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Gold nanoparticles deposited on nanocrystalline magnesium oxide is a very efficient catalyst for the
reduction of nitroarenes in aqueous medium at room temperature. Sodium borohydride is used as the
source of hydrogen for the reduction of nitro groups. This catalytic system selectively reduces the nitro
group even in the presence of other sensitive functional groups under very mild conditions in good to
excellent yields without the requirement of any promoters. The reaction kinetics of reduction of 4-
nitrophenol to 4-aminophenol has been studied by UV-visible spectrophotometry, and its apparent rate
constant has been determined and compared with those of other supported gold catalysts. The spent
heterogeneous catalyst is recovered by simple centrifugation, and reused for multiple cycles.

Introduction

Until the 1960s, gold was considered to be catalytically inert for
hydrogenation reactions because it could not adsorb most mo-
lecules from the gas phase.' But a major breakthrough in gold
catalyzed hydrogenation emerged when it was realized that gold,
when dispersed in the form of nanoparticles on suitable oxide
supports, could catalyze selective hydrogenation even in
complex organic molecules containing multiple functional
groups.”

Among the hydrogenation reactions catalyzed by gold nano-
particles, catalytic hydrogenation of aromatic nitro compounds to
its corresponding amines is a very important reaction because
functionalized anilines are industrially very important intermedi-
ates for pharmaceuticals, polymers, herbicides and other fine
chemicals.? So, there is a strong need to develop suitable chemo-
selective catalysts for the reduction of nitro groups in the
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presence of sensitive functional groups involving green chem-
istry protocols.

Corma et al. has successfully demonstrated that gold nanopar-
ticles supported on TiO, or Fe,O; catalyze the chemoselective
hydrogenation of functionalized nitroarenes with H, without the
requirement of any additives or surface modifiers. This catalytic
system avoided the accumulation of hydroxyl amines and their
potential exothermic decomposition during the reaction.* It is
widely reported in the literature that supported gold nanoparti-
cles as well as colloidal gold are very efficient catalysts for the
selective reduction of nitro group even in the presence of other
reducible groups mostly under mild reaction conditions.” In a
very recent report Choi et al. have shown that hybrid gold nano-
particles on reduced graphene oxide nanosheets selectively
reduce nitroarenes.> Gold nanostructures on tannic acid functio-
nalized graphene oxide have been shown to be an effective cata-
lyst for 4-nitrophenol reduction.®” Han et al. reported that gold
nanoparticles supported on polyaniline fibres catalyze the
reduction of 4-nitrophenol.’* Gold nanoparticles supported on
micro structured paper matrix were also shown to be highly
efficient for the reduction of 4-nitrophenol.’ Gold (as well as
silver) nanoparticles stabilized on calcium alginate gel beads
reduce 4-nitrophenol using excess NaBH,4.>* Esumi ef al. syn-
thesized gold dendrimer nanocomposites by laser irradiation and
employed it for catalyzing the reduction of 4-nitrophenol using
NaBH,.” Amphiphilic ionic liquid terminated gold nanorods
were found to be effective for the reduction of nitro compounds
using KBH,.>¢ Pradhan et al. demonstrated the reduction of
nitroarenes catalyzed by coinage metal (copper, silver and gold)
nanoparticles and NaBH,4 in aqueous or micellar medium.*”
Bayberry tannin-stabilized gold nanoparticles immobilized
onto porous alumina is also reported to be an efficient
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Scheme 1 NAP-Mg—Au(0) catalyzed reduction of nitroarenes in the
presence of sodium borohydride in aqueous medium at room
temperature.

heterogeneous catalyst for the reduction of 4-nitrophenol to
4-aminophenol.”

In this paper, we report gold nanoparticles supported on com-
mercially available Nano Active™ Magnesium Oxide Plus
(NAP-MgO) as a heterogeneous catalyst for the efficient
reduction of nitroarenes containing various functional groups in
aqueous medium at room temperature with sodium borohydride
as the source of hydrogen (see Scheme 1).

Results and discussion

The NAP-MgO support possesses certain physical and chemical
properties® that enable it as a very suitable support for hetero-
genizing metal nanoparticles. For example, the presence of
various edge corner defect sites with Mg”>* (Lewis acidic) or
0>~ (Lewis basic) sites, along with various cationic and anionic
vacancies in the nanocrystalline lattice enables NAP-MgO to
possess high concentration of reactive surface ions. These sites
are well exposed during the reaction which enables both the sub-
strates and the metal nanoparticles that are stabilized on to these
charged sites to promote facile attack of reactants so as to afford
the desired product in high yields for a variety of important
chemical reactions.” XRD studies reveals that the chemically
most reactive (111) plane of nanostructured magnesium oxide®
possesses the maximum concentration of catalytically active gold
species thus making it a very efficient catalyst for chemical
reactions.

