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Abstract—A new recyclable catalytic system was developed based on palladium nanoparticles and a copolymer
of N-vinylimidazole and N-vinylcaprolactam for cyanation of aromatic bromides. The source of the cyanide ion
was a nontoxic potassium hexacyanoferrate.
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Aromatic nitriles are an important class of organic
compounds used in the production of dyes, pharma-
ceuticals, agricultural reagents [1, 2]. They often are
intemediate products in the organic synthesis for the cyano
group is easily transformed into other functional groups
[3]. The aryl cyanides are commonly obtained from aryl
halides by Rosenmund–von Braun reaction [4] or from
diazonium salts by Sandmeyer reaction [5]. Both these
reactions proceed under stringent conditions and require
employing stoichiometric of even larger quantity of copper
compounds. However it is possible at present to perform
the catalytic cyanation under mild conditions (see, e.g.,
[6]). The transformation of aryl halides into nitriles was
investigated with the use of various sources of the cyanide
ion under the catalysis with complexes of nickel [7],
palladium [8], and copper [9]. The cheapest  source of
the cyanide ion are simple salts like KCN, but they are
toxic, and moreover, they are poisons for the palladium
catalyst [10]. The poisoning is prevented by adding
chelating diamines, for instance, N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA) [2, 11], or by applying as
catalyst the combination Pd(0)–Cu(I) [12]. Another
widely used source of the cyanide ion is Zn(CN)2 [13,
14], the application has been described also of Me3SiCN
[15], a combination KCN–Me3SnCl [16], of acetone
cyanohydrine [17], and (RO)2BCN [18]. ArI, ArBr, ArOTf,
and even ArCl containing electron-acceptor substituents
were brought into the reaction. The nonactivated aryl
chlorides are involved into the reaction at the use of strongly

donor and sterically hindered phosphine ligands [19], even
at relatively low temperature (80–95°C) [20]. A cyanation
reaction with a palladium catalyst with a grafted phosphine
ligand was reported, but the recyclization possibility of this
catalyst was not mentioned [21].

Recently the potassium hexacyanoferrate(II) was used
again as a cheap and nontoxic source of the cyanide ion
[22]. The reaction with aryl bromides was carried out
with palladium-phosphine catalyst [23], in the presence
of diamines in ionic liquids [24], and at higher temperatures
also with “ligand-free” palladium [25]. The reaction with
an immobilized palladium was performed with aryl iodides
[26], and with activated  aryl bromides and Pd/C it was
carried out in the presence of inorganic bases and Bu3N.
The possibility was shown to recyclize the catalyst (four
cycles), but the yield in this case gradually decreased
[27]. It proved that at high tempera-ture (140–160°C)
even the nonactivated aryl chlorides were involved into
the reaction [28]. The great interest is attracted by the
possibility of the cyanation in water, under the microwave
irradiation, and without ligands. As catalyst Pd/C [29] or
palladium acetate [30] were used, both aryl iodides and
arylbromides were brought into the reaction.

In extension of the research on recyclizable catalytic
systems based on soluble polymers [31, 32] we carried
out the cyanation of aryl bromides with potassium
hexacyanoferrate(II) using for a catalyst the palladium
immobilized on a random copolymer poly(N-vinylimid-
azole)–poly(N-vinylcaprolactam) (the content of N-vinyl-
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caprolactam 30 mol%) that previously had been shown
to be efficient and recyclizable catalyst in Heck reaction
[32].

The effect of the nature of the base on the yield of
the reaction product was studied by an example of the
reaction of 4-bromoacetophenone in DMF at 120°C. The
function of the base apparently consists in driving the
cyanide ion from K4[Fe(CN)6]. The reaction failed to
proceed at the use as the base of K2CO3 evidently
because of the high solubility of K2CO3 resulting
consequently in a higher concentration of the  cyanide
ions in the solution leading to the poisoning of the catalyst.
The use of Na3PO4, K3PO4, and Na2CO3 made it possible
at the concentration of Pd 1 mol% to bring the reaction
to completion in 6 h (Table 1). The quantity of the catalyst
can be considerably reduced (to 0.1 mol%), but it leads
to the longer reaction time. Inasmuch as the recycling of
the catalyst permitted avoiding the loss of palladium we
applied further the concentration of  Pd 1 mol%.

