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Poly-methyldopa (PMDP)-coated Fe3O4 nanoparticles (Fe3O4@PMDP) have been synthesized through a
simple and green procedure. In the present study, for the first time, Pd nanoparticles were successfully
deposited using Fe3O4@PMDP as a core-shell magnetic coordinator and stabilizer agent. In this protocol,
Pd ions were adsorbed on surfaces of Fe3O4@PMDP through immersion of the PMDP-coated Fe3O4

nanoparticles into a palladium plating bath. Next, they were reduced in situ to palladium nanoparticles
using PMDP’s N-containing groups and reducing ability. The structure, morphology and physicochemical
properties of the synthesized nanoparticles were characterized by different analytical techniques such as
energy-dispersive X-ray spectroscopy (EDS), field emission scanning electron microscope (FESEM),
Fourier-transform infrared spectroscopy (FT-IR) spectroscopy, high resolution transmission electron
microscopy (HR-TEM), inductively coupled plasma (ICP), thermo gravimetric analysis (TGA), vibrating
sample magnetometer (VSM), and X-ray photoelectron spectroscopy (XPS). Core-shell Fe3O4@PMDP/Pd
(0) nanoparticles showed excellent catalytic performance as a reusable nanocatalyst for cyanation of aryl
iodides and bromides with K4[Fe(CN)6] as the cyanating agent. The nitriles were obtained in good to
excellent yield and the catalyst can be recycled and reapplied up to seven times with only very slight
decrease in its catalytic performance.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Palladium-catalyzed coupling reactions of aryl halides have
attracted widespread interest for the synthesis of organic building
blocks and pharmaceutical and agrochemical derivatives. In addi-
tion to small-scale applications, there is increasing awareness of
the possible application of this type of reaction for industrial fine
chemical synthesis [1]. Palladium based catalysts particularly
nanoscale palladium particles have recently drawn enormous
attention due to their versatile role in organic synthesis [2]. The
use of palladium nanoparticles in catalysis is not only industrially
important [3,4], but also scientifically interesting as a result of the
sensitive relationship between catalytic activity, nanoparticle size
and shape as well as the nature of the surrounding media [5].

Aryl nitriles are important building blocks of numerous com-
pounds including pharmaceutics, agrochemical materials, herbi-
cides, and dyes [6,7]. Furthermore, their easily transformation
into a range of heterocycles and conversion into compounds with
other functional groups such as amides, amines, aldehydes, and
carboxylic acids, made them valuable and versatile intermediates
in synthetic organic chemistry [8]. The most reliable and efficient
approach for synthesizing aryl nitriles is transition metal catalyzed
cyanation of aryl halides by cyanating agents [9]. Pd, Cu, Ni, Rh and
Ir complexes are the most common transition metal catalysts used
for the cyanation of aryl iodides [10–19]. Particularly; tolerance of
wide functional groups in Pd catalysts, they are the most predom-
inantly used metal catalysts for the cyanation reaction [20]. The
first report on the aryl halides cyanation was documented by Tak-
agi et al. (1973) using Pd catalyst [21]. They applied KCN as a cya-
nating agent at 140–150 �C [21]. Later, several sources of other
cyanide ions such as CuCN, CuSCN, KCN, NaCN, and Zn(CN)2 have
been used for the cyanation in the presence of different Pd catalyst
[22]. However, many of the cyanide sources are highly toxic. There-
fore, their industrial application in the reactions is often limited.
Cyanation of aryl halides by a safe cyanide source has attracted
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more interest for the aryl nitriles synthesis. Recently, Beller et al.
reported Pd-catalyzed cyanation of aryl halides by the use of
K4Fe(CN)6, as a non-toxic and cheaper cyanide source [23]. All
the cyanide groups attached to the iron center can be coupled with
aryl halides [24]. Due to its significant advantages, K4[Fe(CN)6] has
been paid increasing attention as a cyanating agent in cyanation of
aryl halides [15,25–30]. Among various catalysts for the transition
metal-catalyzed cyanation of aryl halides, palladium compounds
have been widely investigated.

