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Polymer  supported  nickel  nanoparticles,  generated  by calcination  under  nitrogen  of  a  Ni(II)  contain-
ing polyacrylamide,  catalyzed  the hydrogenation  of  nitroarenes  to  anilines  in  aqueous  medium  at  room
temperature  in  the  presence  of NaBH4.  The  protocol  generally  favored  the formation  of the  desired  ani-
line  as single  product  in high  yields  with  short  reaction  times  and  proved  to  be highly  selective in  the
hydrogenation  of halonitrobenzene  to haloaniline,  avoiding  the  formation  of  hydro-dehalogenated  side-
itrobenzene reduction
olymer supported catalyst
ickel nanoparticles
queous medium
electivity towards haloaniline

products. The  catalyst  displayed  excellent  recyclability  over  at  least  five  cycles  (which  is  not  trivial  for
nickel  nanoparticle  based  catalysts  used  in water)  and no  leaching  of  metal  into  solution  occurred,  that
made  the  overall  system  eco-friendly  and  economic.  STEM  analyses  revealed  that  the  thermally  formed  Ni
nanoparticles  turned  into  cubic  nanotwins  under  reaction  conditions,  which  remained  almost  unchanged
with  the  re-cycles.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The last few years have witnessed an explosion in the use of new
anomaterials for catalytic application [1]. In this field, noble metal
anoparticles (NPs) have been widely employed in catalysis [2]
nd several studies have been devoted to the recyclability of these
xpensive materials [3]. Nevertheless, the high cost of noble metals
as limited their practical use. The substitution of noble metals for
bundantly available transition metals is an attractive strategy for
owering production costs and favoring noble-metal conservation
n the planet [4]. In this context, recently, due to their low cost, Ni
atalysts have been employed in several organic reactions (mainly
ydrogenations) [5].

The hydrogenation of nitroarenes to give the corresponding aro-
atic amines is a basic chemical reaction used both for removing

oxic nitro aromatics from aqueous medium and for synthetizing
nilines. In fact, aromatic amines are important bulk chemicals and

ntermediates to produce fine chemicals, pharmaceuticals, poly-

ers, herbicides, and more [6]. The industrial hydrogenation of
itrobenzene for the synthesis of aniline uses copper, palladium

∗ Corresponding author.
E-mail address: mariamichela.dellanna@poliba.it (M.M.  Dell’Anna).

ttps://doi.org/10.1016/j.mcat.2017.12.015
468-8231/© 2017 Elsevier B.V. All rights reserved.
or palladium-platinum supported on carbon or inorganic oxides,
as catalysts, under high pressure (up to 3 MPa) and high temper-
ature (up to 300 ◦C), and it is not able to avoid the formation of
noxious azo- and azoxyderivatives, which lowers the yield into ani-
lines [6]. Aiming at overcoming the above reported weaknesses, the
scientific community tried to develop alternative protocols for the
reduction of aromatic nitro compounds [7], including the use of dif-
ferent reducing agents, such as hydrazine [8], silane [9] and sodium
borohydride [10] in the presence of Cu [11], Pd [12], Au [13], Ru [14],
Ag [15], and, more recently, Co [16] and Ni [17] catalysts.

Nevertheless, the major problems remain still unsolved and
designing new systems with different chemical and physical com-
positions and morphologies for catalytic reduction of nitroarenes
under sustainable conditions is an urgent topic of current research.

In the search for innovative catalytic processes that enable
chemical transformations under mild, cheap and sustainable con-
ditions with high efficiency, we prepared an acryl amidic polymer
supported nickel catalyst (in the following Ni-pol)  and we evaluated
its catalytic activity in the hydrogenation of nitroarenes in aque-
ous medium. The real active species were Ni nanoparticles with a

peculiar nanostructure stabilized by the insoluble support, which
were active, selective and recyclable in the reduction of various
nitroarenes into anilines in water in the presence of sodium boro-

https://doi.org/10.1016/j.mcat.2017.12.015
http://www.sciencedirect.com/science/journal/24688231
http://www.elsevier.com/locate/mcat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcat.2017.12.015&domain=pdf
mailto:mariamichela.dellanna@poliba.it
https://doi.org/10.1016/j.mcat.2017.12.015
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ydride, that is a cheap, easy-handling and ready available reducing
gent with extensive applications in organic synthesis [18].