Synthesis of the NAP-Mg—Au(0) catalyst

NAP-Mg—-Au(0) catalyst is synthesized according to a procedure
reported earlier.”* Nano Active’™ Magnesium Oxide Plus was
purchased from Nano Scale Corp. (Manhattan, USA). It was
then calcined at 450 °C for four hours in air. The BET specific
surface area for the calcined sample was determined to be 81 m?
g~". To incorporate gold species on the surface of NAP-MgO, an
ion-exchange reaction was carried out between HAuCl, and
NAP-MgO, and then the exchanged gold species were reduced
using excess of sodium borohydride to obtain Au(0) nanoparti-
cles that are deposited on to NAP-MgO support.

Characterization of the NAP-Mg—Au(0) catalyst

The synthesized NAP-Mg—Au(0) catalyst was thoroughly charac-
terized by various sophisticated analytical techniques such as
TEM, XRD, XPS, EDX, FT-IR and BET specific surface area
studies as reported earlier.” The transmission electron micro-
graph (TEM) images of the NAP-Mg—Au(0) catalyst show an
almost good dispersion of Au(0) nanoparticles on the
NAP-MgO support. The average size of the Au(0) nanoparticles

Fig. 1 Bright Field Transmission Electron Micrograph (TEM) image
of NAP-Mg—Au(0) catalyst.

Fig. 2 High Resolution Transmission Electron Micrograph (HRTEM)
image of NAP-Mg—Au(0) catalyst.

from TEM studies is determined to be in the range of 5-7 nm
(see Fig. 1). The high resolution TEM (HRTEM) image of
NAP-Mg—Au(0) catalyst is also given in Fig. 2 wherein the size
of a single Au particle matches with that of the average size
obtained from TEM image in Fig. 1. TEM images of meso-
HAP—Au(0) (HAP: hydroxyapatite) and meso-CeO,—Au(0) have
also been recorded and the results can be seen in the ESI.{ X-ray
diffraction (XRD) studies on the NAP-MgO support revealed the
presence of both cubic crystalline phases of magnesium oxide as
well as hexagonal crystalline phases of hydrated magnesium
oxide. The XRD planes of NAP-Mg—Au(0) match the face cen-
tered cubic (fcc) crystalline phase of gold nanoparticles (see
Fig. 3). The survey scan X-ray photoelectron spectroscopy
(XPS) of the NAP-Mg—Au(0) catalyst is shown in Fig. 4(a). The
high resolution narrow scan of this catalyst (see Fig. 4(b)) shows
two peaks at 83.9 eV and 87.9 eV, which are characteristic of 417,
and 4fs), peaks of Au(0) nanoparticles. The energy dispersive X-
ray (EDX) studies of the NAP-Mg—Au(0) catalyst have also been
performed and it reveals the presence of 1.34% of atomic gold in
NAP-Mg—Au(0) catalyst which matches well with that obtained
from inductively coupled plasma-optical emission spectrometry
(ICP-OES) analysis. The FT-IR studies of the NAP-MgO
support as well as the NAP-Mg—Au(0) catalyst have also been
carried out (see Fig. 5). The presence of non-bonded OH groups
at 3699 cm™' indicates that the surface of nanocrystalline mag-
nesium oxide becomes entirely hydroxylated during its
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Fig. 3 Powder X-ray diffraction (XRD) pattern of (a) NAP-Mg—Au(0)
catalyst (the figures in parentheses show the diffraction from planes cor-
responding to hydrated hexagonal crystalline phases of NAP-MgO and
those without parentheses (also indexed with solid black dots) indicate
the planes corresponding to cubic crystalline phases of Au(0) nanoparti-
cles) and (b) NAP-MgO (the figures in parentheses indicate the planes
corresponding to hydrated hexagonal crystalline phases of NAP-MgO,
and those without parentheses indicate the planes corresponding to cubic
crystalline phases of NAP-MgO).

preparation. This is consistent with the reactive profile of
NAP-MgO with water.” Measurements of Au—Liy edge extended
X-ray absorption fine structure (EXAFS) were carried out in
order to characterize the coordination states of the NAP-Mg—
Au(0) catalyst. The measured and fitted k*-weighted Fourier
transforms of the Au-L;;; edge EXAFS and summary table for
EXAFS fitting results are given in Fig. 6 and Table 1 respect-
ively. From these measurements and analysis, it was found that
NAP-Mg—-Au(0) exhibits Au—Au metallic bonding with slightly
reduced coordination numbers as in an Au foil, indicative of Au
metallic nanoparticles. EXAFS details of other supported gold
catalysts viz. meso-HAP—Au(0) and meso-CeO,—Au(0) are pre-
sented in the ESL.+ The BET specific surface area obtained for
NAP-Mg—Au(0) catalyst was determined to be 47 m* g~".

