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A B S T R A C T

In this study, preparation of highly stable palladium nanoparticles (Pd NPs) on Schiff base modified β-cyclo-
dextrin (β-CD-Sch) in the absence of reducing agents has been successfully carried out. Pd NPs@β-CD-Sch has
then been applied as nanocatalyst in the synthesis of benzonitriles via cyanation reaction using K4Fe(CN)6,
which is a low cost, commercially available and non-toxic cyanide source. A series of benzonitriles containing
different substrates were successfully fabricated with 77–98% yields using Pd NPs@β-CD-Sch. Moreover, Pd
NPs@β-CD-Sch catalyst was quantitatively recovered and reutilized several times, showing good reaction yields.
This work revealed that i) prepared β-CD-Sch is an effective stabilizer for the fabrication of Pd NPs and ii) Pd
NPs@β-CD-Sch catalyst play an important role in the fabrication of benzonitriles.

1. Introduction

Benzonitriles are one of the most significant compounds derived
from various commercial sources, which are used for the preparation of
biologically active substances [1,2]. Therefore, the synthesis of these
versatile compounds has recently gained importance [3]. Aryl nitriles
are generally prepared via Rosenmund-von Braun reaction. However,
this method generates heavy metal wastes owing to the application of
stoichiometric amounts of Cu-CN [4]. Therefore, cyanation of aryl ha-
lides in the presence of cyanide agents and metal catalysts is the most

facile and powerful synthesis method for the production of aryl nitriles
[3,4,5]. Different cyanide sources such as NaCN, Zn(CN)2 and KCN have
been employed in the fabrication of aryl nitriles using various metal
catalysts [4,6]. However, these sources have some drawbacks such as
high cost, long reaction times, harsh reaction conditions and low re-
action yields [7]. Among cyanide sources, K4Fe(CN)6 is one of the most
widely used due to its high efficiency, non-toxicity, low cost and en-
vironmental friendliness [4,8]. Different metal catalysts have recently
been evaluated in the production of aryl halides in the presence of K4Fe
(CN)6 [4,9,10]. Among these, Pd NPs play a major role owing to their
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high catalytic activity and wide functional group tolerance in catalytic
reactions [11–15]. However, major disadvantages in the synthesis of Pd
NPs are the aggregation and reusability problems. These disadvantages
can be overcome by designing novel supports, which strongly interact
with metals.

In recent years, natural bio-polymers have gained considerable at-
tention due to their biodegradability, biocompatibility, and high affi-
nity for different transition metals. Among biopolymers, β-cyclodextrin
(β-CD), which is a cyclic oligosaccharide, is a natural, low cost, suitably
sized, biocompatible, non-toxic and edible compound [16,17]. Ad-
ditionally, β-CD has primary or secondary hydroxyl groups, pendant on
the polymer chain, by which it is easily modified. Thanks to its out-
standing properties and chemical structure, β-CD is an ideal stabilizer
for the construction of Pd NPs [18]. Therefore, different β-CD modified
supports can be prepared for the fabrication of different nanoscale
palladium and their catalytic performances can then be tested in var-
ious transformations.

In continuation of our interest in the development of heterogeneous
nanocatalysts on natural biopolymers, in this study, Pd NPs have been
prepared on a β-CD containing Schiff base and their chemical structure
has been verified by different analytical techniques. Afterwards, Pd
NPs@β-CD-Sch were evaluated as catalyst in the fabrication of benzo-
nitriles via cyanation of aryl halides using K4[Fe(CN)6]. Pd NPs@β-CD-
Sch successfully catalyzed the conversion of various aryl halides to the
desired benzonitriles in good yields within 4 h. Moreover, Pd NPs@β-
CD-Sch serve as recyclable catalysts, which could be used eight times.

2. Experimental

2.1. General remarks

β-Cyclodextrin, 3-aminopropyltriethoxysilane (APTES), 3,4-dihy-
droxybenzaldehyde, aryl halides (Ar-X), phenylboronic acid (PhB
(OH)2), NaOH, KOH, Na2CO3, K2CO3, PdCl2, DMF, DMSO, toluene, NMP
and diethyl ether were obtained from Sigma Aldrich Chemical Co.
Modification of the products was confirmed by spectrophotometry
(Perkin Elmer 100 FT-IR spectrophotometer). The X-ray spectra of β-CD
and Pd NPs@β-CD-Sch were obtained using a Rigaku smart lab system.
The surface profiles and EDS analyses of β-CD, β-CD-NH, β-CD-Sch and
NPs@β-CD-Sch were investigated using FEI Quanta 450 FEG. The
thermal behavior of the catalyst was studied by EXSTAR S11 7300.