. Experimental section

.1. General considerations

Tap water was de-ionized by ionic exchange resins (Millipore)
efore use. All other chemicals were purchased from commercial
ources and used as received. Nickel content in Ni-pol was  assessed
fter sample mineralization by atomic absorption spectrometry
sing a Perkin–Elmer 3110 instrument. The experimental error on
he nickel percentage was ± 0.3. Mineralization of Ni-pol prior to Ni
nalyses was carried by microwave irradiation with an ETHOS E-
OUCH Milestone applicator, after addition of HCl/HNO3 (3:1 v/v)
olution (12 mL)  to each weighted sample. Microwave irradiation
p to 1000 W was used, the temperature being ramped from rt to
20 ◦C in 10 min  and the sample being held at this temperature for
0 min. After cooling to room temperature, the digested Ni-pol was
iluted to 1000 mL  before submitting to Graphite Furnace Atomic
bsorption Spectrometric nickel determination.

GC–MS data (EI, 70 eV) were acquired on a HP 6890 instru-
ent using a HP-5MS cross-linked 5% pphenyl methyl siloxane

30.0 m × 0.25 mm × 0.25 �m)  capillary column coupled with a
ass spectrometer HP 5973. The products were identified by com-

arison of their GC–MS features with those of authentic samples.
eactions were monitored by GLC or by GC–MS analyses. GLC anal-
sis of the products was performed using a HP 6890 instrument
quipped with a FID detector and a HP-1 (Crosslinked Methyl Silox-
ne) capillary column (60.0 m × 0.25 mm × 1.0 �m).  Conversions
nd yields were calculated by GLC analysis by using biphenyl as
nternal standard, or by column chromatography using silica gel
nd n-hexane/ethyl acetate as the eluent.

FT-IR spectra (in KBr pellets) were recorded on a Jasco FT/IR
200 spectrophotometer. Elemental analyses were obtained on a
uroVector CHNS EA3000 elemental analyser using acetanilide as
nalytical standard material. The high-resolution mass spectrom-
try (HRMS) analysis was performed using a Bruker microTOF Q
I mass spectrometer equipped with an electrospray ion source
perated in positive ion mode. The sample solutions (CH3OH) were

ntroduced by continuous infusion with a syringe pump at a flow
ate of 180 �L min−1. The instrument was operated with end-plate
ffset and capillary voltages set to −500 V and −4500 V respec-
ively. The nebulizer pressure was 0.4 bar (N2), and the drying gas
N2) flow rate was 4.0 L min−1. Capillary exit and skimmer volt-
ges were 90 V and 30 V, respectively. The drying gas temperature
as set at 180 ◦C. The calibration was carried out with a sodium

ormate solution (10 mM NaOH in isopropanol/water 1:1 (+0.2%
COOH)) and the software used for the simulations was Bruker
altonics DataAnalysis (version 4.0). Thermogravimetric analyses

TGA) were performed in a nitrogen flow (40 mL  min−1) with a
erkin-Elmer Pyris 6 TGA in the range from 30 to 800 ◦C with a heat-

ng rate of 10 ◦C min−1. Triplicate TGA runs have been performed
o ensure reproducibility.

Surface morphology was investigated on a selected piece of
i-supported catalyst considered to be representative of the mate-

ial. Nova NanoSEM 450 manufactured by FEI Company, USA, was
sed to perform FESEM analysis on the selected samples. Tiny
late-like of the powdered catalyst were mounted on TEM cop-
er grids, and gold-palladium sputtered (K550, Emitech Ltd, United
ingdom). Scanning Transmission Electron Microscopy (STEM)

etector allowed transmission images to be taken at 30 keV, lower
nergy level with respect to commonly used TEM, beam voltage
00–200keV. Resolution limits of this microscope are remarkable:
.4 nm @ 1 kV in high vacuum mode. The particle sizes were ana-
atalysis 446 (2018) 31–38

lyzed by STEM image analysis using the ImageJ software (freeware
software: http://rsb.info.nih.gov/ij/).

2.2. Catalyst preparation

The supported catalyst (Ni-pol) was  prepared by calci-
nation under nitrogen of a polymer supported Ni(II) com-
plex (Ni(AAEMA)2-pol), which in turn was obtained by co-
polymerization of the polymerizable complex Ni(AAEMA)2.

