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Perovskite-type LaFeOs; nanoparticles were readily synthesized via thermal decomposition of the
La[Fe(CN)s]-5H,0 complex and characterized by using thermal analysis (TGA), X-ray diffraction
(XRD), Fourier-transformed infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM) and BET specific surface
area measurement. This nanosized perovskite-type oxide with an average particle size of 35nm and a
specific surface area 38.5 m2/g was used as a new reusable heterogeneous catalyst for highly efficient and
selective reduction of aromatic nitro compounds into their corresponding amines by using propan-2-ol
as the hydrogen donor under microwave irradiation. This method is regio- and chemoselective, clean,
inexpensive and compatible with the substrates having hydrogenlysable or reducible functional groups.
As compared with conventional heating, this method is very fast and suitable for large scale preparation
of different substituted anilines as well as other arylamines. The catalyst can also be reused without
observable loss of its activity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Aromatic amines are a class of the useful organic materials due
to their applications in the manufacture of dyestuffs, pharmaceu-
tical products, agricultural chemicals, surfactants and polymers
[1,2]. The preparation of aromatic amines is traditionally performed
through the reduction of aromatic nitro compounds using catalytic
hydrogenation [3] and metallic reagents in acidic media [4-6].

In recent years, numerous new reagents have been developed
for the reduction of aromatic nitro compounds to their correspond-
ing amines [7-30]. Among them, catalytic transfer hydrogenation
using safe, clean and stable hydrogen donors such as hydrazine
hydrate, formic acid and propan-2-ol rather than highly flammable
hydrogen gas is one of the most suitable method [31]. This method
has potential advantages, including operational simplicity, high
selectivity and yield, no highly diffusible and flammable H, gas
used and no special equipment required. Pt, Pd, Ru and Raney Ni
are classical catalysts employed in catalytic transfer hydrogenation
[32]. However, expensive metals such as palladium or platinum
on carbon and Raney nickel used for this purpose are flammable
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when exposed to air and, in most cases, the use of an inert atmo-
sphere is necessary. Since this transformation requires catalysts
with high surface area and high acidic active sites, it seems that
nanosized materials which possess such characteristics to be suit-
able for this purpose. Nanostructured catalysts such as silicate
or aluminophosphate molecular sieve-supported transition metal
ions [33-40], polymer-supported amorphous Ni-B nanoparticles
[41] silica-supported gold nanoparticles [42], Mg-Fe hydrotalcite
[43], Faujasite NaY zeolite [44] have been employed in the catalytic
transfer hydrogenation of nitroarenes. However, these reactions
are usually conducted under refluxing conditions, a process that
requires several hours of time. Furthermore, the activity of most of
these catalysts decreases with subsequent recycling.
Nanostructured transition metal oxides have attracted great
interest in recent years due to their particular physical and chem-
ical properties compared to bulk materials [45,46]. Among them,
perovskite-type mixed oxides (ABO3 ) are promising catalytic mate-
rials for the organic transformations due to thermal stability, high
resistant to dissolution in aqueous and non-aqueous solutions, and
their much lower cost as compared to noble metals [47-53]. The
major drawback of traditional perovskite-type oxides is low sur-
face area (<5m?/g) that limits their catalytic performance. One
approach to overcome this problem is to prepare the perovskite-
type oxides with nanosized particles. The preparation of nanosized
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perovskite-type oxides with sufficiently high surface areas by con-
ventional method since it involves a solid-state reaction of the
simple oxides at high temperatures (>1000°C), leading to bulk
particles with low-surface-area (<5 m?/g). The solid-state thermal
decomposition of heteronuclear complexes is one of the sim-
plest and lowest-cost techniques for preparing pure and nanosized
perovskite-type oxides with relatively high specific surface area
[54]. In fact, the heteronuclear complexes are solid solutions that
contain the cations mixed together, essentially on an atomic scale.
Because of the high degree of homogenization, much lower temper-
atures are sufficient for the reaction to occur. This method exhibits
many advantages; no need for solvent, surfactant and complex
apparatus, high yield, low energy consumption and simple reaction
technology.

