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ABSTRACT: Isolated chemical reactors were fabricated by integrating catalytically active sites (Pd) with magnetic functionality
(Fe3O4) along with carbon while preserving the constituents functional properties to realize the structure−property relationship
of Pd by comparing the catalytic activity of spherical Pd NPs with cubical Pd NPs for cyanation in aryl halides using
K4[Fe(CN)6] as a green cyanating agent to yield corresponding nitriles. The superior catalytic reactivity of the cubical Pd NPs is
attributed to the larger number of {100} surface facets. The TEM images of reused catalyst shows the change in structure from
cubical to spherical nanoparticles, attributed to the efficient leaching susceptibility of Pd {100} surface facets. The cubical Pd NPs
on carbon@Fe3O4 is attractive in view of its high catalytic efficiency, easy synthesis, magnetic separability, environmental
friendliness, high stability, gram scale applicability, and reusability.
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■ INTRODUCTION

Noble metal nanomaterials receive considerable attention due
to their excellent optical,1 catalytic,2 and photothermal3

properties which have resulted in exciting applications in
nanocatalysis,4 nanosensing,5 and drug delivery.6 Nanocatalysis
is an emerging frontier in catalysis, where in the catalytic
activity strongly depends on the nanoparticle size,7 its shape,
and the number of surface (vertex, edge, and plane) atoms
which are important parameters that contribute profoundly to
the active catalytic sites. Recently, considerable attention has
been given to the design and manipulation of well-defined
structures with a specific facet exposure,8,9 which provides a
critical way to finely tune the physicochemical properties and
thus rationally optimize their reactivity and selectivity. As such,
surface structure control is of special significance to the
heterogeneous catalysis, because a heterogeneous catalytic
reaction involves many surface-related steps, such as adsorption
and activation of reactants on specific surface sites, chemical
transformation of adsorbed species, and desorption of
products.10,11

Palladium (Pd) is among the most widely used transition
metals in modern organic synthesis.12,13 Development of high-
performance Pd nanoparticles (Pd NPs) catalysts by the
strategy of controlling the particle shape can be an effective way
to improve the catalytic activity on a mass basis. By taking into
account both size and surface structures, one can tailor the
catalytic activity of a Pd-based catalyst at the nanoscale by
controlling the shape of Pd NPs during their chemical
syntheses. The performance of Pd NPs in various heteroge-
neous catalytic processes have been found to be highly
dependent on the exposed facets,14 which determines the
arrangement and coordination of the surface atoms.
Arylnitriles represent an integral part in dyes, herbicides,

agrochemicals, pharmaceuticals, and natural products.15 The
classical synthesis of aromatic nitriles by the Sandmeyer and
Rosenmund−von Braun reactions16,17 are associated with
serious drawbacks, such as stoichiometric amounts of highly

Received: June 28, 2015
Accepted: September 29, 2015
Published: September 29, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 22907 DOI: 10.1021/acsami.5b08875
ACS Appl. Mater. Interfaces 2015, 7, 22907−22917

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b08875


toxic copper(I) cyanide as the cyanating agent, which leads to
equimolar amounts of heavy metal waste and high temperature.
In the past, the cyanide sources involved in cyanation of aryl
halides are primarily toxic alkali metal cyanides such as KCN,
NaCN,18−20 Zn(CN)2,

21 CuCN,22 and TMSCN23 as well as
relatively less toxic alternative cyanide sources such as alkyl
nitriles,24 acetone cyanohydrins,25 phenyl cyanate.26 Although
Pd catalysts are highly efficient in cyanation reaction,27 a
general problem of these Pd catalyzed cyanations is the high
affinity of cyanide toward Pd and often a fast deactivation of the
catalytic system is observed due to the formation of stable
cyanide complexes and consequently catalysis proceeds with
low efficiency, which significantly inhibits the catalytic cycle.
Beller and co-workers28,29 have used a relatively nontoxic and
inexpensive K4[Fe(CN)6] as a cyanide source in cyanation
reactions. The significant advantages of this reagent are (a)
involvement of all the six CN− ions of K4[Fe(CN)6] in
cyanation of aryl halides and this harnesses the full potential of
the reagent and (b) the cyanide ion is strongly bound in
potassium ferrocyanide(II), warranting substantially slow
release of cyanide ions which may be beneficial for reducing
the inactivation of the catalyst. Since then a number of reports
were available using this reagent in the presence of Pd catalysts
such as Pd(OAc)2,

30,31 several Pd complexes32−45 and Pd/
C46,47 were developed. The serious drawbacks of these metal
catalysts are metal contaminations in the final products,
nonreusability, and deactivation of the catalysts associated
with the use of the homogeneous system and hence are still
unwelcoming. Recycling of the catalysts is a task of great
practical, economic, and environmental importance. Thus, a
more efficient and convenient protocol for this important
transformation would be appreciated, and hence in recent years,
considerable attention has been paid to the development of Pd
NPs with improved catalytic properties in cyanation
reactions.48−53