2.2.1. Ni(AAEMA)2
To a solution of KOH (579 mg,  10.3 mmol) in ethanol (10 mL), 2-

(acetoacetoxy)ethyl methacrylate (HAAEMA) (2.211 g, 10.3 mmol)
was added and left under stirring at room temperature for 5 min.
The resulting solution was  added to a solution of Ni(NO3)2· 6 H2O
(1.5 g, 5.16 mmol) in ethanol (15 mL), causing the sudden precip-
itation of Ni(AAEMA)2 as a pale green solid. After 1 h stirring,
the solid was filtrated and washed with water (3 × 5 mL), ethanol
(3 × 5 mL)  and pentane (3 × 5 mL), and dried overnight under vac-
uum. Anal. Calc. for NiC20H26O10: C, 45.00; H, 4.92; Ni, 19.97. Found:
C, 44.50; H, 4.99; Ni, 19.76. HRMS: (ESI, CH3OH, positive ion mode)
m/z: calcd. for NiC20H27O10 [M + H]+ 485.0952; found 485.0954. IR
(cm−1): 1720 (s), 1635 (s), 1623 (s), 1521 (s), 1385 (vs), 1259 (vs),
1161 (vs), 977 (m), 785 (m). UV-vis (CH2Cl2): 280 nm (� = 10660
mol  L−1 cm−1), 227 nm (� = 4800 mol  L−1 cm−1). m.p. = 120.3±0.4◦C.
Yield: 2.01 g, 80%.

2.2.2. Ni(AAEMA)2-pol
Ni(AAEMA)2 (4.0 mmol, 2.0 g) [AAEMA− = deprotonated form

of 2-(acetoacetoxy) ethyl methacrylate] was dissolved in N,N
−dimethylformamide (DMF, 5 mL)  and the resulting solution was
added of a mixture of N,N’-methylenebisacrylamide (1.2 mmol,
0.186 g) and N,N −dimethylacrylamide (43.2 mmol, 4.434 g) in DMF
(6 mL)  and heated at 120 ◦C under vigorous stirring. After 1 h from
the addition of azaisobutyronitrile (5 mg), the green jelly solid
which formed in the reaction vessel was  filtered off, washed with
acetone and diethyl ether, dried under vacuum, kept overnight in
oven at 95 ◦C and grinded with a mortar to give a pale green powder.
Yield: 4.04 g of polymer supported Ni(AAEMA)2 [Ni(AAEMA)2-pol].
Elemental Analysis (found): Ni 3.69; C 57.06; H 7.94; N 9.91%. IR
(cm−1): 3477 (bs), 2923 (bs), 1720 (s), 1622 (s), 1527 (s), 1256 (vs),
1144 (vs), 1355 (s), 780 (m).

2.2.3. Ni-pol
The as-obtained Ni(AAEMA)2-pol was  put in a tube furnace,

ramped at 10 ◦C min−1 in flowing N2 to 300 ◦C, and kept at the final
temperature for 30 min, yielding a black powder referred to as Ni-
pol. Yield: 3.83 g. Elemental Analysis (found): Ni 5.35; C 56.66; H
9.20; N 11.54%. IR (cm−1): 3482 (bs), 2930 (bs), 1720 (s), 1631 (s),
1495 (m), 1402 (m), 1258 (m), 1144 (s), 1053 (m).

2.3. General experimental procedure for the reduction of
nitroarenes catalyzed by Ni-pol

0.5 mmol  of nitroarene, 10.2 mg  of Ni-pol (Ni%w = 5.35, 9.3
10−3 mmol  of Ni) and 10.0 mmol  of sodium borohydride were
stirred under nitrogen at room temperature in 2.5 mL  of double
deionized water and 2.5 mL  of diethyl ether for the appropriate
amount of time, using a three-necked flask equipped by a gas bub-
bler to discharge the hydrogen excess produced during reaction.
The progress of the reaction was  monitored by GLC. After com-
pletion of the reaction, the reaction mixture was centrifuged to

separate the catalyst. The solid residue was first washed with deion-
ized water and then with acetone and diethyl ether to remove any
traces of organic material. The filtrate containing the reaction mix-
ture was extracted with ethyl acetate (3 × 5 mL) and then dried

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/


G. Romanazzi et al. / Molecular Catalysis 446 (2018) 31–38 33

Scheme 1. Synthesis of Ni(AAEMA)2-pol.

Table 1
Preliminary catalytic tests for the reduction of nitrobenzenea.

