-magnetic speaied magnetization was observed lower

than the pure magnetic nanoparticles (MNPSs).

13
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The catalyst was also studied by X-ray photo ebecspectroscopy (XPS). Active metal
nanoparticles presence in the framework of therdentatalyst was re-confirmed using XPS
analysis by investigation of binding energy ran§y829 to 347 eV (Fig. 10).

The Pd 3d spectra are deconvoluted by two doullgls5.5 eV splitting distance namely,
Pd(0) 3d5/2, Pd(0) 3d3/2 and Pd(Il) 3d5/2, Pd(HB/, allowing for extracting the binding
energy of Pd(0) and Pd(lip evaluate the electronic property of the catadygive site. The
peak binding energy values of 335.7 eV (Pd 3d5/2) 341.0 eV (Pd 3d3/2) assign to the
Pd(0) nanopatrticles and the peaks located at 337.@d 3d5/2) and 342.7 eV (Pd 3d3/2)
correspond to the Pd(ll) species, which have coatdd to the guanidine end-caped groups
of supported dendrimer (Fig. 10). The XPS spectdeulares that Pd(Iijpns have been
partially reduced to Pd(0) since the area undemptek of Pd(0) nanopatrticles is relatively
small respect to the coordinated Pd(ll).[33] Thelsservations are agreement with the results
obtained from the TEM and XRD analysis, confirm ginesence of the Pd(0) nanoparticles.

14
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Catalyst activity

Catalytic efficiency of G3-Gu-Pd was investigated Mizoroki-Heck and copper-free
Sonogashira reactions, as two Pd based catalyigliog reactions. In each reaction, at first,
optimal conditions will be obtained and then optirmanditions were applied to synthesize
other derivatives. In addition recoverability aneusability of the catalyst was checked
precisely.

Mizoroki-Heck Reaction

The catalytic activity of the G3-Gu-Pd catalyst,swevaluated in Mizoroki-Heck coupling
reaction between iodobenzene and vinyl benzenenagdal reaction. The effects of type of
solvent, base, temperature and amount of the satalgre evaluated by this reaction and the
results are shown in Table 2.

At first, the model reaction was performed in dilydfiormamide (DMF) using KCO; as
base in the presence of G3-Gu-Pd catalyst (10 n&y,ntbl % Pd) at 120C. In this
conditions trans-1.2-diphenylethylene was obtaime87% isolated yield after 6 h (Table 2,
entry 1). During our optimization studies, we trieduse water as a green solvent. First, the
mixture of (1:1) water. DMF used as solvent and ghaduct was obtained about 84% yield
(Table 2, entry 2). Examination of other solvenishsas acetonitrile and toluene show the
reaction yield decrease below to 74% (Table 2,jen8 and 4). When the water used as the

sole solvent, the reaction yield was obtained 7B&wever with addition of SDS (0.5 mmol)

15



as surfactant, the reaction yield reached to 87%twis comparable with DMF solvent
(Table 2, entries 5 and 6). Thus we continued @tinozation studies with water solvent and
the various surfactant tested and results show IS best one with loading of 0.4 mmol
(entries 6-11). For evaluating the effect of terapane, the model reaction was performed at
85 °C, and the decreasing in yield of reaction was wieskobviously (entry 12). We also
tested different bases in the Heck coupling reactath G3-Gu-Pd catalyst and no
superiority related to ¥CO; was observed, so it was selected as base inghdsion (Table

2, entries 10, 12-16). Also good yield of 1, 2-ldipylethylene was obtained in the presence
of 1 mmol KCO; (Table 2, entryl?7). At the end of optimizationtatgst loading was
checked out and various amount of the catalystleaded in to the model reaction. When 1
mol % (12.5 mg) of the G3-Gu-Pd catalyst was ufiegl result doesn’t change, but when the
amount of the catalyst was decreased to 0.6 maleédreasing in the yield of reaction was
observed (Table 2, entries 19 and 20). Consequtrglgptimum conditions for this coupling
reaction catalyzed by G3-Gu-Pd catalyst explairedelow: aryl halide (1 mmol), alkene
(2.1 mmol), KLCOs; (1 mmol), HO (3 mL), SDS (0.4 mmol), G3-Gu-Pd catalyst (0.9 Pt)

at 100 °C under reflux condition.