Optimization of amount of sodium borohydride and gold
content in NAP-Mg—Au(0) catalyst for the reduction of
4-nitrophenol

To determine the optimum amount of sodium borohydride and
NAP-Mg—-Au(0) catalyst required for the reduction of nitro-
arenes, reduction studies were carried out with varying amounts
of NaBH, and NAP-Mg—Au(0) catalyst using 4-nitrophenol as
the representative substrate.

It can be seen from Table 2 that upon keeping the amount of
sodium borohydride constant, the time for completion of the
reduction of 4-nitrophenol decreases on increasing the gold
content in the catalyst. Similarly, upon keeping the gold content
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Fig. 4 (a) Survey scan of X-ray Photo Electron Spectra (XPS) of
NAP-Mg—Au(0) catalyst. (b) High resolution narrow scan of the same.
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Fig. 5 FT-IR spectra of (a) NAP-Mg-Au(0) catalyst and (b)
NAP-MgO.

in the catalyst constant, the time for completion of the reaction
decreases on increasing the amount of borohydride reagent. No
reaction occurred either in the absence of the gold catalyst or
sodium borohydride. To optimize the time duration of the reac-
tion as well as the amount of catalyst and NaBH, required for
the reaction, 15 mg of NAP-Mg—Au(0) catalyst containing
1.34% Au and 0.01 mole of NaBH,; was selected as the
optimum amount for reducing 2.156 x 10™* moles of nitroarene.
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This experiment is important because an optimum time duration
once determined will enable one conveniently to follow the reac-
tion kinetics of the reduction of 4-nitrophenol spectrophotometri-
cally, which will be discussed in the next section.

Evaluation and comparison of the apparent rate constant (k,pp)
of 4-nitrophenol reduction catalyzed by supported gold catalysts

The optimized reaction conditions obtained by employing
NAP-Mg—-Au(0) catalyst for the reduction of 4-nitrophenol were
employed for other supported gold catalysts for kinetic studies.
To compare their catalytic activity, the reduction of 4-nitrophenol
was tested by UV-Vis spectrophotometric studies and their
apparent rate constants were determined. An aqueous solution of
4-nitrophenol gives a peak at 317 nm (Apay),”¢ but on addition of
sodium borohydride this peak is red-shifted to 400 nm (Aax)
due to the formation of the 4-nitrophenolate ion.'® On adding
the NAP-Mg—Au(0) catalyst to this reaction mixture, the absor-
bance at 400 nm immediately decreases with the gradual devel-
opment of a new peak at 300 nm (Ayay)'® corresponding to the
formation of 4-aminophenol. (See Fig. 7(a)) It is important to
note here that the reaction started immediately after the addition
of the catalyst and no induction time was noticed which is in
contrast to other literature reports involving Pt, Pd and Ag nano-
composites'' for the reduction of nitro groups. The induction
time usually arises from the reaction of dissolved O, in water
with NaBH, rather than with 4-nitrophenol.> In our case this
was averted by stirring the reaction contents under a N, balloon
for 15 minutes prior to the addition of the catalyst. The yellow
colour of the 4-nitrophenol solution discharged in 7 minutes
under continuous stirring signalling the completion of the
reaction.

Esumi ef al. has proposed that the catalytic reduction of
4-nitrophenol with NaBH, proceeded in two steps: (1) diffusion

FTIk y ()]

Fig. 6 /’-weighted Fourier transform of Au-Ly; edge EXAFS for
NAP-Mg—Au(0) catalyst. Amplitude: solid curves; imaginary part:
dotted curves; observed data: thick curves; fitting data: thin curves.

and adsorption of 4-nitrophenol to the gold surface and (2) elec-
tron transfer mediated by the Au surface from BH,~ to 4-nitro-
phenol.” A strong nucleophile such as NaBH, because of its
diffusive nature and high electron injection capability transfers
electrons to the substrates via metal particles. This helps to over-
come the kinetic barrier of the reaction.’ When Au free
NAP-MgO was used as the catalyst the reaction did not proceed
at all within the optimized time frame (see Fig. 8). This clearly
proves that gold nanoparticles deposited on NAP-MgO are an
efficient catalyst for 4-nitrophenol reduction. The catalytic
activity of meso-HAP—-Au(0) and meso-CeO,—Au(0) were also
investigated for the reduction of 4-nitrophenol. A definite
amount of the catalyst containing an equivalent amount of gold
as that present in the NAP-Mg—Au(0) catalyst was used to evalu-
ate their catalytic activity. As can be seen from Fig. 7(c) and (e),
meso-HAP-Au(0) and meso-CeO,~Au(0) took almost similar
time to complete the reaction. A clear isosbestic point could not
be obtained in the spectra. The most likely cause for this might
be the evolution of hydrogen bubbles from the reaction mixture
which interferes in the spectrophotometric studies and leads to a
shift in the UV-visible spectra.'? Due to the presence of large
excess of NaBH,; compared to 4-nitrophenol, the rate of
reduction is independent of the concentration of NaBH,, and the
reaction could be considered pseudo-first order with respect to
the concentration of 4-nitrophenol.'® As the absorbance of
4-nitrophenol is proportional to its concentration in the medium,
the ratio of the absorbance at time ‘¢’ (4,) to that at £ = 0 (4o) is
proportional to the concentration at time ‘¢’ (C;) to that at ¢ =
0 (Cy) i.e. AJ/AqxC/Cy. The apparent first-order rate law can be