Entry Ni Catalyst NaBH4/PhNO2 molar ratio Solvent Reaction time (h) Yieldb (%)

1 Ni(AAEMA)2-pol 10 H2O 1 24
2  Ni(AAEMA)2-pol 10 H2O 4 47
3  Ni(AAEMA)2-pol 20 H2O 2 93
4  Ni(AAEMA)2-polc 20 H2O 2 27
5  Ni-pol 20 H2O 2 88
6  Ni-polc 20 H2O 2 80
7  Ni-pol 20 H2O/Et2O 2 90
8  Ni-polc 20 H2O/Et2O 2 90

a Reaction conditions: 0.5 mmol  of nitrobenzene, 10.2 mg  of Ni-pol (Ni%w = 5.35) or 17.5 mg  of Ni(AAEMA)2-pol (Ni%w = 3.12), solvent (5 mL,  H2O or H2O/Et2O, v/v = 1/1) and
given  amounts of NaBH4 were stirred at room temperature under nitrogen.
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b Yield determined by GLC with the internal standard (biphenyl) method.
c Catalyst recovered from the reaction of the previous entry.

ver anhydrous Na2SO4. The solvent was evaporated under reduced
ressure to yield the crude product, which was then purified by col-
mn  chromatography using silica gel and n-hexane/ethyl acetate
s an eluent to afford the pure product. The products were charac-
erized by GC–MS by comparison with authentic samples. For the
ssessment of the chromatographic yields, biphenyl (50.0 mg)  was
sed as the internal standard.

.4. Recycling experiments

At the end of reaction, the organic layer was removed with a
yringe and the aqueous phase suspending the supported catalyst
as washed with diethyl ether (3 × 5 mL), and, then, added of fresh

eagents. Iteration of this procedure was repeated for five reuses of
he catalytic system.

. Results and discussion

.1. Synthesis of the catalyst and preliminary catalytic tests

The polymer supported catalyst used in this work was
ynthetized following an unconventional method, aimed at
btaining a material with a uniform distribution of the Ni(II)
enters: i.e. by co-polymerization of the metal-containing
onomer [19] Ni(AAEMA)2 [20] [AAEMA− = deprotonated

orm of 2-(acetoacetoxy) ethyl methacrylate] with suitable
o-monomer (N,N-dimethylacrylamide) and cross-linker (N,N’-
ethylenebisacrylamide) (Scheme 1). The copolymer supporting
he metal was a non-hygroscopic green powder insoluble in
ll solvents. It swelled well in water, acetone, halogenated sol-
ents and dioxane and shrink when treated with diethyl ether,
thyl acetate or petroleum ethers. Its IR spectra in KBr (Fig. S3)
showed the features of the coordinated �-ketoesterate moiety
(1527 and 1622 cm−1) at roughly the same wavenumbers of the
corresponding Ni(AAEMA)2 complex (1531 and 1623 cm−1), thus
substantiating that the metallo-organic units in both soluble and
supported materials are similar.

This polymer [Ni(AAEMA)2-pol] was  alike the one already
obtained in our labs by co-polymerization of Pd(AAEMA)2 with
methacrylic monomers [21], found active, selective and recyclable
in several palladium catalyzed reactions [22]. This Pd(II) based poly-
mer  turned into polymer supported Pd(0) nanoparticles (Pd-pol)
under reaction conditions. In fact, as it has been reported for simi-
lar Pd nanoparticles supported on methacrylate based resins [23],
the reticular and macro porous polymeric support of Pd-pol could
immobilize, stabilize and retain palladium nanoparticles [24], that
were the true catalytically active species.

Furthermore, the good swell ability in water of the methacrylic
insoluble support rendered Pd-pol an ideal catalyst for reactions
carried out in aqueous solvent [25], since the migration of the
reagents to the active sites would not be hampered by the solid
matrix. Due to the analogy between Pd(AAEMA)2 and Ni(AAEMA)2
supported polymers, we decided to test the catalytic activity of
Ni(AAEMA)2-pol in a benchmark reaction [26] in which Pd-pol was
particularly active and recyclable: [27] the transfer hydrogenation
of nitrobenzene in water using NaBH4 as the reducing agent, hoping
that Ni(II) centers could turn into Ni(0) nanoparticles under reac-
tion conditions, as it happened for Pd-pol.  Preliminary catalytic tests
were carried out using nitrobenzene as the representative sub-
strate. By employing the same optimized conditions used for the

palladium catalyzed nitroarene reduction [27], the yield into the
desired aniline was poor (24% after 1 h and 47% after 4 h, entries
1 and 2 of Table 1, respectively), but it significantly increased by
increasing NaBH4/substrate molar ratio up to 20 (entry 3, Table 1).
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Fig. 1. Reusability of Ni(AAEMA)2-pol and Ni-pol in H2O and in H2O/Et2O (v/v = 1/1)
over  five cycles. Reaction conditions: 0.5 mmol  of nitrobenzene, 10.2 mg  of Ni-pol
(Ni%w = 5.35) or 14.8 mg  of Ni(AAEMA)2-pol (Ni%w = 3.69), 10 mmol  of NaBH4 in H2O
(5  mL)  or H2O/Et2O (V/V = 1/1, 5 mL)  at room temperature, t = 2 h.
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genation reaction, which is a side-reaction favored by the electron
withdrawing effect of the nitro group in para and/or ortho positions
(with respect to the halogen), that enhances the rate of the Ar-X
(Cl, Br, I) oxidative addition to the metal center. Selective haloni-

Table 2
Reduction of various halonitroarenes catalyzed by Ni-pola.