Under the optimized conditions (1 mol% Pd and
Na3PO4) reaction was performed with aryl  and
heteroaryl bromides. All aryl bromides containing both
electron-acceptor and electron-donor substituents reacted
to 100% conversion of aryl bromide (by the data of NMR
and GLC), but the selectivity of the reaction varied in the

range 60–99%, likely due to the reduction processes. In
going from electron-deficient aryl bromides to electron-
rich compounds the time of the reaction grew. Due to
the volatility of some compounds the yield measured by
NMR spectra after concentration was underestimated;
similar case had been previously observed [14]. We yet
have not found the reason of the formation from p-
bromochlorobenzene alongside the p-chlorobenzonitrile
also of 1,4-dicyanobenzene (Table 2, run no. 6), and
therewith as the main reaction product, whereas the p-
chlorobenzonitrile proper did not react under the given
conditions.

2-Bromopyridine failed to react even at 140°C. We
presume that the reason was the difficulty of the
reductive elimination from the complex 2-PyPdCN in the
absence of strong donor ligands  (Table 2, run no. 11).
Although we failed to bring into the reaction the p-chloro-
benzonitrile the more activated p-chloroacetophenone
reacted at 140°C but the yield was low (conversion 37%)
(Table 2, run no. 14).

By the example of the 4-bromoacetophenone
cyanation we studied the possibility of the catalyst
recyclization. On completion of the reaction in each cycle
the catalyst was precipitated by ethyl ether, it was isolated,
washed, and to the solid residue the solvent and the
required amounts of the reaction components were added.
The yields in the ten successive cycles varied from 93
and 99% in the first cycles to 89% in the last (Table 3),
i.e., the catalyst activity changed within the limits of the
measurement error. The investigation of catalyst samples
after the fourth and the tenth cycles by transmission
electro microscopy showed that the size distribution of
palladium nanoparticles altered insignificantly. The

Table 1. Cyanation of 4-bromoacetophenone with potassium
hexacyanoferrate (II) in the presence of various basesa

a Reaction conditions: 1 mol% of PdCl2/copolymer 1 : 5 (with respect
to monomer unit), 0.2 mmol of 4-bromoacetophenone, 0.044 mmol
of K4[Fe(CN)6]·3H2O, 0.2 mmol of base, 0.5 ml of DMF, 120°C,
6 h.

b Yield by 1H NMR data, dimethyl terephthalate used as reference.
c 0.1 mmol of base.
d 0.1 mol% of Pd, 10 h. eYield of the isolated reaction product.

The images obtained by transmission electron microscopy of
catalytic system PdCl2/copolymer 1:5 after a blank run (a),
after the  1st (b), 4th (c), and 10th (d) cycle of 4-bromo-
acetophenone cyanation (scale 50 nm).
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dimensions of the formed nanoparticles lie in the range
2–15 nm, and the distribution maximum corresponds to
7 nm (see the figure, b–d). Regretfully, the resolution of
the electron microscope did not allow more precise

Table 2. Cyanation of aryl bromidesa

a Reaction conditions: 1 mol% of PdCl2/copolymer 1 : 5 (with respect to monomer unit), 0.2 mmol of aryl bromide-, 0.044 mmol of
K4[Fe(CN)6]·3H2O, 0.2 mmol of base, 0.5 ml of DMF, 120°C, 6 h.

b Yield by 1H NMR data, dimethyl terephthalate used as reference.
c 140°C.
d 0.088 mmol of K4[Fe(CN)6]·3H2O.