Table 2 Optimization of the amount of NAP-Mg—Au(0) catalyst and
sodium borohydride for the reduction of 4-nitrophenol”

Amount of NAP-Mg—

Au(0) catalyst (mg) Amount of sodium Reaction
Entry containing 1.34% Au borohydride (mol) time (min)
1 5 0.01 18
2 10 0.01 8.5
3 15 0.005 11
4 15 0.01 7
5 15 0.015 5.5
6 15 0.02 2.5
7 20 0.01 4
8 25 0.01 2.5
9 —nil- 0.01 No reaction
1. 15 —nil- No reaction

“Reaction conditions: 2.156 x 10~ moles of 4-nitrophenol and given
amount of NaBH, was stirred in aqueous medium at room temperature
for 15 minutes under a N, balloon prior to the addition of the given
amount of NAP-Mg—Au(0) catalyst. Time was calculated from the
addition of the catalyst until the disappearance of the yellow colour of
4-nitrophenol solution.

Table 1 Summary of the EXAFS fitting results for the NAP-Mg—Au(0) catalyst

Au-Au, R (10”"'nm) CN DW (107> nm?) Ak (10 nm™") Ar (107" nm) AEq (eV) R (%)
Au foil 2.857 £0.019 114+0.5 8.0+0.2 3.0-16.0 1.0-3.0 0.5+0.5 0.46
NAP-Mg-Au (0) 2.845 +0.058 84+1.1 84+09 3.0-11.0 1.0-32 33£1.0 1.15

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 (a, ¢ & e) Time-dependent UV-visible absorption spectra for the reduction of 4-nitrophenol over (a) NAP-Mg—Au(0), (c) meso-HAP-Au(0),
and (e) meso-CeO,—Au(0) catalysts in aqueous media at room temperature. (b, d & f) Plot of In(C,/Cy) versus time for the reduction of 4-nitrophenol
with (b) NAP-Mg—Au(0), (d) meso-HAP—Au(0), and (f) meso-CeO,—Au(0) catalyst.

fitted reasonably well to nearly 90% of the conversion for the
reaction. The last data point that is corresponding to 100% con-
version did not fall along the linear line (see ESI{). This non-lin-
earity that arises towards the end of the reaction may perhaps be
due to the manifestation of multiple orders which come into play
due to the presence of various reaction intermediates that might
be involved during the course of the reaction. The linear fit of In
C/Cy vs. time plots were thus limited to 90% of the obtained
data points. From the slope of the line obtained by plotting In C/
Cy vs. time, (see Fig. 7(b), (e) and (f)) the apparent rate constant
(kapp) for the reduction of 4-nitrophenol could be obtained for all

the three catalysts. For the NAP-Mg-Au(0) catalyst, k,,, was
found to be 7.6 x 107> s~' whereas meso-HAP-Au(0) and
meso-CeO,—Au(0) gave considerably lower k,,, values. A com-
parison of the k,,, values has been provided in Table 3. From
these values it can be concluded that the NAP-Mg—Au(0) cata-
lyst is superior than the other two supported catalysts for the
reduction of 4-nitrophenol. This may be attributed to the unique
physical and chemical properties possessed by NAP-MgO
support coupled with the preferential homogeneous deposition
of gold nanoparticles on the catalytically more reactive
NAP-MgO support.

3168 | Green Chem., 2012, 14, 3164-3174
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Fig. 8 Time-dependent UV-visible absorption spectra for the reduction
of 4-nitrophenol over NAP-MgO.