Entry Substrate Product Time (h) Yield (%)b

1 4-fluoronitrobenzene 4-fluoroaniline 5 97
2  4-chloronitrobenzene 4-chloroaniline 5 94
3  4-bromonitrobenzene 4-bromoaniline 12 95(94)
4  4-iodonitrobenzene 4-iodoaniline 5 82

a Reaction Conditions: 0.5 mmol of nitroarene, 10.0 mmol  of NaBH and Ni-pol
Scheme 2. Preparation of Ni-pol by calcination under N2 at 300 ◦C.

owever, attempting in recycling Ni(AAEMA)2-pol failed, since the
ield into aniline dropped to 27% already in the second run with
he same catalyst (entry 4, Table 1). We  observed also that the resin
urned from green to black during reaction (presumably due to Ni
eduction from +2 to 0 oxidation state) and, then, from black to
hite at the end of the reaction, probably due to metal leaching

nto solution (which in turn became green).
Calcination under hydrogen or nitrogen atmosphere is a

ell-known technique [16a,28] used for preparing metallic
anoparticles anchored to an insoluble support by thermal reduc-
ion of supported metal ions. Depending on the calcination
emperature, the thermal treatment modifies also the insoluble

atrix (which may  lose water, crystallization solvent molecules
nd/or carbon-based moieties), thus enhancing or depressing the
bility of the support in stabilizing and retaining the so formed
etal nanoparticles. For example, Qiu and coworkers found that

he calcination temperature is the key factor affecting the structure,
orphology and the catalytic performance of their Ni/C catalyst in

he hydrogenation of nitroarenes [29]. They identified in T = 300 ◦C
he best calcination temperature for their catalyst in terms of activ-
ty. Thermal Gravimetrical Analyses (Fig. S4) suggested us to set the
alcination temperature for our system at 300 ◦C as well, because
ver 300 ◦C the loss in weight of the polymeric material exceeded
% of the initial mass, due to important structural modification of
he support [29]. Therefore, by annealing Ni(AAEMA)2-pol under
itrogen flow for 30 min  at 300 ◦C, we obtained Ni-pol as a black
owder (Scheme 2).

To our delight, Ni-pol resulted active and recyclable in the reduc-
ion of nitrobenzene (entries 5–8, Table 1), although in neat water
he reusability of the catalytic system dramatically decreased after
he second run. Fig. 1 summarizes the recyclability over five runs of

i(AAEMA)2-pol and Ni-pol in neat water and in water/diethyl ether

v/v = 1/1), as the solvent.
It can be seen from Fig. 1 that the best catalytic performance

n terms of catalytic activity and recyclability was shown by Ni-pol
atalysis 446 (2018) 31–38

in H2O/Et2O as the solvent. The biphasic reaction medium on one
side facilitates the access of the water insoluble substrate to the
catalytically active sites and on the other side renders more work-
able the acrylamide based catalyst, becoming the latter too jelly
in neat water. In addition, the polymeric support seems to better
retain the nickel centers by swelling (in water) and shrinking (in
diethyl ether) at the same time. Furthermore, Zhao and coworkers
demonstrated that water solvent rapidly deactivates Ni supported
catalyst in the hydrogenation of nitroarenes by forming catalyti-
cally inactive Ni(OH)2 species [30]. This problem has been resolved
by coating the catalyst with a hydrophobic layer of carbon [30]. In
our system, the hydrophobic property of diethyl ether might help
to prevent catalyst deactivation. Additionally, it can be deduced
that the catalytically active species are metallic Ni nanoparticles
rather than Ni(II) sites. Therefore, high attention should be paid to
the size and morphology of Ni sites, as well as to their distribution
in the polymeric support and their modification after the use in the
reaction media.

On the bases of the above results, we concluded that the opti-
mum  reaction conditions to be used for converting 0.5 mmol  of
nitrobenzene into aniline in the presence of 10.2 mg  of Ni-pol (con-
taining 5.35%w Ni) were the ones reported in entries 7 and 8 of
Table 1.