The most common problems associated with nanocatalysts
are tedious filtration and centrifugation protocols. Additionally
NPs undergo agglomeration without the addition of stabilizers,
thereby diminishing their activity. To circumvent this, there
have been many efforts to stabilize the NPs by immobilization
on different supports, such as charcoal, silica, or alumina.54−56

However, though this may result in high catalytic activities, the
stability toward metal leaching is not satisfactory.57 Alter-
natively, encapsulation of the metal NPs on polymers58−60 have
been reported, but the catalysts further require mechanical
stability against breakage of the host or leaching of the metallic

particles. Also, many of these supports have limitations
including the difficulty in their synthesis, their tiresome
recovery using centrifugation, or time-consuming filtration. A
superb way of combining high surface area of nanocatalysts
along with ease in recovery involve use of an external magnet
via magnetic support for catalytic applications.61−63 Incorpo-
ration of the magnetic support (e.g., Fe3O4) also provides an
additional functionality to the catalyst system for easy
separation from the reaction medium by using an external
magnetic field. Consequently many efforts were made to
fabricate Fe3O4-based magnetic nanocatalysts. Among them,
carbonaceous materials as the shells have aroused much interest
because of their outstanding intrinsic properties, such as large
surface area, acid and base resistance, highly thermal stability
(inert gas atmosphere), and abundant functional groups.
Herein, we developed for the first time, the shape-

dependency in catalytic activity of Pd NPs were probed by
comparing the catalytic activity of spherical Pd NPs with cubical
Pd NPs on C@Fe3O4 in cyanation reaction using K4[Fe(CN)6]
as a green cyanating agent (Scheme 1). The main advantage of
this catalyst is heterogeneous, structurally stable catalytic sites
which makes them recyclable without any loss in activity, easy
recovery by applying an external magnet, ligand free method-
ology.

■ EXPERIMENTAL SECTION
Chemicals. Sodium tetrachloropalladate (Na2PdCl4), polyvinylpyr-

rolidone (PVP), pottasium bromide (KBr), ascorbic acid (AA),
potassium phosphate tribasic (K3PO4), 4-iodoacetopheneone (98%),
1-iodo-3,4-dimethylbenzene (99%), 4-iodoaniline (98%), 4-iodophe-
nol (99%), 3-iodobenzotrifluoride (98%), 4-iodoanisole (99%), 4-
iodonitrobenzene (98%), 4-bromobenzotrifluoride (99%), 2-bromo-5-
methylpyridine (99%), 2-bromonapthalene (99%), 4-bromochloro-
benzene (98%), 4-bromopyridine (98%), and 4-chlorobenzaldehyde
(97%) were obtained from Sigma-Aldrich and used as received.
Bromobenzene (98%), chlorobenzene (99%), pottasium chloride
(KCl), potassium carbonate (K2CO3), D(+)-glucose, iron(III)chloride
hexahydrate, urea, ethylene glycol, water HPLC grade, dimethylforma-
mide (DMF), dimethyl sulfoxide (DMSO), ethyl acetate, and toluene
were obtained from Merck. Pottasium ferrocyanide(II) (K4[Fe(CN)6]·
3H2O), potassium iodide (KI) were obtained from Qualigens Fine
Chemicals and used as received. Sodium carbonate (Na2CO3),
triethylamine (TEA), and sodium sulfate (Na2SO4) were obtained
from Hi-Media. Cesium carbonate (Cs2CO3) and 4-bromobenzalde-
hyde (98%) were obtained from Avra Synthesis. 4-Bromobenzonitrile
(98%) and 4-bromotoluene (99%) were obtained from Alfa Aesar. 4-
Chloroacetophenone (98%) was obtained from SD-Fine Chemicals. 3-
Nitrochlorobenzene (98%) was obtained from Sisco Chemicals.

Scheme 1. Schematic Representation for Cyanation of Aryl Halides Using Pd NCs/C@Fe3O4 Nanospheres
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Synthesis of Pd Nanocubes (Pd NCs). The Pd NCs were
synthesized by adding an aqueous solution of Na2PdCl4 into an
aqueous solution of PVP, AA, KBr, and KCl in accordance with a
previously reported method.64 In a typical procedure, an aqueous
solution (8.0 mL) containing PVP (105 mg), AA (60 mg), KBr (600
mg), and KCl (185 mg) was placed in a vial and preheated to 80 °C in
an oil bath under magnetic stirring for 10 min. Subsequently, an
aqueous solution (3.0 mL) containing Na2PdCl4 (57 mg) was added
with a pipet. The reaction was allowed to continue at 80 °C for 3 h to
afford Pd NCs. The Pd NCs were collected by centrifugation (3000
rpm, 20 min). The collected Pd NCs were washed several times with
water to remove excess PVP and redispersed in water (11.0 mL).
Synthesis of Pd Nanoparticles (Pd NPs). The Pd NPs were