Table 3 Comparison of k,p,, with different supported gold catalysts for
the reduction of 4-nitrophenol

Catalyst keapp (X1 072s7h Error limits
NAP-Mg—Au(0) 7.6 +0.032
Meso-HAP-Au(0) 44 +0.085
Meso-CeO,—Au(0) 3.5 +0.023

Catalytic performance of the NAP-Mg—Au(0) catalyst for the
reduction of various nitroarenes

To examine the scope of the NAP-Mg—Au (0) catalytic system
for the reduction of the nitro group, a series of nitroarenes with
structurally divergent functional groups were examined. The cat-
alytic system was found to be very efficient regardless of the
presence of electron-withdrawing or electron-donating substitu-
ents in the aromatic ring. Simple unsubstituted nitrobenzene
yielded the desired aniline product in 60 minutes in 85% yield
(Table 4, entry1). 2-, 3- and 4-nitrophenols gave excellent yields
of the corresponding anilines in a very short span of time
(Table 4, entries 2—4). 3-nitrophenol was found to be the most
reactive among all the three nitrophenols. The most obvious
reason for this is that since the reaction proceeds through the for-
mation of nitrophenolate ion, 4-nitrophenolate ion is the most
stable among all of them because the negative charge on the
oxygen atom is effectively delocalised throughout the benzene
ring and the system becomes resonance stabilized. 2-Nitrophenol
is somewhat less stable than 4-nitrophenol because of less effec-
tive resonance coupled with certain degree of steric effect. On
the other hand, in 3-nitrophenol, the resonance effect is entirely
absent other than through conjugation. So it is the least stable
and the most reactive among all the three nitrophenols.'* This
observation is similar to that reported by Choi et al. using hybrid
gold nanoparticles on reduced graphene oxide nanosheets.> For
compounds with two nitro groups, i.e. 1, 2-dinitrobenzene and 1,
4-dinitrobenzene (Table 4, entries 5 & 7), one nitro group was
selectively reduced though di-amino products were also formed
in minor quantities. 3-Nitroaniline was also quite easily reduced

to its corresponding aniline in only 20 minutes (Table 4, entry
6). Halogen substituted nitroarenes were selectively reduced to
their corresponding halo anilines in good to excellent yields and
no dehalogenation of the product was observed (Table 4, entries
8-15). It was seen that ortho-substituted halo nitroarenes dis-
played somewhat poor reactivity compared to their para-substi-
tuted counterparts (Table 4, entries 8, 9 & 12). This proves that
our catalytic system is sensitive to steric effects which are similar
to that observed by Lou et al. using ammonium formate and
Au/TiO, as a catalyst.>* Interestingly nitro aromatics with more
than one substituted halogen also yielded modest amounts of the
respective anilines albeit at longer reaction times (Table 4,
entries 14 & 15). The NAP-Mg—Au(0) catalytic system chemo-
selectively reduced 4-nitrobenzonitrile to 4-aminobenzonitrile
without affecting the —CN group (Table 4, entry 16). Nitroarenes
possessing electron-donating groups such as p-toluidine and p-
anisidine also afforded excellent yields of the corresponding
product (Table 4, entries 17 and 18). Methyl 4-nitrobenzoate was
also selectively reduced to its corresponding aniline in good
yields and the carbonyl group remained unaffected (Table 4,
entry 19) during the reaction. Similarly 3-nitrostyrene could also
be reduced to 3-vinylaniline in good yields although 3-ethylani-
line was also formed as a side product (Table 4, entry 20).

Probable reaction mechanism for the reduction of nitroarenes
catalyzed by the NAP-Mg—Au(0) catalyst and sodium
borohydride

Zhang et al. studied the reduction of 4-nitrophenol with sodium
borohydride catalyzed by silver nanoclusters supported on
TiO,'® and provided a mechanistic investigation which implied
that it was modelled in terms of the Langmuir—Hinshelwood
mechanism.'® Similar kinetic investigations were performed by
Waunder et al. where he studied the kinetic analysis of the cataly-
tic reduction of 4-nitrophenol by Au/Pt nanoparticles immobi-
lized in spherical polyelectrolyte brushes.'? This mechanism can
also be extended to the reduction of aromatic nitroarenes in
general and although the exact mechanism of this reduction has
not yet been fully explored, we propose a probable surface
reduction mechanism based on the Langmuir-Hinshelwood
model without going into the intricate kinetic details and stoi-
chiometric equations, using NAP-Mg—Au(0) and sodium boro-
hydride as the catalytic system (see Scheme 2).