In continuation of our interest in exploring nanostructured
catalysts for organic transformations [55-58], in this work,
perovskite-type LaFeO3 nanoparticles were easily prepared via
thermal decomposition of the La[Fe(CN)g]-5H,0 complex and
their catalytic activity were evaluated in the reduction of aro-
matic nitro compounds with 2-propanol as a hydrogen donor
under microwave irradiation (MWI). The results indicate that the
nanosized perovskite-type LaFeO3 oxide is a highly selective and
efficient recyclable catalyst for the rapid reduction of aromatic nitro
compounds to the corresponding amines under MWI. To the best
of our knowledge, this is the first report of catalytic reduction of
aromatic nitro compounds over a nanosized perovskite-type oxide
in conjunction with MWI.

2. Experimental
2.1. Catalyst preparation

La[Fe(CN)g]-5H20 complex was synthesized as a reddish-brown
precipitate via mixing aqueous solutions of equimolar amounts of
La(NOs3)3-6H,0 and K3[Fe(CN)g] with continuous stirring, accord-
ing to the literature method [54]. The resulting precipitate was
washed with water, ethanol and diethyl ether, before drying in air at
50°C. In order to prepare LaFeO3 nanoparticles, La[Fe(CN)g]-5H,0
(5¢g) was placed in a porcelain crucible and was then heated in a
furnace electric at 700 °C. The temperature for the decomposition
of the complex was selected from the result of thermogravimet-
ric analysis (TGA). The decomposition product was cooled to room
temperature and collected for the characterization.

In a similar manner above, other nanosized perovskite-type
oxides (LnMOs3; Ln=La, Sm, Nd, Gd, M =Fe, Co, Cr, Mn) have been
prepared via the decomposition of their heteronuclear hexacyano
complex, Ln[M(CN)g]-nH;O0. Also, a bulk LaFeO3; sample was pre-
pared by traditional solid state reaction of La,O3 and Fe,03 at
temperature of 1000°C after a long heating time of 5h. The cat-
alytic activity of these samples was compared with the nanosized
LaFeOs3 catalyst.

2.2. Catalyst characterization

The nanosized LaFeOs catalyst was characterized by using a
Bruker D4 Advance X-ray diffractometer with Cu Ka radiation
(A =1.5405 A). Thermal analysis (TG) of precursor complex was per-
formed in air atmosphere using a Netzsch STA 409 PC thermal
analyzer at a heating rate of 10°C/min. The FT-IR spectra of the
samples were recorded on a Schimadzu system FT-IR 160 spec-
trophotometer using KBr pellets. The powder morphology was
observed by a Philips XL-30 scanning electron microscope (SEM)
equipped with a link energy-dispersive X-ray (EDX) analyzer. The
particle size was determined by a LEO-912AB transmission electron
microscope (TEM) at an accelerating voltage of 80 kV. TEM samples

were prepared by dropping the ethanol dispersion on a carbon-
coated copper grid. Specific surface area was calculated by the BET
method using N, adsorption-desorption experiments carried out at
—196 °C on a Micromeritics ASAP 2010. Before each measurement,
the sample was degassed at 150°C for 1h.

2.3. Catalytic tests

To a solution of nitro compounds (5 mmol) in alcohol (20 mL),
KOH pellets (5mmol) were added along with an appropriate
amount of peroskite-type ABO3 catalyst. The reaction mixture was
placed in a 100 mL round-bottomed Pyrex flask equipped with a
condenser and was irradiated in a laboratory microwave oven at
180 W for an appropriate time depending upon the nature of the
substrate. The progress of the reaction was monitored by TLC and
GC-MS. After completion of the reaction, the mixture was cooled
to room temperature and the catalyst was filtered off for recycling
tests. The filtrate was concentrated under a +reduced pressure. The
residue was subjected to silica-gel plate chromatography using car-
bon tetrachloride-ethyl acetate as an eluent to give pure product.
Similar experiments have been conducted for studding the effect
of catalyst loadings and alcoholic H-donors on the reaction. The
results of these experiments are summarized in Tables 1 and 2. The
general results are shown in Table 3. In this Table, the products are
commercially available and were identified through comparison of
their physical and spectral data (mp, FT-IR, TH NMR and GC-MS)
with those of authentic samples or reported data.