synthesized by adding an aqueous solution of Na2PdCl4 into an
aqueous solution of PVP and AA in accordance with a reported
method with slight modification.65 In a typical procedure, an aqueous
solution (8.0 mL) containing PVP (105 mg) and AA (60 mg) was
placed in a vial and preheated to 80 °C in an oil bath under magnetic
stirring for 10 min. Subsequently, an aqueous solution (3.0 mL)
containing Na2PdCl4 (57 mg) was added with a pipet. The reaction
was allowed to continue at 80 °C for 3 h to obtain Pd NPs and the Pd
NPs were separated from the reaction mixture by centrifugation (4000
rpm, 20 min). The collected Pd NPs were washed several times with
water to remove excess PVP and redispersed in water (11.0 mL).
Hydrothermal Synthesis of Fe3O4 Nanospheres (Fe3O4 NSs).

Fe3O4 NSs were synthesized by modification of a previously reported
method.66 Typically, iron(III) chloride hexahydrate (1 mmol, 0.270 g)
and urea (9 mmol, 0.540 g) were added into ethylene glycol (10 mL)
under magnetic stirring. The resultant solution was transferred into a
Teflon lined stainless steel autoclave, sealed, and heated to 200 °C for
12 h. The precipitated black products were collected by an external
magnet and washed several times with ethanol. Finally, the black
colored product was dried in vacuum for 24 h at 60 °C.
Fabrication of Carbon@Fe3O4 Nanospheres (C@Fe3O4).

Carbon@Fe3O4 were synthesized by in situ carbonization of glucose
in the presence of Fe3O4 under hydrothermal conditions.67 The
synthesized Fe3O4 solid spheres (100 mg) were dispersed in water (10
mL) containing glucose (1.6 g) by ultrasonication. It was transferred
into a Teflon lined stainless steel autoclave, sealed, and heated at 160
°C for 10 h and cooled down at room temperature. The precipitated
black solid was collected from the solution by an external magnet and
washed several times with ethanol followed by water. Finally, the black

colored product was obtained. This was dried in vacuum for 24 h at 60
°C to afford C@Fe3O4.

Incorporation of Pd NCs and Pd NPs in Carbon@Fe3O4 (Pd/
C@Fe3O4). Pd/C@Fe3O4 was prepared by deposition method.
Typically, carbon@Fe3O4 (400 mg) was well dispersed in ethylene
glycol (40 mL) under magnetic stirring. To this Pd NCs/Pd NPs
solutions were added dropwise for 30 min under vigorous stirring. The
above prepared solution was stirred at 2 h, under 60 °C conditions.
After completion of the reaction, the Pd NCs/Pd NPs incorporated
C@Fe3O4 were separated by an external magnet and washed several
times with water. The products were dried in vacuum to obtain Pd/
C@Fe3O4.

Characterization. The powder X-ray diffraction (PXRD) analysis
was carried out on a Seimens (Cheshire, U.K.) D5000 X-ray
diffractometer using CuKα (l = 1.5406 Å) radiation at 40 kV and
30 mA with a standard monochromator using a Ni filter with a
scanning angle (2θ) of 10°−70°. High-resolution transmission
electron microscope (HRTEM) characterization was carried out
with a Tecnai G2 Spirit microscope operating at 200 kV. The
ultraviolet-diffuse reflectance spectra (UV-DRS) were recorded in
Jasco V 550 instrument with the wavelength range between 200−600
nm. FT-IR spectra were recorded in Thermo Scientific Nicolet iS50
FT-IR spectrometer using a KBr wafer with wavenumber ranging
4000−400 cm−1. The morphology of the synthesized materials was
analyzed in a VEGA 3 LM analytical scanning electron microscope
(SEM). The metal loadings of the catalysts were determined by SEM
with energy dispersive X-ray analysis (EDX) on a Bruker-nano
instrument. ICP-OES analyses were performed in PerkinElmer
Optima 5300 DV ICP-OES instrument. Gas chromotography analyses
were performed on an Shimadzu GC-17A system. NMR spectra were
recorded in Bruker 300 MHz instrument with tetramethylsilane as an
internal standard and CDCl3 as solvent.