GC–MS was used for the characterization of benzonitriles using an
Agilent GC-7890 A-MS 5975 instrument.

2.2. Synthesis of β-CD-Sch as stabilizer

Firstly, amine attached β-CD was easily fabricated according to a
previously reported method [19,20] and entitled as β-CD-NH2. Briefly,
2 g of β-CD and 5 mL of APTES were stirred at 100 °C in toluene solvent
for 24 h. β-CD-NH2 (1 g) and 3,4-dihydroxybenzaldehyde (1 g) were
then transferred to 40 mL of ethanol solvent and the mixture was re-
fluxed for 48 h. Finally, the support material, denoted as β-CD-Sch, was
filtered, washed with ethanol and dried (Scheme 1).

2.3. Synthesis of Pd NPs@β-CD-Sch catalyst

0.5 g of β-CD-Sch and 0.1 g of PdCl2 were added to 25 mL of ethanol
and the mixture obtained was stirred for 5 h at 70 °C in the absence of
any reducing agent Afterwards, the reaction color changed to black.
Finally, Pd NPs@β-CD-Sch was filtered, rinsed with water and dried for
use in catalytic applications (Scheme 1).

2.4. Typical synthesis method for cyanation of aryl halides

Pd NPs@β-CD-Sch catalyst (0.05 mol. %), aryl halide (1 mmol),
K4[Fe(CN)6] (0.2 mmol) and Na2CO3 (1.5 mmol) were added to 6 mL of
DMF and the mixture obtained was stirred at 120 °C for 4 h. The
mixture was then cooled to room temperature and the product was
extracted with Et2O (10 mL) and H2O (5 mL) three times and dried over
MgSO4. Afterwards, the organic solvents were evaporated to obtain
benzonitriles.

3. Results and discussion

3.1. Pd NPs@β-CD-Sch characterization

FT-IR analysis was used to confirm the chemical structures of β-CD,
β-CD-NH2, β-CD-Sch and Pd NPs@β-CD-Sch (Fig. 1). Important peaks
are observed in the FT-IR spectrum of β-CD at 3294 cm−1 (vibration of
symmetrical and asymmetrical stretching of the –OH groups),
2924 cm−1 (vibration of C–H stretch), 1643 cm−1 (HeOeH bending),
1152 cm−1 and 1020 cm−1 (asymmetric and symmetric CeOeC

Scheme 1. Preparation of Pd NPs@β-CD-Sch.
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stretching) [21]. Owing to the intense stretching of CeOeC in the
spectrum of β-CD-NH2, Si-O-Si peaks were masked and thus not ob-
served. Therefore, ninhydrin test was performed, similar to our pre-
vious works, to verify the attachment of NH2 groups on the β-CD
(Fig. 2). As observed in Fig. 2, after the ninhydrin test, the formation of
a purple colored solution with an absorption band at 580 nm confirmed
the presence of NH2 groups on β-CD [19,22]. Additionally, EDS analysis
of β-CD-NH2 clearly shows the presence of Si peak. These analyses
confirm that NH2 groups have been successfully bonded on the β-CD
surface. The FT-IR spectrum of β-CD-Sch shows a new peak at
1605 cm−1, which corresponds to the imine band, indicating the for-
mation of Schiff base. Although the FT-IR spectrum of β-CD-Sch was
similar to that of Pd NPs@β-CD-Sch, the peaks due to Pd NPs@β-CD-
Sch were observed to generally shift to lower wavenumbers compared

Fig. 1. FT-IR spectra of β-CD (a), β-CD-NH2 (b), β-CD-Sch (c) and Pd NPs@β-CD-Sch (d).

Fig. 2. Ninhydrin test of β-CD-NH2.
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Fig. 3. FE-SEM images of β-CD (a) and Pd NPs@β-CD-Sch (b, c).

Fig. 4. TEM images of Pd NPs@β-CD-Sch.

Fig. 5. EDS spectra of β-CD (a), β-CD-NH2 (b), β-CD-Sch (c) and Pd NPs@β-CD-Sch (d).
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to β-CD-Sch. This can be explained by interaction of Pd ions with the
functional groups of β-CD-Sch [23].