In order to make a comparison, the microwave-assisted cat-
alytic reduction of some nitro substrates was also carried out in the
presence of a bulk-LaFeO3 catalyst and nanosized perovskite-type
oxides such as SmFeO3, NdFeO3, GdFeOs, BiFeO3, LaCoO3, LaCrO3
and LaMnOs3 under the same reaction conditions as described
above. The results are compared in Tables 4 and 5. Also, the
reduction of several nitro substrates was conducted under the con-
ventional heating in a similar manner outlined above except that
the reaction mixture was refluxed for the appropriate time in an oil-
bath rather than microwave irradiation. The results are compared
in Table 6.

2.4. Recycling of the catalyst

At the end of the reduction of nitrobenzene, the catalyst was
filtered, washed with acetonitrile, dried and activated at 200 °C for
1h, and reused in another reaction. The results for five runs are
summarized in Table 7.

3. Results and discussion
3.1. Characterization of LaFeO3 nanoparticles

The thermal decomposition of heteronuclear complexes
is a promising method for obtaining pure and nanosized
mixed oxides with relatively high specific surface area for
catalytic purposes. In this work, the heteronuclear cyano com-
plex, La[Fe(CN)g]-5H,0, as the precursor of perovskite-type
LaFeO3, was synthesized at room temperature by mixing
aqueous solutions of La(NOs3)3.6H,O0 and Ks3Fe(CN)s under
continuous stirring, according to the following reaction:
La(NOs3)s3(aq)+K3[Fe(CN)g](aq) — La[Fe(CN)g]-5H,0(s) + 3KNO3(aq).
First, thermal behavior of the La[Fe(CN)g]-5H,0 complex was stud-
ied by thermal analysis. From TGA curve in Fig. 1, two major weight
losses are observed. The first weight loss is attributed to the loss
of five molecules of crystallization water, whereas second one is
due to the decomposition of the cyanide groups which followed
by a gradual weight loss until 650 °C. The total weight loss is about
44%, which is close to the theoretical value for the formation of
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Table 1

Effect of the amount of LaFeOj3 catalyst on the reduction of nitrobenzene with 2-propanol.?
NO, NH,

@ nano-LaFeQO, , KOH ©

(CHB)QCHOH, MWI

Entry LaFeOs (mol %) Time (min) Conversion (%)¢ Yield (%)4
1 1 35 19 14
2 25 35 63 56
3 5 18 100 95
4 7.5 20 100 94
5 10 18 100 95
6° 0 25 0 0
7* 5 25 0 0
88 5 25 0 0
2 Reaction conditions: nitrobenzene (5 mmol), KOH (5 mmol), propan-2-ol (20 mL), under microwave irradiation.
b In all cases, selectivity was over 99% determined by GC-MS analysis of the crude product mixture.
¢ Conversions were determined by GC-MS analysis of the reaction mixture.
d Yields are for isolated pure product.
¢ The reaction was carried out without catalyst.
f The reaction was carried out without KOH.
& The reaction was carried out in the absence of microwave irradiation.

Table 2

Effect of the various alcoholic H-donors on the reduction of nitrobenzene.®?
Entry H-donor Time (min) Conversion (%)¢ Yield (%)d
1 Propan-2-ol 18 100 95
2 Methanol 35 47 40
3 Ethanol 20 94 86
4 Propan-1-ol 35 45 38
5 Butan-2-ol 35 18 12
6 tert-Butyl alcohol 40 0 0

4 Reaction conditions: nitrobenzene (5 mmol), KOH (5 mmol), catalyst (5 mol%), alcohol (20 mL), under microwave irradiation.
b In all cases, selectivity was over 99% determined by GC-MS analysis of the crude product mixture.

¢ Conversions were determined by GC-MS analysis of the reaction mixture
d Isolated yields.

LaFeOs. This finding suggests that the decomposition reaction
of the La[Fe(CN)g]-5H,0 complex is completed at about 650°C.
Therefore, we selected 700°C as the final calcination temperature
for the preparation of pure LaFeO3 nanoparticles.