Pd/C@Fe3O4 Catalyzed Cyanation of Aryl Halides. K4[Fe-
(CN)6]·3H2O was ground to a fine powder and dried in vacuum at 80
°C overnight. In a typical reaction procedure for aryl iodides (0.5
mmol), dry K4[Fe(CN)6] (0.1 mmol), Na2CO3 (0.2 mmol), 20 mg of
Pd/C@Fe3O4 (0.73 mol % of Pd), DMF (3 mL), and KI for aryl
bromides and aryl chlorides as substrates (0.2 mmol) are taken in a
Schlenk tube with a Teflon stopcock, sealed, and heated at 120 °C
with magnetic stirring. The progress of the reaction was monitored by
TLC, after progression of the reaction, the mixture was cooled to
room temperature and the catalyst was separated by applying an

Figure 1. TEM images of (a, b) Pd NCs, (d, e) Pd NPs, and SAED patterns of (c) Pd NCs and (f) Pd NPs.
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external magnet. After removal of catalyst water was added to the
solution and extracted with ethyl acetate. The organic phase is dried
over anhydrous Na2SO4. After evaporation of the solvents, the residue
is subjected to GC analysis, which was further purified by column
chromatography over silica gel (60−120 mesh) eluting with pet ether/
ethyl acetate (90:10) to afford the desired nitrile product. The nitrile
products were confirmed by the spectroscopic method using 1H and
13C NMR (Figure S8a−n in the Supporting Information). This
procedure was followed for all of the reactions listed in Table 2.

■ RESULTS AND DISCUSSION
The Pd NCs are prepared using a water-based process that
involves injection of Pd2+ into an aqueous solution of AA at 80
°C, with Br− and Cl− ions serving as capping agents and PVP
acting as a stabilizer.64 Besides capping the {100} facets of Pd
NCs, the halide species decrease the rate of reduction of the
Pd2+ ions. TEM images of the Pd NCs indicate a cubic
structure with an edge length of 13 nm and surfaces covered by
{100} facets (Figure 1a,b). The Pd NCs are found to be highly
crystalline as indicated from the SAED pattern (Figure 1c). Pd
NPs were prepared by the reduction of Na2PdCl4 with AA in
the aqueous solution of PVP. AA reduces the Pd2+ ions to give
Pd NPs, which are stabilized and prevented from agglomeration
by PVP. TEM images reveal that well-dispersed Pd NPs with
particle sizes of 3−4 nm are obtained (Figure 1d,e). The
corresponding SAED pattern indicates that the Pd NPs are
crystalline (Figure 1f).
A three step procedure was used to fabricate the Pd

incorporated carbon@Fe3O4 nanospheres to study the
structure−property relationship of Pd in cyanation reactions
(Scheme 2). Ferrite NPs were synthesized using a robust
hydrothermal reaction based on high-temperature reduction of
Fe(III) ions with ethylene glycol serving both as a solvent and a
reducing agent and urea as the capping agent. Second, a thin
layer of carbon shells have been coated on the surface of the
ferrite NPs through the carbonization of glucose under
hydrothermal conditions. The thin layer of carbon shell has
two functions: (a) it can protect the magnetic particles from
being corrupted and oxidized by acids and oxygen; and (b) the
presence of functional groups such as −COOH, −OH, and
−CO can be benefitially used to immobilize a catalytic active
species.68 Finally, the presynthesized Pd NPs/NCs were
immobilized on the carbon shell by refluxing. The final
morphology of the hybrid nanospheres shows a core−shell
feature (C@Fe3O4) with fine particles of Pd deposited on the
surface, resulting in a nanocomposite.
FE-SEM analysis of the synthesized nanocomposite clearly

illustrates spherical morphology of Fe3O4 with particle sizes of
100−150 nm (Figure 2a). Further analysis by TEM reveals the
porous nature of the Fe3O4 NPs (Figure 2b,c). Following the
carbonization of glucose on Fe3O4 NPs, it is clearly observed
that the prepared C@Fe3O4 nanospheres remain spherical and

consist of a Fe3O4 core with carbon-shell (Figure 2d−f). The
particle size is 120−150 nm, the thickness of the carbon shell
formed from the carbonization of glucose is about 20−25 nm.
TEM images clearly reveal the firmly immobilized Pd NPs/Pd
NCs on the surface of C@Fe3O4 nanospheres (Figure 2h,i and
k,l). It is also noticed that none of the Pd NPs/Pd NCs are free
and all of them are attached on the C@Fe3O4 nanospheres.
The crystallinity and phase composition of the resulting

products were further investigated by powder X-ray powder
diffraction (PXRD). The PXRD pattern (Figure 3a) (i)
confirms that the nanoparticles are magnetite (Fe3O4) and
the average crystallite size, estimated using Scherrer’s equation,
is 101 nm. The crystallite size matches with the average particle
size (100−110 nm) seen in the TEM analysis indicating that
the particles are constituted of a single crystalline domain.
Further, PXRD patterns (Figure 3a) (iii,iv) show that Pd forms

Scheme 2. Schematic Illustration Mechanism for Formation of Pd/C@Fe3O4 Nanospheres