Table 2 Optimization of solvent, temperature, base, stafat and catalyst quantity in the Mizoroki-

Heck reaction between iodobenzene and styreneiprisence of catalyst.

|
OO O
Conditions

(1a) (2a) (3a)

Entry Temp. Solveni Catalyst Base (mmol)  Surfactant (mmol)  Time Yield

(°C) amount (mg) (h) (%)

(Pd (mol %))

1 120 DMF 10 (0.8) KCO; (2) - 6 87
2 110 DMF:HO 1:1 10 (0.8) K,COs (2) - 6 84
3 100 CH;CN 10 (0.8) K,COs (2) - 10 68
4 110 Toluene 10 (0.8) K,COs (2) - 6 74
5 80 H,O 10 (0.8) K,CGOs (2) - 6 78
6 100 H,O 10 (0.8) K,COs (2) SDS (0.5) 6 87
7 100 H,O 10 (0.8) K,COs (2) TBAB (0.5) 6 86
8 100 H,O 10 (0.8) K,COs (2) PEG-200 (0.5) 6 82
9 100 H,O 10 (0.8) K,COs (2) Dodecylamine (0.5) 6 80
10 100 H,O 10 (0.8) K>,CO; (2) SDS (0.4) 6 87
11 100 H,O 10 (0.8) K,CGs (2) SDS (0.3) 6 86
12 85 H,O 10 (0.8) K,CO5(2) SDS(0.4) 10 76
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13 100 H,0 10 (0.8) EGN (2) SDS (0.4) 8 83
14 100 H,O 10 (0.8) Na,CO; (2) SDS (0.4) 6 80
15 100 H,O 10 (0.8) KsPO, (2) SDS (0.4) 8 78
16 100 H,0 10 (0.8) NaOH (2) SDS (0.4) 8 45
17 100 H,0 10 (0.8) K,CO3(1) SDS (0.4) 6 87
18 100 H,O 10 (0.8) K,CO; (0.5) SDS (0.4) 8 86
19 100 H,O 12.5 (1) K,CO; (1) SDS (0.4) 6 87
20 100 H,0 7.5 (0.6) K,CO; (1) SDS (0.4) 10 84

®Reaction conditions: iodobenzene (1 mmol), styf@ne mmol), base (2 mmol), solvent (3 mL) and stteat in the

presence of G3-Gu-Pd as the cataRjisblated yield.

Table 3. Mizoroki-Heck reaction between different aryl l@é and various alkene in the presence of
G3-Gu-Pd catalyst

Y
Catalyst (0.8 mol%
A SR I
G H,0, Reflux, SDS (0.4 mmol)

@ @ K,CO3 (1 mmol) )
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®Reaction conditions: aryl halide (1 mmol), alkeriel(mmol), KCO; (1 mmol), HO (3 mL), SDS (0.4 mmol),
Reflux, G3-Gu-Pd catalyst ( 0.8 mol %solated yield.

To developing the activity of the G3-Gu-Pd catglyse tested various aryl halides with
various alkene in Mizoroki-Heck reaction (Table 3).

Under optimized conditions, it is possible to swsize different alkene compounds using
various aryl halides and alkenes. In this protacdbbenzene reacted faster in term of time
and higher in yield than bromobenzene and chloroées (Table 3, entries 1-3). Acrylates
were also reacted with aryl and naphtylbromide withderate yields (Table 3, entries 4- 6).
The reaction was sensitive to the nature of graughe aryl halides and vinylic compounds.
Reaction yields of 4-bromoanisole and 1-bromo-#iebiénzene shows this effect (Table 3,
entries 7, 8). Also, 2-vinylpyridine and 4-vinylpgine reacted under normal condition and
corresponding styrylpyridines were produced in #goe yields (Table 3, entries 9, 10). 4-
bromonitrobenzene coupled with 4-chlorostyrene 4mdethoxystyrene with 91% and 84%
yields, respectively (Table 3, entries 11, 12).0A6omobenzene reacted with acrylophenone
and corresponding chalcone was obtained in 86%lyi@lable 3, entry 13). Compounds 3|
was produced using 4-methyl-5-vinylthiazole as &toeyclic vinylic substrate under normal
conditions (entry 14). Also 1, 4-diboromobenzenek&d moderately in this protocol (Table
3, entries 15-17).