Fig. 2 shows the XRD pattern of the obtained powder from
the decomposition of La[Fe(CN)g]-5H,0 precursor at 700°C. The
recorded diffraction peaks are well assigned to the perovskite-type
LaFeOs structure (JCPDS File No. 05-0669). No characteristic XRD
peaks of phases such as La(OH)s, La;03, La,0,C03, Fe;03, Fe304
and unreacted precursor were observed, indicating the preparation
of pure single-phase LaFeO3 by this method. The average parti-
cle size is calculated by using the Debye-Scherrer equation [59]:
d=(0.91)/(hy, cos 0), where d represents the grain size; A is the
wavelength of the X-ray; 6 is the diffraction angle of the peak; and
hyj; stands for the full-width at half-height of the peaks. The aver-
age particle size calculated by the Debye-Scherrer equation was
35 nm which is in accordance with TEM observation (vide infra).

The FT-IR spectra of La[Fe(CN)g]-5H,0 and its decomposition
product are shown in Fig. 3. The FT-IR spectrum of the starting com-
plex in Fig. 3(a) shows the characteristic C=N stretching bands at
about 2150, 2060 cm~ [60]. Also, the bands at 3500 and 1640 cm™!
are related to the stretching and bending vibrations of the lattice
water molecules, respectively. As can be seen in the FT-IR spectrum
of the product in Fig. 3(b), all of these bands were disappeared after
thermal decomposition of the precursor complex at 700 °C. In the
FT-IR of the product, the strong bands at about 560 and 440 cm™!
are assigned to the Fe-O stretching and bending vibrations of the
octahedral FeOg groups in the perovskite-type structure, respec-
tively [61].

It is well-known that the catalytic activity of ABO3; perovskite-
type oxides is strongly dependent on the shape and sizes of their
particles. The shape and sizes of LaFeOs particles were observed
by SEM and TEM. The SEM micrograph of the product powder
in Fig. 4(a) clearly shows that the LaFeO3; powder was formed
from strongly aggregated very fine spherical particles. The parti-
cles have spherical morphology with a uniform shape. TEM image
of the obtained perovskite-phase LaFeO3 powder is shown in
Fig. 4(b). TEM sample was prepared with the dispersion of pow-
der in ethanol by ultrasonic vibration. As can be seen, the powder
comprises spherical nanoparticles with a narrow size distribution
in the range of 15-60 nm. This is consistent with the average size
obtained from the peak broadening in X-ray diffraction studied.
Such consistence implies that the LaFeO3 nanoparticles are single-
phase.

The LaFeO3 product was also tested by EDX analysis. The EDX
spectrum of the sample shows peaks of La and Fe elements (Fig. 5).
The atomic percentages of La and Fe determined by EDX were
50.18% and 49.82%, respectively. The corresponding experimen-
tal ratio La/Fe is almost 1, further demonstrating that pure LaFeO;
phase was synthesized in perfect agreement with the XRD data.

The specific surface area of nanosized LaFeOs particles calcu-
lated by the BET method was 38.5 m2/g. However, that of the bulk
LaFeO3; prepared by traditional solid state reaction of La,03 and
Fe, 03 at high temperature of 1000 °C after a long heating time of
6h was 4.35m?/g. The BET specific surface area of the nanosized
LaFeO3 was almost eight times more than that of bulk LaFeO3 sam-
ple. This suggests that the LaFeO3 nanoparticles have better surface
adsorption property. Meanwhile, the high specific surface area of
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The microwave-assisted reduction of various aromatic nitro compounds with 2-propanol over nanosized LaFeOj; catalyst.?