Figure 2. FE-SEM images of (a) Fe3O4, (d) C@Fe3O4, (g) Pd NPs/
C@Fe3O4, and (j) Pd NCs/C@Fe3O4 and TEM images of (b,c)
Fe3O4, (e,f) C@Fe3O4, (h,i) Pd NPs/C@Fe3O4, and (k,l) Pd NCs/
C@Fe3O4.
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a face centered cubic (fcc) structure. For Pd, the diffraction
peaks are observed at 2 θ values 28.18°, 40.27°, 46.88°, and
68.33°, which can be attributed to (100), (111), (200), and
(220) planes, respectively. The intensity ratio of (111) to (200)
peaks in Pd NPs is significantly lower than the Pd NCs (from
3.90 to 2.17), which indicates that the (100) planes dominate in
the Pd NCs.69

The UV-DRS spectrum of Fe3O4 displays a broad absorption
range, of 450 to 600 nm, indicating that iron is present in the
form of Fe3O4 (Figure S1a).70 The red shift in absorbance of
the C@Fe3O4 nanospheres may be attributed to the formation
of the carbon shell on Fe3O4 nanospheres (Figure S1b). The
FT-IR spectrum of Fe3O4 shows that the stretching frequency
at 581 cm−1, is assigned to be Fe−O (Figure S2a). The peaks at
1600−1700 and 3400 cm−1 indicate the existence of hydro-
philic carboxyl groups on the surface of the C@Fe3O4
nanospheres (Figure S2b). The TGA analysis reveals a small
weight loss from room temperature to 150 °C due to
dehydration followed by a weight loss from 300 to 450 °C
due to the combustion of the carbon. From the weight loss, the
carbon content was calculated to be 73 wt % and the balance
(27 wt %) was assumed to be Fe3O4 (Figure S3a,b).
The energy-dispersive X-ray spectroscopic (EDX) point

analyses of randomly chosen Pd NCs/C@Fe3O4 and Pd NPs/
C@Fe3O4 display uniform compositions (Figures S4 and S5) .
The analyses reveal the elemental composition of palladium as
1.58 wt % for Pd NCs and 1.50 wt % for Pd NPs on C@Fe3O4.
This result clearly suggests that all the Pd NPs were uniformly
deposited on the surface of C@Fe3O4 nanospheres. Inductively
coupled plasma-optical emission spectrometric (ICP-OES)
analyses showed that the Pd/C@Fe3O4 contain 3.6 × 10−6

mol for Pd NCs and 3.1 × 10−6 mol for Pd NPs on C@Fe3O4.
The oxidation state of Pd was ascertained by X-ray photo-
electron spectroscopy (XPS). The binding energy of 335.5 eV
could be attributed to the Pd 3d5/2 level of Pd(0) (Figure
3b,c).71

The catalytic performance of the Pd NCs/C@Fe3O4 catalyst
was evaluated in the cyanation reaction of aryl iodides,
bromides, and chlorides with K4[Fe(CN)6] as a green cyanating
agent. To optimize the reaction conditions, control experiments
were performed with a representative reaction of 4-nitro-
iodobenzene and K4[Fe(CN)6] with base, solvent, catalyst
loading, temperature, and time are the important parameters.
Initially the reaction failed without Pd, thus clearly suggesting
the active role of Pd-center in this reaction. With cubical Pd
NPs/C@Fe3O4, the corresponding nitrile product was formed
in 99% yield (Table 1, entries 1−3). Without base the reaction

Figure 3. (a) X-ray powder diffraction patterns of (i) Fe3O4, (ii) C@
Fe3O4, (iii) Pd NCs/C@Fe3O4, and (iv) Pd NPs/C@Fe3O4.The ●
stands for Fe3O4 and ∗ stands for Pd, and XPS spectra of (b) Pd NCs/
C@Fe3O4 and (c) Pd NPs/C@Fe3O4 show Pd 3d5/2 and Pd 3d3/2
binding energies.

Table 1. Optimization of Reaction Conditions in the
Cyanation of 4-Iodonitrobenzenea

entry catalyst base solvent
time
(h)

conversionb

(%)