Copper-free Sonogashira reaction

Now in this part, another important application@38-Gu-Pd catalyst was investigated as a
magnetic nanocatalyst for the efficient copper-f&@nogashira reaction between various
terminal alkynes and aryl halides in green solvEfficiency of the G3-Gu-Pd catalyst in the
coupling reaction between iodobenzene and ethynygkige as a simple model reaction was
evaluated.

Initially, the copper-free Sonogashira reactiorfgrened in toluene at 110 °C in the presence
of G3-Gu-Pd (10 mg) catalyst and,®0O; (2 mmol) as the base and the corresponding
product was obtained with 65% yield after 12 h (€ah entry 1). The yield of this coupling
reaction in DMF after 8 h was increased to 81% [@dh entry 2). When the model reaction
performed in the mixture of DMF: 4@ (1:1) and pure water, the yield of product redctoe
80% and 74%, respectively (Table 2, entries 3HéWwever, by addition of SDS surfactant in
water, yield was reached to 83% (Table 2, entryDiiferent surfactant were also tested in

this coupling reaction and the best results obthimgh SDS surfactant (Table 4, entries 5-8).
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In this way, the 0.4 mmol amount of SDS surfactaufficient for this coupling reaction
(Table 4, entries 9-10). Reaction temperature weasstigated on the model reaction and the
best results obtained at 110 °C under the refluditmn (Table 4, entries 9, 11). Some
bases, including KOt-Bu, B, K,COs;, and NaCO; were tested in the model reaction and
the best result was observed wheiCR; used as base (Table 4, entry 12-14). Also amount
of base was optimized and 1.0 mmol was sufficientliis reaction (Table 4, entries 15-17).
Then, the catalyst loading was optimized and 1 mot%d (equal to 12.5 mg catalyst) was
selected as optimum amount for completion of thactien (Table 4, entries 18-19).
Consequently, the optimum conditions explaineddsws: G3-Gu-Pd catalyst (12.5 mg),
phenylacetylene (1.1 mmol), of aryl halide (1.0 mim&.CO; (1 mmol), SDS (0.4 mmol)
and HO (3 mL) at 100 °C under reflux conditions.

Table 4.Optimization study of copper-free Sonogashira ieaatf iodobenzene and phenylacetylene
catalyzed by G3-Gu-Pd catalyst.

O <:> _ Catalyst O . O
Condltlons

(48) (58)
Entry Temp. (°C) Solvent Catalyst Base (mmol) Surfactant (mmol) Time (h) Yield (%Y
amount (mg):
(Pd (mol %))
1 110 Toluene 10 (0.8) KCO;(2) - 12 65
2 110 DMF 10 (0.8) KCO; (2) - 8 81
3 110 DMF:H,0 1:1 10 (0.8) KCO;(2) - 8 80
4 100 H,O 10 (0.8) KCO;(2) - 10 74
5 100 H,O 10 (0.8) KCO;(2) SDS (0.5) 8 83
6 100 H,O 10 (0.8) K>CO; (2) TBAB (0.5) 8 81
7 100 H,O 10 (0.8) K.CO; (2) PEG-200 (0.5) 8 76
8 100 H,O 10 (0.8) K,COs(2) Dodecylamine (0.5) 8 72
9 100 H,O 10 (0.8) K.COs (2) SDS (0.4) 8 83
10 100 H,O 10 (0.8) K.CO5(2) SDS (0.3) 8 80
11 85 H,O 10 (0.8) K,CO5(2) SDS (0.4) 12 65
12 100 H,O 10 (0.8) Na,C0Os(2) SDS (0.4) 8 82
13 100 H,O 10 (0.8) t-BuOK (2) SDS (0.4) 10 64
14 100 H,O 10 (0.8) E&N (2) SDS (0.4) 10 80
15 100 H,O 10 (0.8) K,CO;(1.5) SDS (0.4) 8 83
16 100 H,O 10 (0.8) K,COs(1) SDS (0.4) 8 84
17 100 H,O 10 (0.8) K,C05(0.5) SDS (0.4) 8 80
18 100 H,0O 1251 K,CO3(1) SDS (0.4 8 8%
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19 100 H,0 156 (1.2)  KCO,(1) SDS (0.4) 8 84