Table 3. Recycling of catalyst, 10 cycles

measurements, and it was not possible to explain the
reason of the visible change in the nanoparticles after
the tenth cycle.

The palladium nanoparticles evidently form by
reduction of palladium(II) chloride with dimethylamine
contained in the solvent or arising on heating DMF. It is
shown by the blank experiment that the palladium
nanoparticles formed at heating PdCl2 in DMF for 2 h
120°C (see the figure, a).

Therefore the catalytic system we developed makes
it possible to replace efficiently bromine atoms by the
cyano group  in aryl bromides both with electron-acceptor
and electron-donor substituents. It was established that
in the course of this reaction the bivalent palladium is
reduced to zero-valent with the subsequent formation of

Br K4[Fe(CN)6] CN
RR

[Pd], Na3PO4

DMF, 120oC
+



RUSSIAN  JOURNAL  OF  ORGANIC  CHEMISTRY  Vol.  46  No.  2  2010

160 BELETSKAYA  et  al.

stable palladium nanoparticles stabilized by the polymer.
The polymer system with the nanoparticles is easily
isolated from the low-molecular reaction products by
precipitation and can be used repeatedly with the retention
of its activity.

EXPERIMENTAL

NMR spectra were registered on a spectrometer
Bruker AMX-400 with operating frequency 400 MHz
from solutions in deuterochloroform. The quantitative
analysis by 1H NMR method was carried out using
dimethyl tetrphthalate as internal reference. The images
by transmission electron spectroscopy were obtained on
an instrument EM 301 Philips. The solvents used in the
synthesis were purified by standard procedures. The most
reagents purchased from Aldrich were used without
further purification. The copolymer poly(N-
vinylimidazole)–poly(N-vinylcaprolactam), Μ 20000, was
prepared by method [32]. Palladium chloride was taken
as an ethanol solution of H2PdCl4. The reactions were
carried out in an argon atmosphere, the reaction progress
was monitored by TLC on Alugram SilG/UV254 plates
(Macherey-Nagel).

Cyanation of aryl halides with potassium
hexacyanoferrate(II), General procedure. 1 ml of a
solution of H2PdCl4 in ethanol (C 0.002 mmol/ml) was
evaporated in a vacuum to dryness, and thereto was added
0.2 mmol of aryl halide, 18.6 mg (0.044 mmol) of
K4[Fe(CN)6] . 3H2O, 16.4 mg (0.1 mmol)of Na3PO4,
1.0 mg (5 mol% with respect to one monomer unit) of
copolymer poly(N-vinylimidazole)–poly(N-vinylcapro-
lactam) (content of N-vinylcaprolactam 30 mol%), and
0.5 ml of DMF. The reaction mixture was heated at
constant stirring at 120°C for a time required for the
completion of the reaction. On cooling the mixture to room
temperature the catalyst was precipitated by adding 4 ml
of ethyl ether, the solution was separated, the precipitate
was washed with ethyl ether (2×2 ml). The combined
ether solutions were passed through a small bed of silica
gel, elution with 4 ml of dichloromethane. The obtained
reaction mixture was studied by 1H NMR.

Recycling of catalyst. To the separated precipitate
of catalyst twice washed with ethyl ether and dried in a
vacuum was added 39.8 mg (0.2 mmol) of p-
bromoacetophenone, 18.6 mg (0.044 mmol) of
K4[Fe(CN)6]·3H2O, 12.3 mg (0.075 mmol) of Na3PO4,
0.5 ml of DMF , and the reaction was performed by the
general procedure.

Preparation of ethanol solution of H2PdCl4. To
3.6 mg of PdCl2 in 6 ml of anhydrous ethanol was added
0.3 ml of 4 Μ solution of HCl in dioxane, the mixture
was stirred at room temperature till the complete
dissolution of PdCl2. The solution was transferred into a
volumetric flask of 10.0 ml, and ethanol was added to
the mark. Thus the solution of H2PdCl4 was obtained of
the concentration 0.002 mmol/ml.
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