1 Fe3O4 K2CO3 DMF 24 Nil
2 Fe3O4@C K2CO3 DMF 24 Nil
3 Pd NCs/C@

Fe3O4

K2CO3 DMF 18 >99

4 Pd NCs/C@
Fe3O4

DMF 18 Nil

5 Pd NCs/C@
Fe3O4

K3(PO4)2 DMF 18 8

6 Pd NCs/C@
Fe3O4

Na2CO3 DMF 18 > 99

7 Pd NCs/C@
Fe3O4

Cs2CO3 DMF 18 > 99

8 Pd NCs/C@
Fe3O4

TEA DMF 18 45

9 Pd NCs/C@
Fe3O4

Na2CO3 DMSO 18 75

10 Pd NCs/C@
Fe3O4

Na2CO3 toluene 18 Nil

11 Pd NCs/C@
Fe3O4

Na2CO3 DMSO/
H2O

18 55

12 Pd NCs/C@
Fe3O4

Na2CO3 DMF 12 99

13 Pd NCs/C@
Fe3O4

Na2CO3 DMF 10 99

14 Pd NCs/C@
Fe3O4

Na2CO3 DMF 7 70

15 Pd NCs/C@
Fe3O4

Na2CO3 DMF 10 >99c

16 Pd NCs/C@
Fe3O4

Na2CO3 DMF 10 69d

17 Pd NCs/C@
Fe3O4

Na2CO3 DMF 10 Nile

18 Pd NCs/C@
Fe3O4

Na2CO3 DMF 10 70f

19 Pd NCs/C@
Fe3O4

Na2CO3 DMF 10 45g

20 Pd NCs/C@
Fe3O4

Na2CO3 DMF 32 25h

21 Pd NCs/C@
Fe3O4

Na2CO3 DMF 18 99i

aReaction conditions: 4-iodonitrobenzene, 0.5 mmol; K4[Fe(CN)6],
0.1 mmol; catalyst, 20 mg, 0.73 mol % of Pd; solvent, 3 mL;
temperature, 120 °C; entries 1−14, 0.5 mmol base. bGC yield. c0.2
mmol of base. d0.1 mmol of Na2CO3.

eReaction at 80 °C. f15 mg
(0.54 mol % of Pd) catalyst. g10 mg (0.36 mol % of Pd) catalyst.
hReaction in 4-bromonitrobenzene without KI. iReactions in 4-
bromonitrobenzene with KI.
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failed to proceed (Table 1, entry 4), indicating clearly that
cyanation of aryl halides with K4[Fe(CN)6] is highly sensitive
with respect to the amount and type of base involved in the
reaction. The main function of the base is pushing out the

cyanide ion from K4[Fe(CN)6]
72 and it is also involved in the

formation of the reactive intermediate.73 Among the various
bases tested for this reaction, carbonate bases gave excellent
yields (Table 1, entries 3, 6, and 7) compared to other bases,

Table 2. Cyanation Reaction of Substituted Aryl Halides in the Presence of Pd NCs/C@Fe3O4
a

aReaction conditions: substrate (0.5 mmol), K4[Fe(CN)6] = (0.1 mmol); base (0.2 mmol); DMF (3 mL); additive (KI) (0.2 mmol) for bromo and
chloro derivatives; temperature, 120 °C; catalyst 20 mg (0.73 mol % of Pd) for I-, Br- and 50 mg (1.8 mol % of Pd) for Cl. bGC yield.
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and this prompted us to choose Na2CO3 as the base for this
conversion. Among the various solvents used, the reaction
works well when polar solvents such as DMF and DMSO were
employed (entries 6 and 9, Table 1). In contrast, no product
formation is observed in toluene.
The reaction temperature also has a very strong influence on

the yield of the reaction. At 80 °C, there is no product (Table 1,
entry 17). As the temperature is increased to 120 °C,
conversion is increased. It is very difficult to remove the
cyanide ion from K4[Fe(CN)6] under mild reaction conditions
due to the high stability/low dissociation of the ferrocyanide
ion, covalent bonding behavior of Fe and cyanide ions, and the
low solubility of the 4-fold charged anion in organic solvents.27

Hence, the reaction needs high temperature (>100 °C) to
release cyanide ion from K4[Fe(CN)6] and long reaction time
(based on size effect of the halides present in the sp2 carbon) to
remove the halide ion in cyanation in aryl halides. While
optimizing the catalyst loading, 20 mg (0.73 mol %) of catalyst
worked better compared to 15 mg (0.54 mol %) and 10 mg
(0.36 mol %) of catalyst (Table 1, entries 18 and 19). On the
basis of these observations, the optimum conditions for this Pd
catalyzed cyanation of 4-nitroiodobenzene is Pd NCs/C@
Fe3O4 (20 mg) as a catalyst in DMF (3 mL) at 120 °C with 0.2
mmol of base for 10 h.
The optimized reaction conditions for cyanation of 4-

nitroiodobenzene were extended to the cyanation of 4-
bromonitrobenzene and the corresponding nitrile was observed
in only 25% yield even after 32 h. The bond dissociation energy
of −C−X (X = I, Br, Cl) is higher in aryl bromides when
compared to aryl iodides. So, the oxidative addition of Pd on
aryl bromide is difficult when compare to aryl iodide. Hence,
low yield is obtained for aryl bromides in cyanation. Although
the result is less satisfactory, we were able to obtain good yield
by using iodide ion, which leads to catalyzed production of aryl
iodide from aryl bromide and its subsequent in situ cyanation,
as reported by Buchwald et al.,74 and 0.2 mmol of KI is
sufficient to promote the cyanation of aryl bromides.
A wide variety of diversely substituted aryl halides underwent