Surface functionalized magnetic iron oxide nanoparticles (NPs)
are a recently emerged class of functional substances. They have
been extensively applied in biotechnology and catalysis areas.
Among diverse types of magnetic NPs (MNPs) adopted as the core
magnetic support, specific properties of Fe3O4 NPs such as high
surface area, low toxicity, and superparamagnetic behavior have
gained more interest [31–36]. In addition, all ferrites are metal oxi-
des possess hydroxyl groups on their external surfaces [37]. As an
outcome, well-defined shells of various substances can surround
cores of ferrite. Surrounding substances can be appropriate func-
tional groups support different types of actuators, ligands, and/or
catalysts through a covalent bonding for preparing functional
materials [38]. For this purpose, the magnetic-supported catalysts
can show noticeable chemical stability, excellent catalytic proper-
ties, and resistance against organic solvents [39–41]. Moreover,
applying an external magnetic field can retrieve them which
resulted in several times reusing without any significant alteration
in their catalytic activity [42].

The nm-sized metal oxides are not a selective or a suitable tar-
get for complex matrices’ samples [43]. Therefore, overcoming
such limitations needs a suitable coating. Furthermore, surface
modification stabilizes the NPs and prevents their oxidation. How-
ever, formation of relatively stable linker between hydroxyl groups
and suitable anchoring agents can efficiently functionalize MNPs.
These hydroxyl groups are on the NPs surface. The anchoring
agents include phosphonic acid or dopamine derivatives [44a].
Therefore, application of a lot of phenolic hydroxyl and amine
Scheme 1. Preparation of Fe3O4@PMDP/Pd and its applic
functional groups are available in poly-methyldopa (PMDP) as a
humic-like substance can modify MNP. In addition, in simple
aqueous solutions, the feasibility of polyphenols’ or catechol
complexation with polyvalent cations can improve the surface
properties and capacity of the Fe3O4@PMDP NPs for adsorbing
and reduction of metal ions [44b]. Therefore, Fe3O4@PMDP as a
nano-adsorbent has potential ability of stabilizing agent to
coordinate Pd ions for making a novel magnetically separable
and reusable nano-catalyst (Scheme 1). So, in the context of
developing the effective and eco-friendly heterogeneous catalysts
[45], we conducted synthesis of palladium nanoparticles immobi-
lized on poly-methyldopa coated-Fe3O4 NPs (Fe3O4@PMDP/Pd
(0)) as a novel core-shell nanocatalyst for cyanation of aryl halides
with K4[Fe(CN)6] as the cyanating agent (Scheme 1).
2. Experimental section

2.1. Materials and apparatus

All the reagents were purchased from Aldrich and Merck and
were used without any purification. The methyldopa, ferric-
chloridehexahydrate (FeCl3�6H2O), ferrouschloridetetrahydrate
(FeCl2�4H2O), sodium hydroxide, deionized water, NaCl, PdCl2,
Na2CO3, K4[Fe(CN)6]m ethanol, arylhalides were obtained from
Sigma Aldrich and Merck. All reagents were of analytical grade
and used without further purification. The crystalline structures
of the samples were evaluated by X-ray diffraction (XRD) analysis
on a Bruker D8 Advance diffractometer with CuKa radiation at 40
kV and 20 mA. Fourier transform infrared (FT-IR) spectra were
recorded with a Perkin Elmer 65 spectrometer in the range of
400–4000 cm�1. Transmission electron microscopy (TEM) analysis
was performed on a Phillips CM10 microscope at an accelerating
voltage of 200 kV. Magnetization measurements were carried out
on a BHV-55 vibrating sample magnetometer (VSM). Thermal
stability of the catalyst was investigated by Thermogravimetric
ation for cyanation of aryl halides with K4[Fe(CN)6].
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analysis (TGA, TSTA Type 503) at a heating rate of 10 �C/min under
nitrogen atmosphere. The spectra were obtained using the Ther-
mofisher Scientific K-Alpha XPS spectrometer. Survey spectra were
initially obtained at low energy resolution (pass energy – 200 eV)
followed by the main regions of interest at higher resolution (pass
energy – 25 eV). A monochromatic Al Ka X-ray was used, with a
nominal spot size of 400 lm.