111

Entry Nitro compounds Product Time (min) Conversion (%)¢ Isolated yield (%)
C>—NO2 NH,
1 18 100 95
HBC—Q’NOZ HXCO’NHZ
2 ; 13 100 98
O s
3 CHy CH; 20 98 93
O as
4 OMe OMe 8 100 98
OMe OMe
O O
5 18 99 93
6 14 100 98
o Orm
7 Br Br 19 99 96
oy O
8 a a 14 100 98
Cl a
o, s
9 18 99 97
Cl Cl
D—NOZ Q NH2
10 cl Cl 16 100 98
11 a d ca a 20 99 94
NH —< >—NO NH —@—NH
12 2 2 2 2 12 99 94
O O
13 NH, NH, 16 99 96
NH, NH,
o st
14 16 99 95
e el
15 NH, NH, 20 82 70
NO, NO,
16 2 e 10 100 98
e O
17 10 100 98
wQpe O
18 2 e 20 97 89
0 0
I I
H NO, H NH,
19 15 98 90
[0} (o]
CH L@—NO CH EO—NH
20 3 ? 3 z 15 98 93
HOOC*@’NOz HOOCONHz
21 19 99 94
EtOOCONOZ EtOOCONHz
22 18 98 93
NO, NH,
23 6 99 95
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Table 3 (Continued)

Entry Nitro compounds Product

Time (min) Conversion (%)° Isolated yield (%)

37 96 90

2 Reaction conditions: nitro compound (5 mmol), KOH (5 mmol), catalyst (5 mol%), propan-2-ol (20 mL), under microwave irradiation.
b In all cases, selectivity was over 99% determined by GC-MS analysis of the crude product mixture.

¢ Conversions were determined by GC-MS analysis of the crude product mixture.
d The reaction was carried out on a 50 mmol scale of nitrobenzene.

Table 4

Comparison the reduction of several aromatic nitro compounds to their corresponding amines with 2-propanol over nanosized- and bulk-LaFeOs; catalysts.?

Entry Nitro compound Nanosized LaFeOs catalyst Bulk-LaFeOs catalyst
Time (min) Yield (%)° Time (min) Yield (%)°
1 Nitrobenzene 18 95 45 62
2 4-Bromonitrobenzene 14 98 45 68
3 4-Methylnitrobenzene 13 98 45 65
4 4-Cyanonitrobenzene 10 98 45 60
5 4-Nitrophenol 20 89 45 58

a Reaction conditions: nitro compound (5 mmol), KOH (5 mmol), catalyst (5 mol%), propan-2-ol (20 mL), under microwave irradiation.

b Yields are for isolated pure product.

Table 5

Comparison the reduction of nitrobenzene with 2-propanol over various nanosized perovskite-type catalysts.*?

Entry Perovkite-type oxide Time (min) Conversion (%)¢ Isolated Yield (%)
1 LaFeO3 18 100 95
2 SmFeO3 18 99 93
3 NdFeO3 20 98 92
4 GdFeOs 20 98 92
5 BiFeO3 20 99 96
6 LaCoO3 35 74 68
7 LaCrOs 35 67 60
8 LaMnO3 35 65 58

2 Reaction conditions: nitrobenzene (5 mmol), KOH (5 mmol), catalyst (5 mol%), propan-2-ol (20 mL), under microwave irradiation.
b In all cases, selectivity was over 99% determined by GC-MS analysis of the crude product mixture.

¢ Conversions were determined by GC-MS analysis of the crude product mixture

Table 6

Comparison the reduction of several aromatic nitro compounds to their corresponding amines with 2-propanolunder microwave and conventional heatings.®?

Entry Nitro compound Microwave method Conventional method
Time (min) Yield (%)° Time (min) Yield (%)°

1 Nitrobenzene 18 95 240 94
2 4-Bromonitrobenzene 14 98 150 95
3 4-Methylnitrobenzene 13 98 320 93
4 4-Cyanonitrobenzene 10 98 120 96
5 4-Nitrophenol 20 97 160 90
6 4-Nitroacetophenone 15 98 180 92

2 Reaction conditions: nitrobenzene (5 mmol), KOH (5 mmol), catalyst (5 mol%), propan-2-ol (20 mL), under microwave irradiation and conventional heating.
b In all cases, selectivity was over 99% determined by GC-MS analysis of the crude product mixture.

¢ Yields are for isolated pure product.

the nanosized LaFeO3 product also indicated the possibility of its
application as an efficient catalytic material.