cyanation by this procedure to produce the corresponding
nitriles (Table 2). Both electron donating [4-OCH3, 4-NH2, 4-
OH, 3,4-diCH3] (Table 2, entries 1−4) and electron
withdrawing [4-NO2, 4-COCH3] (Table 2, entries 5 and 6)
substituted aryl iodides reacted readily. However, yields from
the aryl iodides substituted with electron withdrawing groups
were slightly higher compared to electron donating group
substituted aryl iodides. meta-Substituted compounds show
slightly lower yield when compared to para-substituted
compounds. Similar results were also observed in substituted
aryl bromides. Here also aryl bromides substituted with
electron withdrawing [4-CN, 4-CHO] (Table 2, entries 9 and
10) groups give higher yields. Significantly, heteroaryl
compounds such as 2-bromo-5-methylpyridine and 4-bromo-
pyridine (Table 2, entries 12 and 13) reacted readily in the
cyanation reaction to furnish the corresponding nitriles. We
have also extended our studies to the normally less reactive aryl
chlorides as the substrates under the same conditions. With
increasing reaction time and increased catalyst amount,
moderate yields are obtained (Table 2, entries 15−19).
In general, the cyanation reaction is clean. The pure products

were obtained by a simple workup and column chromatog-
raphy. Wide range of functionalities and heterocyclic moieties
are tolerated in this procedure. In a scaled-up reaction at gram
quantity of 4-nitroiodobenzene (2.5 g, 10 mmol), Pd NCs/C@

Fe3O4 (400 mg, 0.73 mol % of Pd) provided a high isolated
yield (94%, TON = 128.4). These results indicated that Pd
NCs/C@Fe3O4 constitute a practical catalyst for the cyanation
of aryl halides to produce aryl nitriles, amenable to gram scale
operations also (Figure S7).
To gain an insight into structure catalytic activity relation-

ship, we then turned our attention to study the catalytic
performance of the cubical Pd NPs with mainly {100} surface
facets, spherical Pd NPs with mixed surface facets, and
commercially available Pd/C with undefined Pd structure.
The enhanced catalytic activity of the {100} surface facets of
cubical Pd NPs is clearly evident with the yield increasing from
58% for spherical Pd NPs to 99% for cubical Pd NPs. This
reactivity increase is more than 1.5-fold and the TON increases
5.5-fold for Pd NCs compared to Pd NPs and Pd/C (Table 3).

The origin of the enhanced reactivity observed with Pd NCs is
generally attributed to the high density of low-coordinated
atoms present at the surface of the catalyst. Though the cubic
one has a much larger particle size (13 nm) than the spherical
one (3−4 nm), Pd NCs show much higher activity than the Pd
NPs with the same Pd metal content indicating that the shape
effect is more important than the size effect in this case. This
result, thus demonstrates that controlling the shape of the
nanoparticles to expose more facets of high activity is indeed a
very effective strategy to optimize the performance of the
catalyst. It is relevant to note here that the leaching of Pd atoms
from the surface of cubical Pd NPs is more when compared to
spherical Pd NPs. TEM images of reused catalyst shows
changes in their morphology (Figure 4). The presence of small
nanoparticles in TEM images is due to the Pd residue deposited
on the surface of C@Fe3O4 after the reaction. These small
particles are not present in the as-synthesized solution of the Pd
NCs catalyst and so can be attributed to the leached Pd during
the reaction.
The heterogeneity of the Pd NCs/C@Fe3O4 catalyst was

checked by carrying out a hot filtration test with p-
nitroiodobenzene and K4[Fe(CN)6] as substrates, to find out
whether Pd is leaching out from the solid catalyst to the
solution or whether the catalyst is truly heterogeneous in
nature. After continuing with the reaction under optimized
conditions for about 7 h, the catalyst was filtered under hot
conditions from the reaction mixture with 70% formation of 4-
nitrobenzonitrile. After removal of the solid catalyst, the filtrate
was then subjected to the reaction conditions for an additional
9 h, and no further yield of 4-nitrobenzonitrile was observed.
The loss of catalytic activity can be attributed to the removal
both of the parent nanocubes and the Pd clusters formed due
to leaching. These results clearly demonstrate that Pd NCs/C@
Fe3O4 is truly heterogeneous in nature.
From an industrial perspective, one of the main advantages of

using heterogeneous catalysts such as Pd NCs/C@Fe3O4 is

Table 3. Effect of Shape in Cubical and Spherical Pd NPs on
Cyanation Reactiona

catalyst (mol) yield (%)b time (h) TON

Pd NCs/C@ Fe3O4 (3.6 × 10−6) 99 10 135
Pd NPs/C@ Fe3O4 (3.1 × 10−6) 58 10 94
Pd/C (1.87 × 10−5) 95 10 25

