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Abstract

Amine-functionalized graphene oxide (GO-NH,) was prepared by synthesizing graphene oxide (GO) using the Hummer’s
method, followed by reacting with (3-aminopropyl)triethoxysilane (APTES). The obtained GO-NH, was utilized for immo-
bilizing and stabilizing Rh(0) nanoparticles (NPs) to create Rh@GO-NH, material. The synthesized Rh@GO-NH, material
was characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDS), elemental mapping, and X-ray photoelectron spectroscopy (XPS) analysis. The results indicated that the
Rh(0) NPs were successfully decorated on the GO-NH, surface. The catalytic activity of Rh@GO-NH, was examined for
the hydrogenation of nitroaromatic compounds using NaBH, as a reducing agent. Results demonstrated that Rh@GO-NH,
effectively catalyzed the hydrogenation of nitroaromatics into the corresponding aniline derivatives in aqueous media at a
moderate temperature. Nitroaromatic compounds are considered high toxic water contaminants. The simple preparation of

the catalyst, low catalyst loading, and the recoverability of the catalyst are some advantages of this work.
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1 Introduction

Nowadays, water is contaminated with a wide variety of
chemical pollutants [1], which have adversely affected
marine life and the Earth's ecosystem. Nitroaromatic organic
compounds, highly toxic substances and released into the
environment by the agricultural, pharmaceutical, and chemi-
cal industries, are among the most significant water-contami-
nating substances [2]. Therefore, it is crucial to remove these
contaminants from industrial wastewater before releasing
it into the environment [3, 4]. Various techniques, includ-
ing adsorption, biochemical, and photocatalytic degradation
methods [5-8], have been used to eliminate nitroaromatic
pollutants from water and industrial wastewater. However,
these methods have limitations such as the need for large
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quantities of adsorbents, a time-consuming and expensive
recycling and reusing process, and the potential production
of other toxic substances during the degradation process [9].

Therefore, it is crucial to develop methodologies that
can effectively remove nitroaromatic pollutants while also
converting them into useful substances. One of the most
significant methods is the hydrogenation of nitroaromatic
compounds in aqueous media, which is particularly impor-
tant from an environmental perspective [10]. Generally, the
hydrogenation products of nitroaromatics, known as amines,
are versatile and valuable intermediates in the synthesis of
various biologically active natural and non-natural products.
These products include drugs, polymers, sensors, corrosion
inhibitors, and cosmetics, and may be of interest in synthetic
and medicinal chemistry [11]. Various nitroaromatic reduc-
tion processes have been explored in the literature, including
catalytic hydrogenation using H, or hydride donors such as
LiAlH, and NaBH, in the presence of metal catalysts [12].
In recent years, supported metal NPs [13] have been widely
used for the reduction of nitroaromatics, particularly 4-nitro-
phenol, which is considered one of the most hazardous pol-
lutants due to its high solubility and stability in water. The
reduction of nitroaromatics to their corresponding aniline
derivatives by metal NPs including Ag [14-17], Rh [18], Au
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[19-21], Pd [22-24], Co [15], Cu [25], Ni [26], Zn [27], Fe
[28], Pt [29], etc. has significantly increased.

In this context, Rahimkhoei et al. [30] developed a
method for preparing and stabilizing Ag NPs on polyhedral
oligomeric silsesquioxanes (POSS) cross-linked poly(N-
isopropylacrylamide-co-itaconic acid (PNIPAM-co-IA)
for converting of 4-nitrophenol into 4-aminophenol using
NaBH,. They achieved full conversion within 10 min using
15 mg of catalyst at 50 °C. Additionally, Akbari et al. [15]
described an efficient reduction of 4-nitrophenol using Ag
nanoparticles on POSS-ionic liquid hybrid materials. Yavari
and colleagues [14] developed Co nanoparticles supported
on halloysite nanotubes modified with an ionic liquid for
reducing nitroaromatics with NaBH,. In 2017, Bhosale
et al. [31] reported that Au NPs catalyze the reduction of
nitroaromatic derivatives. Nevertheless, the development of
novel methodologies and catalysis for the chemoselective
reduction of nitroaromatics in the presence of additional
functional groups holds significant importance.