2.2. Preparation of Fe3O4, Fe3O4@PDA and Fe3O4@PMDP/Pd magnetic
nanoparticles

The magnetic Fe3O4 NPs were synthesized through the chemical
coprecipitation approach [45a], and the detailed process is
explained in the following. FeCl2�4H2O (2 g) and FeCl3�6H2O (5.2
g) were mixed into 25 mL deoxygenated water and 0.85 mL of
concentrated HCl was added to it. The obtained solution was
gradually poured into 250 mL of 1.5 M NaOH solution under
agitating and N2 protection at 353 K. The resulted MNPs were
isolated from the mixture using a strong magnet and washed by
200 mL distilled water three times. Lastly, the products were
dried at 40 �C to give Fe3O4 NPs.

Fe3O4 NPs (500 mg) were poured into 60 mL distilled water-
ethanol (2:1), following by addition of methyldopa (500 mg), and
the resulted solution was agitated mechanically for 24 h at reflux
condition. at the end of the reaction, the Fe3O4@PMDP NPs were
separated using a magnet and rinsed with distilled water and etha-
nol and dried at 40 �C to give Fe3O4@PMDP.

In the next phase, 500 mg of prepared Fe3O4@PMDP was soni-
cally dispersed in distilled water (100 mL) for 20 min. Conse-
quently, 0.02 g Na2PdCl4 was dissolved in 20 mL water and added
to reaction solution and agitated for 24 h at reflux conditions. In
the next step, Fe3O4@PMDP/Pd(0) was magnetically isolated and
rinsed with ethanol, deionized water and acetone, respectively to
remove probable unattached substrates. Furthermore, the palla-
dium level of the catalyst was determined 0.28 ± 0.001 mmol g�1

by means of atomic absorption spectroscopy.

2.3. General procedure for cyanation reactions

A solution containing K4[Fe(CN)6] (0.17 mmol), aryl halide (1.0
mmol), Na2CO3 (1.5 mmol), Fe3O4@PMDP/Pd (45 mg, 1.5 mol%),
and DMF (3 mL) was mixed under stirring at 120 �C for the speci-
fied time. TLC was used to follow the reaction. At the end of the
reaction, the obtained solution was cooled to ambient temperature
and filtered, and the residue was rinsed using ethyl acetate (3 � 10
mL) to isolate the catalyst using a suitable magnet. Water phase
containing ethyl acetate (30 mL) was mixed with the organic phase
to extreact the ethyl acetate from the water. The organic phase was
dried over Na2SO4. The products were resulted by evaporating the
organic solvent. If more purification was needed, the products
were passed through a short silica gel column using the eluent of
n‐hexane. All the products are known substances and were com-
pared with authentic specimens.
Fig. 1. FT-IR spectra of (a) Fe3O4, (b) Fe3O4@PMDP, and (c) Fe3O4@PMDP/Pd.
3. Results and discussion

This research has been aimed to continue our earlier research
[45] and design a new magnetic nanocomposite using the influ-
ence of both coordinator and stabilizer agent for immobilizing
metal ions, e.g. palladium. Firstly, Fe3O4 NPs was synthesized
according to our earlier report [45a]. Next, Fe3O4 NPs were
immobilized using PMDP, in situ, through polymerization of
methyldopa in water/ethanol (2:1) under reflux condition. Then,
the synthesized Fe3O4@PMDP nanocomposite was used for
absorbing palladium ions on their PMDP layers. The palladium
ions were instantly reduced to metallic Pd NPs using the
advantage of the existing active catechol and amine groups,
in situ. In the final phase, the Fe3O4@PMDP/Pd nanocatalyst were
isolated using a suitable magnet and dried under vacuum. The
synthetic route of the catalyst is summarized in Scheme 1. The
palladium content of the nanocomposite was 0.28 ± 0.001 mmol
g�1 as obtained with atomic absorption spectroscopy. The FTIR,
X-ray photoelectron spectroscopy (XPS), FESEM, EDX, HR-TEM,
TGA, ICP and VSM were used to characterize the catalyst.