Fig. 3 shows the FE-SEM micrograms of β-CD and Pd NPs@β-CD-
Sch. It is clearly observed that while the β-CD has a partially flat sur-
face, surface of Pd NPs@β-CD is coated with Pd NPs. In addition, TEM
analysis of Pd NPs@β-CD-Sch was performed to show fabrication of Pd
NPs (Fig. 4) and the size of Pd NPs was determined about 20 nm. On the
other hand, the EDS analysis for each modification was performed and
the corresponding spectra are shown in Fig. 5. As observed in Fig. 5,
while β-CD is composed of C and N, β-CD-NH2 and β-CD-Sch consists of
C, N, O and Si elements. In the case of Pd NPs@β-CD, the presence of Pd
is clearly observed in the spectrum, confirming the formation of Pd NPs.
Additionally, the amount of Pd on the catalyst was detected as 6.15%
by ICP.

The thermal characteristics of β-CD, β-CD-NH2, β-CD-Sch and Pd
NPs@ β-CD-Sch were examined by TGA analysis and the corresponding
spectra are shown in Fig. 6. TGA analysis showed that the temperature

(Tmax) at which the greatest degradation was recorded was 318 °C for β-
CD. Tmax values of β-CD-NH2 and β-CD-Sch were 323 and 319 °C, re-
spectively. Tmax of Pd NPs@ β-CD-Sch was found to be 312 °C. These
results indicate that Pd NPs@ β-CD-Sch have slightly lower thermal
durability than their support. This decrease can be explained by the
catalytic influence of Pd ions on the decomposition of the polymer
backbone of β-CD [24]. However, the thermal durability of the catalyst
is considerably high and is a suitable for different high temperature
catalytic reactions.

The crystalline nature of β-CD and Pd NPs@ β-CD-Sch was studied
by XRD (Fig. 7). The XRD diagram of β-CD displays typical β-CD peaks
[25] (Fig. 7a). In addition to the typical peaks of β-CD, the XRD pattern
of Pd NPs@ β-CD-Sch shows new diffraction peaks at 39.15°, 45.67° and
66.42° (Fig. 7b), which are indexed to (111), (200), (220) and (311)
planes of face centered cubic of Pd NPs, indicating the formation of Pd
NPs on the β-CD-Sch [26].

Fig. 6. TGA spectra of β-CD (a), β-CD-NH2 (b), β-CD-Sch (c) and Pd NPs@β-CD-Sch (d).

Fig. 7. XRD patterns of β-CD (a) and Pd NPs@β-CD-Sch (b).

Table 1
Determination of optimization conditions in the cyanation of 1-iodo-3-ni-
trobenzene using Pd NPs@β-CD-Sch and K4[Fe(CN)6].

Entry Pd (mol%) Solvent Base system Temp (°C) Time (h) Yield (%)

1 0.05 Toluene K2CO3 120 10 60
2 0.05 DMSO K2CO3 120 10 65
3 0.05 NMP K2CO3 120 12 55
4 0.05 DMF K2CO3 120 6 80
5 0.05 DMF KOH 120 6 50
6 0.05 DMF NaOH 120 6 35
7 0.05 DMF Na2CO3 120 4 97
8 0.05 DMF Na2CO3 25 4 30
9 0.05 DMF Na2CO3 50 4 45
10 0.05 DMF Na2CO3 100 4 75
11 0.05 DMF Na2CO3 120 4 97
12 0.02 DMF Na2CO3 120 8 65
13 0.1 DMF Na2CO3 120 4 97
14 0 DMF Na2CO3 120 24 0
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3.2. Catalytic performance of Pd NPs@β-CD-Sch in the preparation of
benzonitriles via cyanation reaction

Before investigation of the catalytic role of Pd NPs@β-CD-Sch in the
preparation of benzonitriles via cyanation of phenyl halides in the
presence of K4[Fe(CN)6], some reaction parameters were studied to find
the optimal reaction conditions. Cyanation reaction of 1-iodo-3-ni-
trobenzene was chosen as the model reaction and the control experi-
ments were then conducted. The results are presented in Table 1. Fol-
lowing the determination of the optimal values for the reaction
parameters, the substrate scope of Pd NPs@β-CD-Sch in the cyanation
of structurally diverse aryl halides was studied (Table 2). Firstly, the
catalytic prowess of Pd NPs@β-CD-Sch was tested in the cyanation
reaction of different aryl iodides, which afforded high reaction yields.

Table 2
Catalytic behavior of Pd NPs@β-CD-Sch against production of benzonitriles.