3.2. Catalytic activity of LaFeO3 nanoparticles

The aim of this work was to evaluate the activity of perovskite-
type LaFeO3; nanoparticles as a novel heterogeneous catalyst for
the catalytic transfer hydrogenation. The reduction of nitrobenzene
with propanol-2-ol was chosen as a model reaction to optimize the
reaction conditions. In a typical reaction, a mixture of nitroben-
zene (5 mmol) and KOH (5 mmol) in 2-propanol (20 mL) was stirred
in the presence of different loadings of nanosized LaFeO3 catalyst
under microwave irradiation (180 W; 20%). The results presented
in Table 1. As can be seen, the nitrobenzene conversion and prod-
uct yield increased with increasing the catalyst amount from 1 to
5mol% which is due to the proportional increase in the number

of active sites (Table 1, entries 1-3). However, no further improve-
ment was observed with higher loads (Table 1, entries 4 and 5). The
optimal catalyst load showed to be 5 mol% which produced aniline
as the only product of the reaction in 95% yield after 18 min, with-
out any trace of other by-products. The reduction of nitrobenzene
without the LaFeO3 catalyst or in the absence of KOH failed com-
pletely (Table 1, entries 6 and 7), confirming that the catalyst and
base are essential for this reaction. No reaction was also observed
in the absence of microwave irradiation (Table 1, entry 8).

The influence of alcoholic H-donors such as methanol, ethanol,
propan-1-ol, propan-2-ol, butan-2-ol and tert-butyl alcohol was
also investigated on the reaction. The results in Table 2 show that
the best result in terms of reaction time, substrate conversion and
product yield have been achieved in the presence of propan-2-ol
(Table 2, entry 16). Other alcohols required longer reaction times
and gave lower yields (Table 2, entries 2-6). In the presence of
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Table 7

Reusability of the nanosized LaFeOj3 catalyst.?
Run 1 2 3 4
Time (min) 18 18 20 20
Yield (%)° 95 94 93 93

3 Reaction conditions: nitrobenzene (5 mmol), KOH (5 mmol), catalyst (5 mol%),
propan-2-ol (20 mL) under microwave irradiation.’Isolated yields.
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Fig. 2. XRD pattern of the LaFeO3 nanoparticles.

tert-butyl alcohol which possesses no a-H atom, observable reduc-
tion did not occur and the starting nitro compound was recovered
unchanged. These findings confirm that the type of alcohol plays an
importantrole in this reaction. Propan-2-ol was the optimal alcohol
for the reduction of nitro compounds.

To explore the potential of this catalytic system, the reduc-
tion of a variety of aromatic nitro compounds was studied under
the optimized reaction conditions. The results in Table 3 show
that aromatic nitro compounds containing various electron donat-
ing/withdrawing groups were converted to the corresponding
amines in excellent yields (>90%) within very short reaction times
of 6-20 min in accordance with Scheme 1.

As canbe seeninTable 3, electron withdrawing/donating groups
do not have a significant influence on the reaction times and yields.
In all cases, amines were found to be the only product of the reac-
tions and the usual side products of nitro reduction such as azoxy,
azo, and hydrazo compounds were not observed in the final prod-
uct. The present method was highly chemoselective in the presence

Transmittance (a.u.)

4000 3500 3000 2500 2000 = 1500 1000 500
Wavenumber (cm’}

Fig. 3. FT-IR spectra of (a) La[Fe(CN)g]-5H,0 complex and (b) LaFeO3; nanoparticles.

AccV  Spot Magn
N 17.0kV_ 10 1600C

Fig. 4. (a) SEM and (b) TEM images of the LaFeO3 nanoparticles.

of sensitive functional groups. As can be seen, hydrogenlysable or
reducible groups such as halogens, -OH, -NH,, -OCH3, -CN, -COMe,
-CHO, -COOH and -COOEt were not affected at all under the reac-
tion conditions. Halogenated nitro compounds were reduced to the
amino compounds without losing halides (Table 3, entries 6-11).
The catalyst also shows promise for regioselective reduction of
dinitro compounds, so that selective reduction of a nitro group in
presence of the other was accomplished (Table 3, entry 16). Nitro
compounds containing carbonyl groups were also reduced to the
corresponding amino compounds and the reduction of aldehyde
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Fig. 5. Energy dispersive X-ray (EDX) spectrum of the LaFeOs; nanoparticles. Com-
position (at.%): La=50.18, Fe =49.82.