In recent years, there has been a significant increase in
studies on nanocatalysts due to their exceptional effective-
ness and selectivity in catalysis. Nanomaterials possess
unique properties and enhanced performance based on their
size, shape, and the support materials they are combined
with. By using metal NPs in combination with carefully
selected supports, researchers have been able to develop
novel and highly active catalysts with practical industrial
applications. A variety of solid supports have been used
for the immobilization of metal NPs, including carbon
and halloysite nanotubes, polymers [32], chitosan, cellu-
lose, mesoporous silica [33], magnetic materials [34], and
nanofibers [35]. However, the introduction of mass transfer
control has only partially improved catalytic activity. There-
fore, there is a continued need for the development of more
efficient catalysts with suitable solid supports. Among the
various solid support materials that have been investigated,
graphene oxide (GO) and its various derivatives modified
with functional groups have garnered significant attention
due to their distinct physical and chemical characteristics
and substantial surface area [36]. It is acknowledged that GO
contains numerous functional groups with oxygen, such as
hydroxyl, epoxy, and carboxyl groups [37]. Special attention
has been placed on materials that have been functionalized
with amines, as solid supports containing amine groups are
known to effectively stabilize metal nanoparticles by pre-
venting their aggregation without affecting their intrinsic
characteristics, while also enhancing their catalytic effi-
ciency [38, 39].

Rhodium NPs are utilized in a wide range of catalytic
reactions due to their high stability under harsh acidic/basic
and heating conditions, as well as extraordinarily high sur-
face free energy and catalytic activity [40]. Some of the
reactions catalyzed by Rh NPs include oxidation of CO,
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reduction of NO and nitrate, storage of O, for CO, reform-
ing or methane production, generation of H,, hydrogenation
of arenes, N-heteroaromatics, phenols and alkenes, hydrofor-
mylation of alkenes, and electro-oxidation of alcohols. Fur-
thermore, Rh NPs are employed in the reduction of nitroaro-
matic compounds [41]. In a specific study, Luo et al. [42]
reported that Rh nanoparticles supported by porous ionic
copolymer catalyzed the reduction of nitro compounds by
hydrazine, while other functional groups such as F, Cl, Br,
I, CN, NH,, OH, alkene, ester, and amide groups remained
unchanged. Recently, a bimetallic Pt—-Rh alloyed nano-
multipods were constructed in oleylamine by utilizing cre-
atinine and cetyltrimethylammonium chloride (CTAC) as
co-structure-directing agents. These were then used in the
catalytic reduction of 4-nitrophenol (4-NP) with NaBH, as
the reducing reagent, achieving reduction in less than 20
min. A major drawback of this method in the preparation of
the platinum-rhodium alloy using expensive precursors such
as Pt(acac),, Rh(acac);, and creatinine at higher tempera-
tures [43]. In a different study, Liang et al. [44] described the
synthesis of Rh NPs supported on magnetically graphite-like
carbon nitride (g-C3;N,) and their catalytic activity in the
reduction of nitroaromatic compounds using hydrazine as
the reducing agent. Although the work presented the high
catalytic activity of the reported Rh NPs-based catalyst in
the reduction of various substituted nitroarenes, some limita-
tions of the method include the use of a high loading (13 mg)
of catalyst and a higher temperature of the reduction reaction
(110 °C). Additionally, a bimetallic RhAg NPs supported on
r-GO was developed for the reduction of 4-NP by NaBH,.
The protocol used tris(triazolyl)-polyethylene glycol ligand
as the stabilizing agent for AgRh NPs [45]. Also, in some
cases, azoxybenzene derivatives were obtained as the main
products of the nitroaromatic reduction through reductive
coupling reactions [46].

Here, we conducted the synthesis and characterization of
Rh(0) NPs decorated on amine-functionalized GO, referred
to as Rh@GO-NH,, and their catalytic activity towards the
hydrogenation of nitroarenes by NaBH, in aqueous media.
The modification of GO using commercially available
(3-aminopropyl)triethoxysilane (APTES), and the formation
of Rh NPs from RhCl; precursor, along with low catalyst
loading for the catalytic hydrogenation of nitroarenes, and
recoverability of the catalyst are some advantages of this
work.