®Reaction conditions: iodobenzene (1 mmol), phemfidene (1.1 mmol), bagenmol), surfactant, solvent (3 mL)
and G3-Gu-Pd catalyst (12.5 mg, 1 mol 8olated yield

Table 5.Copper-free sonogashira reaction between variod$alides and acetylene compound in
the presence of G3-Gu-Pd catafyst.

o Catalyst (1 mol%) =R
G<>X+R§/<>* atalyst (1 mo (//—\\7\\_?
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®Reaction conditions: aryl halide (1 mmol), arylatete (1.1 mmol), KCO; (1 mmol), catalyst (1 mol %), SDS ( 0.4
mmol), HO (3 mL) at 106°C. "Isolated yields.

The optimized condition was used for the evaluatdrcatalyst efficiency of G3-Gu-Pd
catalyst for copper-free Sonogashira reaction itewaA series of aryl halides have coupled
with acetylene compounds and the results are shiowiable 5. Aryl halides with electron-
rich and electron-poor group were tested under épéimized conditions and the
corresponding products were obtained with satisfgiggields. lodobenzene was reacted with
phenylacetylene to produce 1, 2-diphenylethyner &tk with 85% vyield in water (Table 5,
entry 1). Satisfactory yield was also obtained witbmobenzene (Table 5, entry 2). The
yield of chlrobenzene after 24 h was 60% (Tableefitry 3). Naphthalene bromide also
participated in this reaction and produce relatégree with 81% yield (Table 5, entry 4).
Time and yield of the reaction are sensitive to tlaéure of substituent on the aryl halide.
Electron-donating group needed more reaction time the corresponding vyield is lower
respect to the electron-withdrawing groups. FongXa the reaction of phenylacetylene with
4-bromoanisole and 4-bromo phenyl ether give 83% &h% isolated yield of desired
products after 14 h, respectively (Table 5, entbeand 6), while electron withdrawing
groups such as nitro gave higher yields of couplediucts (Table 5, entries 7 and 8). Other
electron-withdrawing groups on 4-position, on thmenaatic ring such as -CHO, -COGH
SO,Me and -CN follow this rule (Table5, entries 8-12).
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4-Ethynyl toluene also gave good yields with amgrbide but in case of 4-bromo anisole the
reaction time is longer than 4-bromobenzaldehydg Bitbromo 4-nitrobenzene (Table 5,
entries 13-15).

In order to show the efficiency of heterogeneousdeéeitic G3-Gu-Pd catalyst in the
Mizoroki-Heck reaction, this protocol was compatedhe other catalytic systems (Table 6).
Comparison was performed in terms of the solvesa¢ction temperature, amounts of the Pd-
catalyst, product yields and reaction time. As shawTable 6, G3-Gu-Pd catalytic system
shows a high efficiency in this coupling reaction green solvent under the optimized
reaction. Also amount of the used catalyst (bastherPd mol %) is the same or lower than
the other reported systems.

Table 6. Comparison of the efficiency of the G3-Gu-Pd katawith the other recently
reported Pd-catalyst in the Mizoroki-Heck reaction.