FT-IR is used for studying the surface composition of the pre-
pared Fe3O4, Fe3O4@PMDP; and Fe3O4@PMDP/Pd(II) NPs. In the
spectrum of naked Fe3O4 (Fig. 1), the strong peak observed at
582 and 632 cm�1 are corresponded to the vibration of the FeAO
groups and the peaks appeared at 1625 and 3385 cm�1 are related
with the surface-adsorbed water and hydroxyl groups [45a]. The
FTIR spectra of Fe3O4@PMDP and Fe3O4@PMDP/Pd (Fig. 1b and c)
display FeAO vibrations in the similar vicinity. The peaks
appeared at 3380, 2928, 1600, 1465 cm�1 can be allocated to
OAH stretching, CAH stretching, C@C stretching and CAN
stretching relating to the existence of functional groups AOH of
phenol and AC@CANHA in the Fe3O4@PMDP [45a]. As can be
observed, the broad peak appeared at �2400–3400 cm�1 are
because of asymmetric and symmetric stretching of the COOH
and NAH stretching, which show the existence of bound amino
acid on the MNP surface (Fig. 1b and c). However, the peaks
observed at 1600 and 1512 cm�1 can be allocated to the
vibration of benzene ring skeleton [45a]. These outcomes offer
that immobilization of PMDP polymer on the surface of Fe3O4

NPs was performed effectively. Furthermore, the band at about
1656 cm�1, which relates to COOH bond of the supported PMDP
(Fig. 1b), is moved to lower wavenumbers (1638 cm�1) (Fig. 1c),
signifying a good interaction between carboxylic group and Pd
NPs. Moreover, the bending vibration absorption band
corresponding to NAH at 1436 cm�1 (Fig. 1b) was moved to
lower wavenumbers (1436? 1430), which is probably because
of the interaction of an amine group with Pd NPs (Fig. 1c).
Considering the above results, it can be stated that the
Fe3O4@PMDP/Pd nanocomposite was effectively synthesized
along with a strong interaction between amino acid, catechol and
amino groups of the supported PMDP and the Pd NPs. This



Fig. 2. (a) SEM and (b) TEM image of Fe3O4@PMDP/Pd.

Fig. 3. EDX data for Fe3O4@PMDP/Pd.

Fig. 4. Elemental mapping of Fe3O4@PMDP/Pd shows the pre
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observation was confirmed by the results of TEM, SEM and XPS
analysis.

The scanning electron microscopy (SEM) was applied for study-
ing size and morphology of Fe3O4@PMDP/Pd. The SEM image of
Fe3O4@PMDP/Pd presented that the synthesized catalyst is
nanometer quasi-spherical with a mean diameter of �90 ± 5 nm
(Fig. 2a). Furthermore, a continuous polymer layer can be observed
on the surface. Moreover, TEM images corresponding to Fe3O4@-
PMDP/Pd is showed in Fig. 2b. This Figure shows that a PMDP coat-
ing of about 3 nm-in-thickness has apparently immobilized the
surface of Fe3O4 NPs. Consequently, Fe3O4@PMDP NPs have pro-
duced a core/shell structure. Furthermore, the Pd NPs were in situ
reduced and its immobilization on Fe3O4@PMDP surface was per-
formed via agitating a solution containing Fe3O4@PMDP and Na2-
PdCl4, at 100 �C for 24 h. During this procedure, the PMDP shell
layer had served to reduce palladium ions and cap the particles.
TEM, EDX, and XPS proved that Pd NPs have been immobilized
on Fe3O4@PMDP surface, visually.
sence of Fe, O, C, N and Pd atoms in the nanocomposite.



Fig. 6. XPS spectra of Fe3O4@PMDP and Fe3O4@PMDP/Pd: survey spectrum of (a) C
1s in Fe3O4@PMDP; and (b) C 1s in Fe3O4@PMDP/Pd.
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In addition, the EDX detector combined with the SEM was
applied for proving the existence of PMDP shell and palladium spe-
cies on the Fe3O4 NPs surface that the outcomes proved the pres-
ence of Fe, C, and O in Fig. 3. The presence of the Pd signals in
the nanocatalyst’s EDX (Fig. 3) presented the effective synthesis
of desired Fe3O4@PMDP/Pd catalyst.