To further validate the reliability of the reaction conditions of
our system, we replaced NaBH4 with H2, as reducing agent. Thus,
nitrobenzene was  stirred for 10 h under 1 bar H2 in the presence
of Ni-pol in H2O/Et2O or in methanol, but no reaction occurred.
The same result (no reaction) was  obtained even carrying out the
reaction at 100 ◦C under 10 bar H2 in methanol. This suggests that
the NaBH4 system is far more active than the H2 one, presumably
because NaBH4 can supply hydrides and generate hydrogen gas in
the close proximity of the metal centers at the same time [25d].

3.2. Selectivity of the catalytic system in the hydrogenation of
halonitrobenzene to haloaniline

Using the optimized reaction conditions, the selectivity of the
catalyst was tested in the reduction of different halonitrobenzenes.
In fact, the selective hydrogenation of halonitrobenzenes catalyzed
by transition metals is regarded as a high atom efficiency and
environmentally friendly process for the synthesis of haloanilines,
which are important fine chemicals, widely used in the production
of pharmaceuticals, dyes, herbicides, pesticides [31]. However, up
to now, the major challenge is avoiding the undesired hydrodehalo-
4

(9.3·10−3 mmol  of Ni) were stirred in 2.5 mL  of double deionized water and 2.5 mL
of  diethyl ether at room temperature for the appropriate amount of time.

b Yield determined by GLC with the internal standard (biphenyl) method. Isolated
yield after column chromatography in parenthesis.
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Fig. 2. Selectivity of Ni-pol towards 4-bromoaniline over five cycles. Reaction condition
NaBH4 in H2O/Et2O (v/v = 1/1, 5 mL)  at room temperature, t = 12 h.

Table 3
Transfer hydrogenation reaction of nitroarenes catalyzed by Ni-pola.

Entry Substrate Product Time (h) Yield (%)b

1 2-nitrotoluene 2-methylaniline 4 >99
2  4-nitrotoluene 4-methylaniline 2 90
3  3-nitrotoluene 3-methylaniline 2 87
4  3-methoxynitrobenzene 3- methoxyaniline 4 91
5  4-methoxynitrobenzene 4- methoxyaniline 5 83
6  1,2-dinitrobenzene 1,2-diaminobenzene 12 90
7  2,4-dinitrotoluene 2,4-diaminotoluene 5 (82)

a Reaction Conditions: 0.5 mmol  of nitroarene, 10.0 mmol of NaBH4 and Ni-pol
(9.3·10−3 mmol  of Ni) were stirred in 2.5 mL of double deionized water and 2.5 mL
o
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f  diethyl ether at room temperature for the appropriate amount of time.
b Yield determined by GLC with the internal standard (biphenyl) method. Isolated

ield after column chromatography in parenthesis.

roarene reductions have been reached by poisoning Pd [32] or Pt
33] nanocatalysts. Our Ni based catalytic system resulted active
nd selective in the reduction of halonitrobenzenes (Table 2), even
n the case of challenging bromo- and iodo-nitrobenzene (entries

 and 4, Table 2). This chemoselectivity, much higher than the one
bserved with the analogues Pd catalyst [27], should be ascribable
o reluctance of aryl halides to give oxidative addition to nickel
ctive site, which is the well-known first step of the Ni and Pd
atalyzed hydrodehalgenation reaction [34].

Ni-pol system showed the same activity and selectivity over var-
ous cycles. In fact, after completion of the reaction, the organic
hase was pipetted out and the water solution (containing the
atalyst on its upper layer) was washed twice with diethyl ether
o remove all organic reactants and products. Fresh reagents and
iethyl ether were then added to the water mixture and the cat-
lytic system was successfully reused for five subsequent runs,
here it showed the unaltered catalytic activity and selectivity,

iving 4-bromoaniline as the product in excellent yield (89–95%)
or every cycle (Fig. 2).

.3. Activity of the catalytic system

The catalytic system was then tested for the reduction of various
itroarenes under the optimized reaction conditions (Table 3).
Ni-pol could catalyze the reduction of substrates bearing either
lectron-withdrawing and electron-donating substituents in the
romatic ring. 2-, 3- and 4-Nitrotoluene, as well as 3- and 4-
ethoxynitrobenzenes, gave very high yields into 2-, 3- and
s: 0.5 mmol  of 4-bromonitrobenzene, 10.2 mg of Ni-pol (Ni%w = 5.35), 10 mmol of

4-toluidine, and 3- and 4-anisidine, respectively, in 2–5 h (entries
1–5). Regarding 1,2-dinitrobenzene (entry 6), both nitro groups
were converted in 12 h, and 2-nitro-aniline was detected only in
slight amount during the reaction course. Due to the absence of
steric hindrance, 2,4-dinitrotoluene reacted faster (entry 7) than
its isomer reported in entry 6. It is noteworthy that o- and p-
diaminobenzene are notoriously important in the industry of azo
dyes [35].