First, sodium borohydride ionises in aqueous medium with
the generation of borohydride ions which adsorb onto the
surface of the gold nanoparticle and react to form a gold hydride
complex. Nitrobenzene also adsorbs onto the gold nanoparticle
surface and both of these processes are reversible i.e., adsorption
accompanied by desorption. Once both the substrates are chemi-
sorbed onto the gold nanoparticle surface there is a hydrogen
transfer from the gold hydride complex to the nitrobenzene.
Now there are two probable routes for the reduction of nitro
group to amino group based on the electrochemical model as
presented by Haber — the direct route and the condensation route
(see Scheme 3).'” In the direct route, the aromatic nitro com-
pound is reduced to the nitroso compound and then further to
the corresponding hydroxylamine in two very fast consecutive
steps. Finally, the hydroxylamine is reduced to the aniline

This journal is © The Royal Society of Chemistry 2012
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Table 4 Reduction of various nitroarenes catalyzed by NAP-Mg—Au(0)¢

%

o

Entry Substrate Product Time (min) Conversion/selectivity” (%) Yield (%)
1 NO» NH2 60 98/91 85
2 NO, NH2 3 100/100 994
; NO, NH, 1 100/100 997
f OH f OH
4 NO, NH, 7 100/100 98 (TON = 207.05)%¢
OH OH
e NO, NO, 45 100/82 78
6 NO2 NH 20 100/100 98¢
NH, NH,
7 NO2 NO2 70 100/77 74
NO, NH
8 NO, NHp 150 97/85 77
9 NO> NH; 240 84/87 68
i Cl ©/CI
10 NO; NH2 80 95/91 81
cl cl
11 NO, NH; 60 97/93 85
Br Br
12 NO, NH 240 70/84 55

3170 | Green Chem., 2012, 14, 3164-3174
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Table 4 (Contd.)

Entry Substrate Product Time (min) Conversion/selectivity” (%) Yield® (%)
13 NO2 NH; 80 98/97 92
| |
14 NO, NHz 240 90/87 74
i _Cl /©/CI
F F
15 Br Br 240 91/91 78
Cl Cl
16 NO2 NH2 90 94/98 87
CN CN
17 NO2 NH; 60 100/94 88
18 NO, NH, 80 100/95 91
OCHj3 OCHj;
19 NO, NHz 90 96/89 80
H3COE io Hs,cO” YO
20 NH; 120 100/85 81

v

“ Reaction Conditions: 1.078 x 10~ moles of nitroarene and 0.05 mole of NaBH, were stirred in 10 mL of double distilled water at room temperature
under a N, balloon for 15 minutes. Then 75 mg of NAP-Mg—Au(0) catalyst was added and the contents were allowed to stir for the appropriate
amount of time. ” Analysed by GC. “Isolated yields after column chromatography.  Yield after work up. ¢ 15% of diamine minor product./21% of
diamine minor product. € Turnover Number (TON) calculated as moles of product formed/moles of catalyst used.

derivative in the rate determining step (direct route, see top in
Scheme 3). The second route proposed involves the conden-
sation of one molecule of the nitroso compound with a molecule
of the hydroxylamine to give the azoxy compound, which in
turn gets reduced in a series of consecutive steps to the azo,
hydrazo, and aniline compounds (condensation route, see top of
Scheme 3). Corma et al. have beautifully demonstrated that the
direct route is the preferred pathway for the hydrogenation of
aromatic nitro compounds on the Au/TiO, catalyst system.'® To
obtain an insight into the reaction pathway involved in
NAP-Mg—Au(0) catalyzed reduction, the reaction intermediates
involved in both the routes were separately subjected to a

reduction process using the NAP-Mg—Au(0) catalyst. When
nitrosobenzene was subjected to reduction it yielded about 70%
of aniline in 45 minutes. TLC studies did not show any traces of
unreacted nitrosobenzene but phenyl hydroxylamine was present
in the reaction mixture which decreased with time to yield more
of the desired product. The absence of nitrosobenzene in the
reaction mixture signifies that it gets very strongly adsorbed onto
the catalyst surface and reacts before desorption. Also it demon-
strates that the reduction of nitrosobenzene is faster compared to
that of the reduction of phenylhydroxylamine and thus this reac-
tion step might be the rate determining step. The absence of azo-
benzene in the reaction mixture probably signifies that the

This journal is © The Royal Society of Chemistry 2012

Green Chem., 2012, 14, 3164-3174 | 3171


http://dx.doi.org/10.1039/c2gc35917k

Published on 04 September 2012. Downloaded by Y ork University on 21/06/2013 17:58:08.

View Article Online

7 \N—\H
2
N A=
BH,
Desorption Adsorption
Regeneration H
of surface Desorption H

NHZ

Reduction

Au hydride
complex

Desorption| R

o

Scheme 2 Probable reaction mechanism for the reduction of nitroarene
catalyzed by the NAP-Mg—Au(0) catalyst and sodium borohydride.
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Scheme 3 Proposed reaction pathways for the reduction of aromatic
nitro group to amino group.

condensation route is not the preferred one for reduction. To
further verify this observation azobenzene was also separately
subjected to reduction and as expected there was no product for-
mation even after 45 minutes. Thus it may be concluded that the
direct route involving nitrobenzene — nitrosobenzene — phenyl-
hydroxylamine — aniline is the most likely path followed for the
reduction of aromatic nitro group involving NAP-Mg—Au(0) cat-
alyst. These reactions occur on the surface of gold nanoparticle
and once aniline is formed it desorbs from the surface to create a
free surface and the catalytic cycle starts again.