Additionally, SEM along with wavelength-dispersive X-ray
spectroscopy (WDX) was used for obtaining several qualitative
information on distribution of numerous elements of the catalyst
matrix. Fig. 4 shows the representative SEM images and elemental
WDX maps corresponding to the prepared nanocatalyst. The WDX
maps indicate that Pd NPs (according to XPS outcome) are com-
pletely dispersed in the composite matrix. Also, selected-area ele-
mental analysis approves homogenous presence of C, N, O and Fe
throughout the nanocomposites, and therefore, the samples are
prepared regular and uniformity.

XPS is a powerful instrument for investigation of the electronic
features of the species formed on the surface, such as the electron
environment, oxidation state, and the binding energy of the core
electron of the metal. Fig. 5 shows the XPS elemental survey scans
of the surface of the Fe3O4@PMDP/Pd catalyst. The peaks corre-
sponded to oxygen, carbon, nitrogen, palladium and iron are
clearly seen in this spectrum. Moreover, XPS analysis was carried
out for determining the oxidation state of the Pd. In Fig. 5, the Pd
binding energy of Fe3O4@PMDP/Pd indicates two peaks centered
at 335.24 and 341.67 eV relating to Pd 3d3/2 and Pd 3d5/2, respec-
tively. According to the earlier research [46,47], these peaks related
to Pd(0) species, which have capped by polymer groups. In other
words, all Pd atoms are shown in their reduced forms, which con-
firms effective reduction of Pd(II) to Pd(0) NPs by PMDP layers
(Fig. 5, inset). Presence of PMDP in the structure of Fe3O4@PMDP/
Pd is re-confirmed by XPS analysis due to observation of C1s,
N 1s in the spectrum.

In order to establish the reaction between catechol groups and
palladium ions, we studied the high-resolution XPS spectra of C 1s
in Fe3O4@PMDP and Fe3O4@PMDP/Pd respectively (Fig. 6a and b).
For C 1s in Fe3O4@PMDP, the ratio of phenolic quinone (C@O) to
hydroxyl groups(CAOH) was around 1.12, but the ratio was up to
1.45 for that in Fe3O4@PMDP/Pd. The outcome clarified that the
value of phenolic quinone enhanced along with the reduction of
the value of phenolic hydroxyl following reduction reaction. This
data obviously confirmed the incidence of galvanic replacement
reaction between catechol groups and palladium ions.
Fig. 5. XPS spectrum related to the elemental survey scan
It was seen that both synthesized particles have slight coerciv-
ities, which indicate their superparamagnetic nature. As can be
found in Fig. 7, saturation magnetizations of Fe3O4 and Fe3O4@-
PMDP/Pd are 61.9 and 54.6 emu g�1, respectively. The order is
due to a rise in the level of non-magnetic materials on the particle
surface that causes higher percentage of the non-magnetic PMDP
coating and the grafted catalyst layer.

The stability of the synthesized Fe3O4@PMDP/Pd nanocatalyst
and also percent of organic functional groups on the magnetic
NPs surface were studied using TGA analysis. The catalyst TGA
curve (Fig. 8) shows a primary weight loss of 6.5% up to 185 �C
which is because of physically adsorbed solvent and surface hydro-
xyl groups on the support. Thermal degradation of the catalyst
happened following 200 �C which shows the high thermo-
of Fe3O4@PMDP/Pd and in the Pd 3d region (inset).
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stability of catalyst. The second and third weight loss of 42% over
the range of 200–600 �C was due to degrading the organic remains.

After structural characterization of the prepared metal-polymer
composite (Fe3O4@PMDP/Pd), and because of our ongoing interest
on the biosynthesis of metal NPs and heterogeneous catalysts [45],
Fig. 8. TGA curve of Fe3O4@PMDP/Pd.

Table 1
The optimization of reaction parameters for cyanation of 4-iodotoluene using
K4[Fe(CN)6] catalyzed by Fe3O4@PMDP/Pda.