3.4. Heterogeneity tests

To verify whether the observed catalysis was truly heteroge-
neous or not, the reduction of 4-bromonitrobenzene was taken as
the model reaction. The reaction system was  removed of the sup-
ported catalyst by filtration after 3 h reaction (30% conversion of the
substrate) and added of 10.0 mmol  NaBH4. Additional stirring of the
filtrate under the optimized reaction conditions did not increase the
conversion of 4-bromonitrobenzene. On the contrary, the amount
of 4-bromoaniline in the reaction mixture decreased after further
9 h stirring (vide infra).

This mixture was  then mineralized and subjected to AAS analy-
ses, showing negligible nickel amount. In addition, Ni-pol recovered
from the filtration showed the same nickel content (within the
experimental error) found in the catalyst before its use (AAS anal-
yses) as well as in Ni-pol recovered at the end of the fifth cycle. All
these data suggested that the catalysis was truly heterogeneous,
since the presence of catalytically active leached nickel species was
not observed.

3.5. STEM analyses

To gain insight into the structure of the catalyst, Scan-
ning Transmission Electron Microscopy (STEM) was carried out.
Ni(AAEMA)2-pol and Ni-pol were subjected to STEM analyses as well
as the catalyst recovered after the first and the fifth run, respec-
tively, with the aim of ascertaining whether the reaction cycles
affected the morphology and the dispersion of the nickel active
species on the polymeric support.

STEM images of Ni(AAEMA)2-pol and of Ni-pol before and after
duty are reported in Fig. 3.

Ni(AAEMA)2-pol was  constituted by Ni(II) species only (not visi-
ble in STEM micrographs) supported onto a macro-porous polymer
(Fig. 3a). STEM image of Ni-pol before use in catalysis shows metal-
lic Ni nanoparticles ranging from 11 to 37 nm in size and a few

amount of Ni(0) nanocubes with a cube side of 85–200 nm (Fig. 3b),
formed during the thermal treatment procedure. In the STEM pic-
ture of Ni-pol recovered after the first run, the previously observed
metal nickel nanoparticles were not visible anymore, due to their
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Fig. 3. STEM micrographs of matrix polymer embedded Ni nanoparticles: (a) Ni(AAEMA)2-pol; (b) Ni-pol before use in catalysis; (c) Ni-pol recovered after the first run of the
reduction of 4-bromonitrobenzene; (d) Ni-pol recovered after the fifth run of the reductio
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liquor removed of Ni-pol during reaction (30% conversion of ArNO2)
Scheme 3. Nickel catalyzed formation of H2 by NaBH4.

ransformation under reductive reaction conditions into cubic nan-
twins ranging from 28 to 70 nm in side size (Fig. 3c). The peculiar
orphology of the latters might arise from the matrix effect of the

olymer support which controlled both nanoparticle shape (cubic)
nd growth. In fact, it seemed that for each nanoparticle a second
ano-cube grew up along the diagonal (preferential direction) of
he primary nano-cube, giving rise to two compenetrated cubes as
nal overall nanoparticle. On passing from the first to the fifth cycle

Fig. 3d), the Ni(0) nanotwin side sizes remained almost the same
27–65 nm)  as well as nanoparticle number density. The quantity of
he largest nanoparticles (45–70 nm)  seemed even to decrease with
he re-uses (Fig. 3c and d), probably for a dissolution/re-deposition

echanism [36] due to the presence of water, which is known to
xidize polymer embedded Ni(0) to Ni(II) [30], that in turn would
e again reduced under reaction conditions to form Ni(0) nanopar-
icles. The polymer matrix might act as a stabilizer of the metal
anoparticles; thus, their size and morphology did not dramatically
hange with the re-uses.

Ni nanoparticles formed under reaction condition, because
aBH4 acts as a reducing agent of the metal in a dual way, by provid-

ng hydrides and by generating hydrogen gas. In fact, the hydrides
rom sodium borohydride can displace negatively charged ligands
ound to Ni(II), generating Ni-hydrides directly, which upon �-

ydride elimination of H2, give the reduced metal. In addition, the

n situ formed H2 in water (Scheme 3) in the closeness of Ni(II) can
educe it to Ni(0).
n of 4-bromonitrobenzene.