O~ O
Condition

Entry Catalyst (Pd mol %) Solvent Temp. Additional Time  Yield (%)° Ref.
(°C) conditions )
Pd@FgO,NPs (1) DMF 110 NaOAc 24 76 [34]
2 Pd-PPB-G2- DMF 110 NaOAc 48 69 [26]
PAMAM-SIiO, "
3 nanostructured silica | CH;CN 80 Et;N 24 70 [35]
Pd°(10)
4 G2-Pd (1) DMF 140 N, [Bu,N]Br, 4 84 [36]
,CsCO;
5 v-Fe,05(Pd-DABCO) DMF 100 Et;N 1 87 [37]
3
6 G3-Gu-Pd (0.8) H,O 100 SDS, KCO; 12 84 This work

& Isolated yield.” Palladium complexed on to phosphonated polyamieeddmers based on silicaPd
nanoparticles omodified silica with pyridine? Palladium(0) complexed on PAMAM dendrimers.

Also, efficiency of the heterogeneous denderitic-@BPd catalyst in the copper-free
Sonogashira reaction in water was compared to ther catalytic systems (Table 7). As
shown below, G3-Gu-Pd catalytic system also showsigh efficiency in copper-free

Sonogashira reaction in green solvent under thiengged reaction. Also time of the reaction
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is short and amount of catalyst (based on the Pd»thas the same or lower than the other

reported catalytic systems.

Table 7. Comparison of the efficiency of the G3-Gu-Pd ketawith the other recent

reported Pd-based catalysts in the Sonogashirtioeac

Ar———H
< >—X < >—: A
Conditions r

X=Br, |
Entry Catalyst (Pd mol %) Solvent Temp. Additional Time  Yield (%)°? Ref.
(°C) conditions (h)
1 NS-MCM-41-Pd-Cu-f  Toluene 100 But;N, X= Br 24 56 [34]
2 Si0,@Fe0,~Pd (1) DMF 100 K,COs, X= Br 6 79 [26]
3 MNPs—PdNPs(1.5) THF 65 N,, EtN, X=I 24 85 [35]
4 I-Pd (10)° CH4CN 80 EtN, X=1 24 80" [36]
5 Pd@FegO,NPs (1) DMF 110 Pipiridine, X= | 24 83 [37]
6 G3-Gu-Pd (1) H,0 100 SDS, KCO;, X= 12 84 This work
Br

2palladium nanoparticle on MCM-41 bipyridyl compl@xPEGylatedy-Fe203—-Pd nanoparticle catalysts with
positive dendritic effects® Nanostructured silica functionalized with pyridiséites. ¢ Yield based on GC
analysis.

Recycling of the G3-Gu-Pd catalyst in Mizoroki-Heckreaction

Economic benefit and environment considerationsthef heterogeneous catalysts were
affected by the recoverability and reusability ioadalytic process. The recycling of the G3-
Gu-Pd catalyst in Mizoroki-Heck reaction was invgasted by the reaction of iodobenzene
and vinyl benzene as a model reaction under opdignizaction conditions. At the end of the
reaction, the catalyst was collected by magnettdfithen dispersed and washed with
ethylacetate (3 mL). Recovered catalyst, repeatddlgersed in water (3 mL) and stirred
mechanically for an hour. Then isolated by magmet d@ried at 88C for 6 h. The catalyst

could be recycled for at least five runs withouviolis loss of its efficiency (Fig. 11).
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Fig 11 Recycling of catalyst in Mizoroki-Heck reacti8rfs
®Reaction conditions: iodobenzene (1.0 mmol), skr@nl mmol), KCO; (1 mmol), recovered G3-Gu-Pd catalyst

(10 mg), SDS( 0.4 mmol), & (3.0 mL) at 106 C, "Isolated yield.

The ICP analysis of the reused catalyst after egcle of reusing for the investigation of the
Pd leaching was performed and results were sumethiiz Table 8. According to results
were illustrated in this table, only very small ambof the Pd (less than 3.5%) was leached

from the magnetic G3-Gu support after 5 cyclesake.

Table 8 ICP analysis results of the fresh and reusedysatafter five cycles of reuse.