Reusability studies of the NAP-Mg—Au(0) catalyst and Kinetic
analysis on the conversion of nitrobenzene

The reusability studies of the NAP-Mg—Au(0) catalyst was
carried out with nitrobenzene as the model substrate. 2.156 x

Table 5 Reusability studies of the NAP-Mg—Au(0) catalyst”

Reaction cycle Ist 2nd 3rd 4th Sth

Weight of catalyst (mg) 150 147 143 139 133

Conversion of nitrobenzene 98 96 93 90 86

(%)"

Yleld (%)° 86 84 82 79 75
keapp (min™~ D) 0.063 0.053 0.044 0.038 0.034

Error limits (x1073) +4.85 4322 +2.33 £1.78 +£1.30
@2.156 x 10~ moles of nitrobenzene and 0.1 mole of NaBH, were
allowed to stir in 15 mL of double distilled water at room temperature
under a N, balloon for 15 minutes. To this a given amount of the
NAP-Mg—Au(0) catalyst was added and the contents were allowed to
stir for another 1 hour. ® Analysed by GC. ¢ Isolated yield of aniline after
column chromatography.
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Fig. 9 Conversion of nitrobenzene with time using the NAP-Mg-
Au(0) catalyst.

10~ moles of nitrobenzene and 0.1 mole of NaBH, were
allowed to stir in 15 mL of double distilled water at room temp-
erature under a N, balloon for 15 minutes. To this 150 mg of
NAP-Mg—Au(0) catalyst was added and the contents were
allowed to stir for another 1 hour. After the completion of the
reaction, the contents were centrifuged to separate the solid cata-
lyst from the reaction mixture. The catalyst was then thoroughly
washed with distilled water followed by acetone and then dried
in air. After drying, the catalyst was weighed. A slight drop in
weight of the catalyst was recorded after each cycle (see
Table 5). This catalyst was used for another four reaction cycles.
The conversion of nitrobenzene was monitored with time for
every cycle to determine the activity of the NAP-Mg—Au(0) cat-
alyst (see Fig. 9). As the reaction can be considered to follow
pseudo first order kinetics with respect to the concentration of
nitrobenzene, the apparent rate constant (k,p,) for each reaction
cycle can be calculated from the slope by obtaining a linear fit of
In (C/Cy) (C;: concentration of nitrobenzene at time = ‘#’; Cy =
concentration of nitrobenzene at time ‘# = 0) vs. time (see
Fig. 10). From Table 5, it can be seen that there is a gradual
decrease in k,p, with every reaction cycle. Primarily it may be
assigned to the gradual loss in weight of the catalyst during recy-
cling or may be attributed to changes in particle size or crystal-
line structure of the catalyst on repeated use. To confirm this, the
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Fig. 10 Plots of In(C/Cy) vs. time for the conversion of nitrobenzene
with th eNAP-Mg—Au(0) catalyst.

Fig. 11 (a) TEM image of used NAP-Mg—Au(0) catalyst (after five
reaction cycles) and (b) HRTEM image of the same.

used catalyst (after five cycles) was subjected to TEM, HRTEM
and XRD analyses (see Fig. 11 and 12).

The TEM image of used NAP-Mg—Au(0) catalyst (see Fig. 11
(a)) shows the dispersion of the Au nanoparticles on the support
and does not indicate any appreciable agglomeration of the par-
ticles even after five reaction cycles. This fact is further sup-
ported by the HRTEM image (see Fig. 11(b)) of a single Au
particle of the used catalyst. The XRD peaks of the used catalyst
(see Fig. 12) does not show any change thereby demonstrating
that the morphology of the catalyst remains intact even after five
reaction cycles. So the decrease in k,,, for the conversion of
nitrobenzene with every reaction cycle may be largely attributed
to the loss in catalyst during recycling. This observation is
similar to that reported by Han et al. where they showed a
gradual decrease in k,p,, values with every reaction cycle for the
reduction of 4-nitrophenol catalyzed by Au nanoparticles sup-
ported on polyaniline fibres and NaBH,; and attributed this
decrease to the loss of catalyst arising from separation and purifi-
cation processes.’