3.6. Mechanistic consideration

By using NaBH4 in water in the presence of Ni-pol,  abundant
formation of H2 gas was observed in the reaction flask, according
to the reaction reported in Scheme 3 [37].

It is widely recognized [38] that the hydrogenation of
nitroarenes (I) could follow two pathways: the direct route and
the condensation route (Scheme 4). The first one gives the aniline
product (IV) through the formation of hydroxylamine (III), while
the second one affords diazoarene (VI)  as intermedium.

Pd and Au based catalytic systems generally prefer the direct
route [39], even if Pd/C catalyst might follow other mechanistic
ways [40]. For a Ni catalyst, density functional study has demon-
strated that the direct reduction pathway is more favorable than
the indirect one [41].

During the reduction with NaBH4/Ni-pol system, diazo-
intermediates (V and VI)  were always detected (GC–MS analysis),
as well as the nitroso compound (II). The presence of arylhy-
droxylamine (III) was never observed. When the substrate (I)
disappeared, the concentration of II, V and VI became lower,
because they reacted to give the product (IV). Probably, III was
never detected because its reduction was faster compared to the
one of II and/or because III quickly reacted with II to give V. These
results suggest that Ni-pol reducing system might go through both
direct and condensation routes (Scheme 4).

An increasing of diazoarene (VI) amount and a decreasing of
aniline (IV) quantity were observed (GLC Analyses) in the mother
and stirred for additional nine hours after addition of fresh NaBH4.
In the absence of the supported catalyst, nitrosoarene (II) and ani-
line (IV)  condensed into diazoarene (VI) (Scheme 4), because the
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Scheme 4. Possible mechanistic pathways for nitroarene hydrogenation.

Table 4
Reaction conditions for Ni-based reported catalyst.

Catalyst T (◦C) Solvent P (MPa) of H2 NaBH4/substrate molar ratio Ref.

Ni-pol 25 H2O/Et2O – 20 This work
Ni-NPs/C 25 H2O – 847 [45]
Ni/CB 30 H2O – 104 [46]
Co-Ni 120 EtOH 3 – [47]
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Ni/C60 80 EtOH 1 

Ni-53-EN 110 EtOH 2 

Ni-B-SiO2 100 EtOH 1.

ydrogenation of II to give hydroxylaminearene (III) did not hap-
en without Ni.

A major strength of this reaction protocol is its recyclability, its
electivity when using halonitroarenes as substrates and its ability
o perform the reduction in aqueous medium, which is not triv-
al for Ni based catalysts. The absence of arylhydroxylamine during
eaction is an additional strong point, because accumulation of aryl-
ydroxylamine may  lead to rapid exothermic decomposition [42].
y comparing Ni-pol catalytic system with the commercial available
aney Ni, [43] it is apparent that the latter dramatically deactivates
fter few runs and it needs harsh conditions (102 ◦C and 1.62 MPa  of
2) to obtain high yields. Raney Ni/NaBH4 system has been recently
roposed, but no studies on its recyclability have been reported
44].

Table 4 displays the reaction conditions employed in catalytic
ystems based on recent examples of Ni supported catalysts in the
ydrogenation of nitroarenes. It is apparent that either high tem-
eratures and H2 pressures or high NaBH4/substrate molar ratio
re needed to get good yield. In addition, to the best of our knowl-
dge Ni-pol system is the second example reported to date [29] of
i based reusable catalyst, selective in the hydrogenation of haloni-

robenzenes to haloanilines.

. Conclusions

In conclusion, the polymeric catalyst Ni-pol (based on a cheap

etal, i.e. Ni) efficiently catalyzed the transfer hydrogenation reac-

ion of aromatic nitro compounds with NaBH4 under sustainable
onditions (aqueous medium and room temperature), thus avoid-
ng the use of the commonly employed noble metals (Pd, Pt). STEM
– []
– [48]
– [49]

analyses showed that the active species were metallic Ni nanocubes
ranging from 28 to 70 nm in side size, stabilized by the polymeric
support. Ni-pol was  stable in aqueous medium and could be reused
for at least five cycles keeping the same activity and selectiv-
ity. These occurrences are not trivial for catalysts supporting Ni
nanoparticles, because the latter have been found water-sensitive
in similar catalytic systems.

Finally, Ni-pol catalytic system was selective towards haloani-
lines in the reduction of halonitrobenzenes, avoiding the formation
of hydro-dehalogenation products. To the best of our knowledge
Ni-pol system is the second example reported to date of Ni based
reusable catalyst, selective in the hydrogenation of halonitroben-
zenes to haloanilines.
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