aReaction conditions: 4-iodonitrobenzene (0.5 mmol), K4[Fe(CN)6]
(0.1 mmol); catalyst (20 mg, 0.73 mol % of Pd), Na2CO3 (0.2 mmol);
temperature, 120 °C; DMF, 3 mL. bGC yield.
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that they can be recovered and reused efficiently up to five
consecutive runs (Figure 4c). After completion of the reaction,
the solid catalyst was recovered by magnetic separation,
extensively washed with EtOH, and dried at room temperature
in a vacuum desiccator for 2 h. Only a marginal loss in the
activity of the catalyst was observed up to five consecutive
reactions. The TEM image of reused catalyst shows changes in
structure (from cubical to spherical NPs), due to the enhanced
leaching susceptibility of Pd {100} surface facets (Figure 4a,b).
The powder XRD data of recycled Pd NCs/C@Fe3O4 (after
the fifth cycle) clearly illustrate that the catalyst still remains as
crystalline, and the average crystallite size estimated using
Scherrer’s equation is 8.2 nm. The particle size has decreased
from 13 to 8.2 nm due to the increase in leaching susceptibility
of Pd {100} surface facets (Figure S6).
On the basis of above results, a plausible in reaction pathway

for Pd catalyzed cyanation reaction involving a reaction
mechanism in which Pd NCs on the surface of C@Fe3O4
NSs (Scheme 3) is proposed.29,34 In the first step, oxidative
addition of aryl halides to Pd(0) leads to a Pd(II) species (A).
In the second step, ligand exchange from the inner
coordination sphere of K4[Fe(CN)6] to the Pd site of the
catalyst (involving transmetalation) occurs to form the Pd(II)
complex (B) and this is followed by reductive elimination to
form arylnitriles. Under our reaction system, the base and
removed cyanide ion from K4[Fe(CN)6] is the primary source
of Pd leaching; however, aryl halides also contributed to a lesser
degree. Significantly, the catalytically active Pd species are
generated by leaching of the surface atoms and this leaching
mechanism is shape-sensitive. Preferential adsorption of
molecular oxygen and cyanide ion on Pd {100} compared to
Pd {111} surfaces induces greater Pd leaching when using Pd
NCs, compared to Pd NPs.75

Our catalytic system is also compared (Supporting
Information, Table S1) with reported Pd containing catalytic
systems for cyanation of aryl halides.30−53 The comparison
table shows that most of the reported Pd catalysts are
homogeneous in nature, use phosphine ligands, and possess
high Pd content. However, the main disadvantage of using
homogeneous catalysts is reusability. On the other hand,
heterogeneous systems studied have more Pd content, but
however display low catalytic efficiency, tedious synthetic
procedures to prepare the catalysts, and Pd leaching during the
reaction. In comparison our catalytic system is better in terms
of facile synthesis of catalyst, higher catalytic efficiency with
lower Pd content heterogeneous nature, reusability involving
applying an external magnet, ligand free methodogy, and
applicability in gram scale synthesis.

■ CONCLUSIONS

In summary, we have developed highly efficient C@Fe3O4

magnetic core−shell nanospheres as a good support for
palladium nanocubes with excessive {100} surface facets (Pd
NCs/C@Fe3O4), and this is used as an heterogeneous catalyst
with excellent catalytic activity in the cyanation of aryl iodides
and bromides using K4[Fe(CN)6] as a green cyanating agent. A
variety of aryl iodides and bromides were reacted in good to
excellent yields to the corresponding nitriles. The marginal
decrease in yield on reuse is attributed to the shape sensitivity
of Pd{100} facets, which leads to a change in structure from
cubic to spherical. It is anticipated that this approach may
further expand the scope of investigations of various other
active metal NPs and may aid the design of newer catalysts with
possible uses to diverse substrates, excellent activity and tunable
selectivity.

Figure 4. (a,b) TEM images of Pd NCs/C@Fe3O4 catalyst after 5
catalysis cycles and (c) reusability test using Pd NCs/C@Fe3O4 as
catalyst for the cyanation of 4-nitroiodobenzene.

Scheme 3. Proposed Mechanistic Pathway for the Cyanation
of Arylhalides Using Pd NCs/C@Fe3O4

Table 4. Sheldon Test Carried out with Pd NCs/C@Fe3O4
Catalyzed Cyanation Reactiona

yieldb (%)

catalyst 7 h (7 + 9) h reused catalyst
Pd NCs/C@Fe3O4 70 70 99

aReaction conditions: 4-iodonitrobenzene (0.5 mmol), K4[Fe(CN)6]
(0.1 mmol); catalyst (20 mg, 0.73 mol % of Pd), Na2CO3 (0.2 mmol);
temperature, 120 °C; DMF, 3 mL. bGC yield.
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