Entry Aryl halide Product Yield (%)

1 95

2 97

3 89

4 94

5 92

6 88

7 92

8 98

9 96

10 93

11 85

12 90

13 88

14 86

15 83

Table 2 (continued)

Entry Aryl halide Product Yield (%)

16 77

17 81

Reaction conditions: 1.5 mmol Ar-X, 0.2 mmol K4[Fe(CN)6], 1.8 mmol
Na2CO3 and 0.05 mol % Pd NPs@β-CD-Sch, 6 mL of DMF, 120 °C and 4 h.

Table 3
Data for the cyanation reaction of p-iodotoluene by different catalysts.

Entry Catalyst Time (h) Yield (%) Ref

1 Pd/CuO NPs 15 89 [7]
2 Pd@CuFe2O4 10 95 [27]
3 PS-Pd(II)-anthra 18 91 [28]
4 Pd/coral reef nanocomposite 2 88 [29]
5 Pd(TMHD)2 5 91 [30]
6 Pd NPs@β-CD-Sch 4 94 Present study

Scheme 2. Possible mechanism for the cyanation of aryl halides using Pd NPs@
β-CD-Sch catalyst.
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For example, cyanation of 1-iodo-3-nitrobenzene yielded the desired
nitrile with 97% yield. 4-Iodoanisole turned into 4-methoxy benzoni-
trile with 95% yield. Pd NPs@β-CD-Sch was successfully used for the
cyanation of para, meta and ortho-substituted iodotoluene with yields of
94, 92 and 88%, respectively. The catalytic performance of Pd NPs@β-
CD-Sch was also investigated in the conversion of various aryl bromides
to the corresponding benzonitriles and the reactions were observed to
proceed effectively. Cyanation of 1-bromo-4-nitrobenzene and 1-
bromo-3-nitrobenzene gave 96 and 93% yields, respectively. Cyanation
of 4-bromobenzonitrile was successful, giving a 98% yield. Ad-
ditionally, it was found that Pd NPs@β-CD-Sch was successfully cata-
lyzed cyanation of aryl chlorides with good reaction yields (Table 2,
entry 16–17). On the other hand, a model cyanation reaction was
conducted without Pd NPs@β-CD-Sch and no desired nitrile compound
was obtained. This finding show that Pd NPs@β-CD-Sch plays an im-
portant role in cyanation reactions. Additionally, the catalytic ability of
Pd NPs@β-CD-Sch in the cyanation reaction of para-substituted iodo-
toluene was compared with those of the other reported catalysts and the
results are displayed in Table 3. As clearly observed in Table 3, Pd
NPs@β-CD-Sch are superior with respect to the reaction time or reac-
tion yield compared with other catalysts. Additionally, a possible me-
chanism for the Pd NPs@β-CD-Sch catalyzed cyanation reaction is
given in Scheme 2. As seen in Scheme 2, the reaction started with the
oxidative addition of aryl halide over catalyst. Then, the reaction pro-
ceeds by transferring cyanide anion from K4[Fe(CN)]6. Finally, aryl
cyanide product was produced with reductive removal step.

3.3. Reusability of Pd NPs@β-CD-Sch

To check the recoverability/reusability of Pd NPs@β-CD-Sch, the
reaction of 1-iodo-3-nitrobenzene and K4[Fe(CN)6] was studied. After
each cyanation reaction, Pd NPs@β-CD-Sch were separated from the
reaction mixture via filtration, washed with EtOH and directly used in
the next cyanation. This test revealed that Pd NPs@β-CD-Sch is a long
life catalyst, which gives 85% yield after eight cycles (Fig. 8). On the
other hand, one of the most important problems in the catalytic reac-
tions is metal leaching. Leaching test was carried out after the eighth
recycling test and very low levels Pd leaching (0.2%) were recorded.
This test showed that palladium leaching from β-CD-Sch is negligible
during the cyanation reactions.

4. Conclusion

In conclusion, heterogeneous Pd NPs derived from β-cyclodextrin
have been developed and their catalytic performance was checked in

the cyanation of phenyl iodides, bromides and chlorides. Catalytic re-
sults showed that Pd NPs@β-CD-Sch provided good reaction yields in
the synthesis of different benzonitriles by providing good functional
tolerance against different substrates. Moreover, Pd NPs@β-CD-Sch was
found to be a recyclable catalyst, which can be used in eight con-
secutive cycles in the cyanation reactions. This study revealed that the
developed Pd NPs@β-CD-Sch were attractive/effective catalysts in the
production of benzonitriles.
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