Entry Pd (mol%) Solvent Base T (�C) Time (h) Yield (%)b

1 1.5 DMF K2CO3 120 5 85
2 1.5 Toluene K2CO3 120 12 35
3 1.5 EtOH K2CO3 120 12 25
4 1.5 H2O K2CO3 120 24 30
5 1.5 CH3CN K2CO3 120 8 80
6 1.5 Xylene K2CO3 120 12 55
7 1.5 DMF NaOAc 120 8 40
8 1.5 DMF Et3N 120 12 25
9 1.5 DMF Na2CO3 120 2 96
10 1.5 DMF NaOH 120 24 25
11 1.5 DMF No base 120 24 Trace
12 1.5 DMF Na2CO3 100 8 80
13 1.5 DMF Na2CO3 80 12 65
14 1.5 DMF Na2CO3 25 24 25
15 1.0 DMF Na2CO3 120 8 80
16 2.0 DMF Na2CO3 120 2 96
17 0.0 DMF Na2CO3 120 24 0

a Reaction conditions: 4-Iodotoluene (1.0 mmol), K4[Fe(CN)6] (0.17 mmol), cata-
lyst, base (1.5 mmol) and solvent (3 mL) for 2 h.

b Isolated yield.

Fig. 7. VSM spectra of (a) Fe3O4 and (b) Fe3O4@PMDP/Pd.
its catalytic performance was examined for synthesis of benzoni-
triles by the cyanation of aryl halides with K4[Fe(CN)6] as the cya-
nating agent (Scheme 1). To attain optimum conditions, the
reaction of 4-iodotoluene and K4[Fe(CN)6] in the existence of Fe3-
O4@PMDP/Pd catalyst was chosen as a model reaction and the
influence of different reaction factors like solvent, base, tempera-
ture and the level of catalyst were examined in detail. The out-
comes of optimization study have been given in Table 1. As
observed, no case product was detectable with no use of the cata-
lyst (Table 1, entry 17). Though, introducing the catalyst to the
reaction mixture quickly developed preparation of the product in
excellent yields. The reactions were performed in DMF as the opti-
mum solvent. Amongst the investigated bases, Na2CO3 was the
most effective base. Additionally, the influence of catalyst loading
was studied in the catalyst amounts range from 1.0 mol% to 2.0
mol% (Table 1, entries 9, 15 and 16). Based on the results, the max-
imum performance can be achieved using 0.045 g of the catalyst
which is equal to 1.5 mol% (Table 1, entry 9). Furthermore, the
optimal reaction temperature was found to be 120 �C (entry 9 ver-
sus entries 12–14). Lower yield of the desired product was studied
at 25 �C reaction temperature (Table 1, entry 14). It was found that
it was not necessary to use an excess of K4Fe(CN)6, as each mole of
Table 2
Fe3O4@PMDP/Pd catalyzed cyanation of aryl halides using K4[Fe(CN)6]a.

Entry Aryl halide Yield (%)b TOF (h�1)c Ref.d

1 C6H5I 96 32 [48]
2 C6H5Br 85 28.3 [48]
3 C6H5Cl Trace – [48]
4 p-NCC6H4I 96 32 [50]
5 p-NCC6H4Br 90 30 [50]
6 p-CH3C6H4I 90 30 [24]
7 p-CH3C6H4Br 85 28.3 [24]
8 p-CH3OC6H4I 95 31.7 [24]
9 p-CH3OC6H4Br 92 30.7 [24]
10 p-ClC6H4I 96 32 [50]
11 p-ClC6H4Br 92 30.7 [50]
12 o-CH3OC6H4I 92 30.7 [49]
13 o-CH3OC6H4Br 88 29.3 [49]
14 4-Iodopyridine 85 28.3 [51]
15 3-Iodopyridine 90 30 [51]

a Reaction conditions: Arylhalide (1.0 mmol), K4[Fe(CN)6] (0.17 mmol), Na2CO3

(1.5 mmol), Fe3O4@PMDP/Pd (1.5 mol%) were stirred in DMF (3.0 mL) at 120 �C for
2 h.

b Isolated yield.
c TOF, turnover frequencies (TOF = (Yield/Time)/Amount of catalyst (mol).
d Earlier reference of the corresponding product.