LaFeO, nanoparticles (cat.)

Ar—NO Ar—N
2 2.PrOH, KOH, MW H,

Scheme 1.

functional group and other carbonyl groups to the corresponding
alcohols was not observed (Table 3, entries 19-22). Furthermore,
this reduction was also successfully carried out on bulkier molecule
such as 1-naphthylamine with high yield (Table 3, entry 23). In
some cases the activity was significantly influenced by the position
of the substituents on the aromatic ring. For example, the presence
of a methyl/halide/amine group, ortho or meta to the nitro group
increased the reaction time to a larger extent than at the para -
position due to steric effects. This new reduction system was easily
scaled-up and served for synthesis of aniline at a several gram scale.
The reduction of nitrobenzene into aniline was performed on a 50
mmol scale. The yield of product was slightly lower (Table 3, entry
24) comparing to the 5 mmol scale (Table 3, entry 1).

The reduction of several substrates was also investigated over
a bulk-sized LaFeOs3 catalyst under the optimized conditions. This
sample with an average particle size of 25 wm and BET surface area
of 3.5m?2/g, was prepared by classic solid state reaction of La;03
and Fe,03 at 1000 °C. The results in Table 4 clearly indicate that the
nanosized LaFeO3 is much more active than the bulk LaFeO3 sam-
ple. The LaFeO3 nanoparticles have a large surface to volume ratio
and consequently exhibit increased surface activity as compared to
bulk sample. It is well known that the higher specific surface area
of nanomaterials provides the much higher density of active sites
as well as the more contact area between reactants and catalyst to
achieve higher efficiency.

Thereaction was then studied in the presence of other nanosized
perovkite-type oxides. It can be seen in Table 5, Fe (IlI)-containing
perovskite-type oxides such as SmFeOs, NdFeO3;, GdFeO; and
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Fig. 6. (a) XRD and (b) FT-IR of the recovered LaFeOs catalyst after the fourth run.

BiFeO3 were almost equally effective in the reaction while LaCoOs,
LaCrO3 and LaMnOs were not effective. This finding confirms that
Fe(Ill) ions in the provskite-type structure of the catalyst play a vital
role in the catalytic reaction.

The reduction of several nitro substrates was also conducted
under conventional heating at the same conditions. The results
were compared with microwave method in Table 6. As expected,
the conventional heating took longer reaction time for the max-
imum conversion under the same reaction conditions. From this
Table, it is evident that the microwave heating dramatically accel-
erated reaction rate. It is, however, noteworthy here that the
corresponding amines were obtained through both conditions. The
difference in the reaction times confirms that the heating mecha-
nism is different in these methods.

To demonstrate the recyclability and stability of the catalyst,
it was separated at the end of the reduction of nitrobenzene, dried
and activated at 200 °C for 1 h. The recovered catalyst was reused in
the next run under the same conditions. The results in Table 6 indi-
cate that there is no appreciable difference in the yields after four
runs. The recovered LaFeOs after the fourth run was characterized
by XRD and FT-IR. As shown in Fig. 6, XRD and FT-IR of the recy-
cled LaFeOs5 catalyst did not show significant change in comparison
with the fresh catalyst (Figs. 2 and 3). This observation confirms that
the LaFeO3; nanoparticles are stable under the reaction conditions
and did not affect by the reactants. This could be attributed to the
high stability of the perovskite-type structure of LaFeO3; nanopar-
ticles which behaves truly as a heterogeneous solid catalyst. On
the other hand, no detectable leaching of Fe was observed in the
first as well as the fourth run of the reaction by ICP-AES analy-
sis. Also, in an experiment when the catalyst separated from the
reaction mixture shortly (8 min) after the beginning microwave
irradiation and the reaction filtrate was further irradiated, no extra
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Scheme 2. The reduction of nitro aromatic compounds over LaFeO3 nanoparticles under microwave irradiation (MWI).

formation of amine was observed via GC-MS analysis even after
20 min. These observations confirm that the reaction catalyzed by
the LaFeO3 nanoparticles is heterogeneous in nature.