Heterogeneity studies of the NAP-Mg—Au(0) catalyst

To verify whether the reduction of nitroarene catalyzed by the
NAP-Mg—Au(0) catalyst follows a heterogeneous pathway,
2.156 x 10~* moles of nitrobenzene were subjected to reduction
using 0.01 mole of NaBH, and 15 mg of catalyst in 5 mL of
double distilled water at room temperature. After 10 minutes of

Fig. 12 Powder X-ray diffraction (XRD) pattern of the used NAP-Mg—
Au(0) catalyst after five reaction cycles (the figures in parentheses show
the diffraction from planes corresponding to hydrated hexagonal crystal-
line phases of NAP-MgO and those without parentheses (also indexed
with solid black dots) indicate the planes corresponding to cubic crystal-
line phases of Au(0) nanoparticles).

reaction, when the concentration of nitrobenzene was about
57%, the catalyst was separated from the reaction mixture and
the reaction continued. There was no change in the conversion
of nitrobenzene even after 30 minutes. The filtrate was analyzed
by ICP-OES for any traces of gold but it was found well below
the detection limit. The gold content in the used catalyst also
matched well with that of the fresh catalyst. This proves that
during the course of the reaction there was no leaching of gold
from the solid support and the reaction followed a heterogeneous
pathway.

Conclusion

In conclusion, Au(0) nanoparticles of 5—7 nm size that are het-
erogenized onto a commercial NAP-MgO support, [(NAP-Mg—
Au(0)], performs efficiently as a recyclable heterogeneous cata-
lytic system for the chemoselective reduction of aromatic nitro-
arenes in aqueous medium at ambient temperature. This catalytic
system effectively reduces the nitro group to an amino group in
good to excellent yields without affecting other vulnerable
groups such as halo, carbonyl or nitrile groups present in the
benzene ring. Also, no additives or promoters are needed for the
reaction. The UV-visible spectrophotometric studies on 4-nitro-
phenol were also performed and an apparent rate constant of
7.6 x 107 s™' was obtained for the NAP-Mg—Au(0) catalyst
which is found to be considerably higher when compared to the
other supported gold catalysts used in our studies. These key
findings make the nanotechnology based recyclable hetero-
geneous catalysis platform provided herein inherently advanced,
economical, green and environmentally sustainable for the
reduction of aromatic nitroarenes.

Experimental
Synthesis of the NAP-Mg—Au(0) catalyst

Commercial NAP-MgO was calcined at 450 °C for four hours in
air. This NAP-MgO support (3.5 g) was treated with chloroauric
acid solution (1 g, 2.54 mmol; dissolved in 100 mL of double
distilled water), and stirred at 25 °C for 12 h under nitrogen
atmosphere to give Au(i)-exchanged NAP-Mg—Au(i) species.
To this reaction mixture, excess of sodium borohydride (3.5 g,
92.5 mmol) was slowly added and the contents were allowed to
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stir under nitrogen atmosphere for another 12 h. The solid cata-
lyst was then filtered through G-3 sintered glass funnel, washed
thoroughly with double distilled water and then with acetone. It
was then oven dried at 70 °C to obtain NAP-Mg—-Au(0) as a
dark purple coloured powder. Similar synthetic procedures
were adopted for meso-HAP—Au(0) and meso-CeO,—Au(0)
catalysts."”

General procedure for the spectrophotometric determination of
the reduction of 4-nitrophenol over NAP-Mg—Au(0) and other
supported gold catalysts

2.156 x 10~* moles of 4-nitrophenol were dissolved in 5 mL of
double distilled water to give a yellow coloured solution. To it
0.01 mole of sodium borohydride was added and allowed to stir
under a nitrogen balloon for 15 minutes. Then 15 mg of
NAP-Mg—Au(0) catalyst (or equivalent weight of other sup-
ported catalysts containing the same amount of gold) was added
and stirring continued. Just after the addition of the catalyst, a
small portion of the reaction mixture was withdrawn and its
absorbance recorded by a UV-visible spectrophotometer. The
process was repeated at regular time intervals until complete dis-
coloration of the solution.

General experimental procedure for the reduction of nitroarenes
catalyzed by NAP-Mg—Au(0)

1.078 x 10~ moles of nitroarene and 0.05 mole of sodium boro-
hydride were stirred in about 10 mL of double distilled water
under a nitrogen balloon for 15 minutes. Then 75 mg of
NAP-Mg-Au (0) catalyst was added and stirred for the appropri-
ate amount of time. The progress of the reaction was monitored
by TLC. After the completion of the reaction, the reaction
mixture was centrifuged to separate the catalyst. The solid
residue was first washed with distilled water and then with
acetone to remove any traces of organic material. It was then
dried in air at room temperature and used as it is for further reac-
tions. The filtrate containing the reaction mixture was extracted
with ethyl acetate (3 x 10 mL), and then washed with brine sol-
ution (10 mL), and dried over anhydrous Na,SO,4. The solvent
was evaporated under reduced pressure to yield the crude
product, which was then purified by column chromatography
using silica gel using hexane/ethyl acetate as an eluent to afford
the pure product. The products were characterized by both
"H-NMR and "C-NMR as well as mass spectral studies (see
ESTt).
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