Entry Catalyst Pd (mol %)
1 Fresh catalyst 0.80
2 Cycle 1 0.79
3 Cycle 2 0.79
4 Cycle 3 0.78
5 Cycle 4 0.77
6 Cycle 5 0.77

The hot filtration test is another way to checkihg heterogeneity of the catalyst. According
to this test, if the catalyst is not heterogendoywactice, the catalytically active particles are
leached from the support during hot filtration aetkase in reaction and they catalyze the
reaction. For this test, we performed the reactibrodobenzene and styrene with aqueous
solution obtained from filtrate of the model reaati Under optimized condition the amount
of product obtained in this way was about less th&d6, confirming that reaction catalyzed

heterogeneously and no significant amount of théeRched from the catalyst.
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Recycling of the G3-Gu-Pd catalyst in the copper-Be Sonogashira reaction
Recycling experiments in the copper-free Sonogastoupling were performed by using the
reaction of iodobenzene and phenylacetylene urgeoptimized conditions. After stopping
the reaction, the G3-Gu-Pd catalyst collected ftbm reaction mixture by magnetic field.
The collected catalyst, isolated from the magnet @dispersed in ethyl acetate (3mL). The
catalyst repeatedly collected by magnet and thepedsed in water and washed with water
(3mL), then dried at 88C for 6 h. The results show that the catalyst canelised at least for
five cycles, and no decreasing in its activity waserved (Fig.12).

BProduct vield (%) ®Recovery vield (%)
a8 97 07 06 a5 95

100 -

80 -

thn

fresh run 1 run 2 rum 3 run 4 run
catalyst

Fig 12 Recycling of the catalyst in copper-free Sonogasieactiof®

®Reaction conditions: iodobenzene (1.0 mmol), prarstylene (1.1 mmol), CO; (1 mmol), recovered G3-Gu-Pd
catalyst (12.5 mg), SDS( 0.4 mmol);®(3.0 mL) at 106 C. "Isolated yield.

Also the results obtained from ICP analysis shaat the amount of leached Pd after 5 times
of reusability was about 4.5 % in Sonogashira dagpleaction, and this test confirmed that
the magnetic silica-dendrimer-guanidine (G3-Gu)aisery effective support for the Pd

nanoparticles (Table 9).

Table 9. The ICP analysis results of fresh and reusedysatafter five time of reusability in

Sonogashira coupling.

Entry Catalyst condition Pd (mol %)
1 Fresh catalyst 1
2 Runl 0.99
3 Run2 0.97
4 Run3 0.97
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Run4 0.96
Run5 0.95

When the copper-free Sonogashira coupling reactiogtween iodobenzene and
phenylacetylene was performed with aqueous filtratemodel reaction only 4% of
diphenylethyne was obtained. All of these resuttoading to the heterogenic activity of G3-
Gu-Pd-catalyst and demonstrated that this catadystn effective heterogeneous catalyst
system.

Conclusion

In summary, novel silica magnetic-supported thiethgration dendrimer capped by
guanidine Pd catalyst have been developed andinost@ Mizoroki-Heck and copper-free
Sonogashira reactions, in which the immobilized diliemer acted as a stabilizer for
preventing the nanoparticles from agglomeratiorg eecycling vehicle, as well as a ligand in
catalysis. This novel catalyst has been charaewriy various techniques such as FESEM,
EDS, FTIR, TGA/DSC, XRD, VSM, and HRTEM. Catalyactivity of the prepared catalyst
was evaluated in two important cross coupling east Mizoroki-Heck and copper-free
Sonogashira. Trace amount of the catalyst was fmethe mentioned coupling reactions,
and also amount of the Pd leached from the catalgst very low. The products were
obtained with good to excellent yields by simplegadure in water as green and lovely
environment solvent. Due to these advantages tlesatiomed above, this novel Pd based

catalytic system can be easily recovered and refosesgtveral times without loss of activity.

Supporting Information
'HNMR and *CNMR spectra of the synthesized compounds wereeatefi in the

supplementary information file.
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