Fig. 9. The recycling of the Fe3O4@PMDP/Pd.
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K4Fe(CN)6 contained six cyanide ions. Therefore, the ratio of K4Fe
(CN)6 to aryl halide was 0.17:1. With the excess K4Fe(CN)6, There
was no significant change in the reaction time and reaction yield.

Having the successful optimized reaction conditions in hand,
investigation of the substrate scopes for the cyanation reaction
has started. Numerous benzonitriles were prepared exclusively
with good turnover frequencies (TOF) using the cyanation of aryl
iodides and aryl bromides. The outcomes have been listed in the
Table 2. Electron-releasing (Table 2, entries 6, 8, 12), electron-
withdrawing (Table 2, entries 4, 10) and sterically hindered aryl
iodides (Table 2, 12, 13) were completely tolerated under the
Fig. 10. TEM and EDX analysis of re

Scheme 2. Proposed mechanism based on Beller’s works fo
optimal reaction conditions. The reaction of electron-poor nitrogen
heterocycles, 4-iodopyridine and 3-iodopyridine proceeded in
good yield (Table 2, entries 14, 15). Aryl bromides were similarly
reactive, but aryl chlorides were unreactive permitting selective
reactions for 1-chloro-4-iodobenzene (Table 2, entry 10) and
1-bromo-4-chlorobenzene (Table 2, entry 11). Furthermore, due
to the weakness of the carbon-iodide bond in aryl iodides, these
compounds show more reactivity than aryl bromides.

The catalyst recyclability is important in terms of commercial
applications. At this point, the catalyst recyclability and recovery
have been examined through reaction of 4-iodotoluene and
used catalyst after the 7th run.

r Fe3O4@PMDP/Pd catalyzed cyanation of aryl halides.
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K4[Fe(CN)6] as a model reaction. As can be expected, the catalyst
showed a good recyclability with no considerable change in its
activity (Fig. 9) and by an external magnet the catalyst was sepa-
rated from the reaction mixture, washed with ethanol and warm-
ish water, and reapplied in a desired reaction. The ICP analysis
showed that the palladium level of the catalyst following catalysis
has not changed considerably (the level of palladium was 2.91 wt%
(0.27 mmol/g), presenting that no significant palladium leaching to
the solution occurs over the catalytic processions. Therefore, in
overall, it can be said that polymethyldopa layers stabilized Pd
NPs against aggregation and leaching, thus maintaining the cat-
alytic activity.

Furthermore, to characterize the catalyst heterogeneity, for the
cyanation reactions, a hot filtration test was performed using Fe3-
O4@PMDP/Pd between 4-iodotoluene and K4[Fe(CN)6] under the
optimal conditions. A reaction yield of 65% could be achieved after
60 min, and then the catalyst was isolated to be reused. No
enhance in performance of the product was found and when the
reaction was continued for another 60 min after separation of the
catalyst, the heterogeneous property of the catalyst was approved.
The TEM and EDX analysis (Fig. 10) of the catalyst after the seven
cycles showed the preservation of the catalyst’s nanostructure.

A probable mechanism based on Beller’s works [10,24], for the
Fe3O4@PMDP/Pd-catalyzed cyanation reaction includes a famous
mechanism corresponding to cyanation of aryl halides which hap-
pens on the catalyst surface (Scheme 2). Reaction proceeded via
the oxidative addition of aryl halide over catalyst followed by cya-
nide anion transfer from K4[Fe(CN)]6 and finally reductive elimina-
tion step afforded the aryl cyanide product.
4. Conclusion

In conclusion, the newmagnetic interphase nanocatalyst of pal-
ladium nanoparticles immobilized on magnetic Fe3O4 NPs modi-
fied by PMDP Fe3O4@PMDP/Pd was effectively prepared and
characterized using diverse analytical methods. It was indicated
that Fe3O4@PMDP/Pd can be used as a green, useful and recover-
able heterogeneous magnetic nanocatalyst for cyanation of aryl
iodides and aryl bromides using K4[Fe(CN)6] as the cyanating
agent. The nitriles were yielded good to excellent and the catalyst
can be recycled and reused several times.
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