On the basis of the above observations and previously reported
mechanism [33-40], the possible pathway for the reduction of
nitroarenes over LaFeO3 nanoparticles is shown in Scheme 2. As
shown in Scheme 2, catalytic reduction is initiated by coordinat-
ing the nitro group of the substrate and the hydroxyl group of
2-propanol on the surface of the nanoparticles as Lewis acidic sites.
The alcohol molecules can be easily converted to alkoxide species
in the presence of KOH base, which are well known activated H-
donor. The adsorbed nitro group is attacked by the hydride ion
of alcohol, led to the direct hydride transfer from the alcohol to
adjacent substrate molecules. Thus, the formation of aniline from
nitrobenzene proceeds via the formation of nitrosobenzene (b) and
N-phenylhydroxylamine (c) as the intermediates. In all reactions,
acetone was found by GC-MS analysis which is in consistence with
this mechanism. Also, the chemoselective reduction of a nitro group
ahead of a carbonyl group can be explained. According to this mech-
anism, since the nitro group can pull electrons more strongly from
the aromatic ring compared to other functional groups, it can easily
be adsorbed on the catalyst surface leading to the amine products.

As shown in the above mechanism, LaFeO3 nanoparticles dis-
persed in 2-propanol act as a catalyst and provide with their
surface as a reaction field. On the basis of the characteristics of our
liquid-solid heterogeneous catalytic system, it seems that the phe-
nomenon of “nonequilibrium local heating”, observed by Tsukahara
et al. plays a significant role to this microwave-enhanced catalytic
reaction [62]. The “nonequilibrium local heating” is defined as the
phenomenon of heating domains at much higher temperatures
than a bulk solution temperature. This phenomenon was induced
only under microwave irradiation but not by conventional heat-
ing. LaFeOs is a ferromagnetic material with a large magnetic loss
so that interacts strongly with the magnetic field of microwave
[63-65]. As a result, the temperature of the propan-2-ol solvent
should be increased both by the dielectric loss of the propan-2-ol
molecules and by the heat transfer from the LaFeO3 nanoparti-
cles heated through the magnetic interaction with microwave to
the solvent. Therefore, the temperature the propan-2-ol molecules
in proximity to the surface of the LaFeO3; nanoparticles went
up abruptly under microwave irradiation. For these reasons, the
catalytic transfer hydrogenation reaction on the surface of the
LaFeO3; nanoparticles were accelerated under microwave irradi-
ation compared to conventional heating conditions even at the
same reaction temperatures. We can suggest that the enhancement
in the reduction rate of the aromatic compounds caused by the
phenomenon of “nonequilibrium local heating” occurring to the
propan-2-ol molecules in proximity of the LaFeO3; nanoparticles
under microwave irradiation. The following facts confirm this sug-
gestion: (a) The present heterogeneous catalytic system is similar

to the catalytic system investigated by Tsukahara et al. (b) LaFeO3
nanoparticles as ferromagnetic material having strong interaction
with the magnetic field of microwave. (c) Further evidence sup-
porting the above suggestion was drawn from the fact that when
non-ferrite perovskite-type oxides such as LaCoOs, LaCrO3 and
LaMnO3; were used instead of LaFeO3 catalyst, the efficiency of the
reaction decreases (see Table 5). This observation can be related
to non-ferromagnetic properties of these perovskite-type oxides
which led to weak interaction with microwave irradiation.

4. Conclusions

LaFeOs; nanoparticles having high specific surface area
were readily prepared via thermal decomposition of the
La[Fe(CN)g]-5H20 complex and their catalytic activity was eval-
uated in the reduction of aromatic nitro compounds to amines
using propan-2-ol under microwave irradiation. Under the opti-
mized condition, efficient and selective reduction of aromatic nitro
compounds into the corresponding aromatic amines was occurred
over recyclable LaFeOs; nanoparticles catalyst. The advantages of
this method are: highly selective reduction of nitro compounds in
the presence of other reducible or hydrogenlysable groups, ready
availability and ease of operation, rapid reduction, high yields of
substituted amines, avoidance of strong acid media, no equipment
of pressure apparatus and cost affectivity. The present method is
applicable for large scale preparation of different substituted ani-
lines as well as other aryl amines.
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