Figure 1 illustrates a schematic representation of the
preparation and catalytic activity of Rh@GO-NH, towards
the reduction of 4-nitrophenol (4-NP). The adsorption of
nitroarenes onto the GO-NH,, followed by the hydrogena-
tion of the nitro group with H,, which is in-situ generated by
Rh NPs-catalyzed decomposition of NaBH,, yielded corre-
sponding aniline derivatives that desorbed from the GO-NH,
surface.
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Fig. 1 Schematic representation of the preparation of Rh@GO-NH, (A), and Rh@GO-NH, catalyzed reduction of nitrophenol by NaBH,

2 Experimental
2.1 Materials and Methods

Rhodium(III) chloride hydrate (RhCl;-H,0), 3-aminopropyl-
triethoxysilane (APTES), nitroarenes, sodium borohydride
(NaBH,), potassium permanganate (KMnO,), sodium nitrate
(NaNO), graphite powder, ethanol (EtOH), and toluene were
obtained from Sigma-Aldrich®. All reactions and washing
steps are performed with deionized water.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis was performed on a Perkin Elmer Optima
4300DV to determine the experimental amount of Rh in the
catalyst. X-ray photoelectron spectroscopy XPS analysis was
performed on a Kratos AXIS Ultra spectrometer with Al Ka
radiation (1486.6 eV, the X-ray tube operated at 15 kV and
350 W, and pass energy of 23.5 eV). The C 1s photoelectron
line (binding energy =284.6 V) was used to calibrate the pho-
toelectron binding energies. A PANalytical Empyrean X-ray
diffractometer with Cu-Ka radiation (A=1.54 10\) was used
for X-ray diffraction (XRD) analysis. The operating voltage
of the X-ray tube was 40 kV and the current was 40 mA. To
study the surface morphology and chemical composition of
the synthesized Rh@GO-NH,, 3D morphological images of
the samples were taken with a Zeiss Sigma 300 model field
emission scanning electron microscope (FE-SEM) equipped
with energy dispersive X-ray spectroscopy (EDS) and an In-
Lens (SE1) detector operating at a 10 kV acceleration voltage.

2.2 Preparation of Amine-Functionalized Graphene
Oxide (GO-NH,)

Initially, graphene oxide (GO) was synthesized by the Hum-
mer’s method via the oxidation of graphite powder with

KMnO, and NaNO; [47]. Briefly, 5 g of graphite, 115 mL
of concentrated H,SO,, and 2.5 g of NaNO; were combined
in an ice bath for 30 min, keeping the temperature below 20
°C. Over a period of 30 min, 15 g of KMnO, was gradu-
ally added to the mixture and stirred for another hour. After
that, the mixture was stirred for an additional hour at 45
°C. 230 mL of distilled water was then added with vigor-
ous stirring for 15 min, followed by continued stirring for
30 min at 45 °C. 600 mL of distilled water and 150 mL of
9% H,0, were added to the resulting mixture and stirred
for another hour. The resulting solid product was filtered,
washed several times with a 5% HCI solution, and then
dried. To synthesize GO-NH,, 1 g of GO was dispersed in
100 mL of toluene through sonication for 30 min. Then, 2.6
mL of APTES was added to the mixture and stirred at 25 °C
for 3 h. The resulting black solid was filtered, washed suc-
cessively with toluene and ethanol, and then dried [48]. The
covalent attachment of APTES occurred through its reaction
with the hydroxyl groups present on the basal planes and
edges of GO.

2.3 Preparation of Rh@GO-NH, Catalyst

The wet-impregnation technique was used to prepare the
Rh@GO-NH, catalyst. The prepared GO-NH, was added
to a solution of RhCl;-H,O (4.15 mg; 19.8 pmol Rh) in 5.0
mL of water and stirred at 700 rpm for 3 h. The reduction of
Rh(IIT) ions to the Rh(0) NPs was carried out by adding an
excess amount of NaBH, aqueous solution dropwise until
the gas evolution. To remove possible impurities such as
metaborate, the resulting Rh@GO-NH, product was filtered
and washed three times with distilled water, and then dried
under vacuum at 100 °C.
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2.4 Catalytic Efficiency of Rh@GO-NH,
in the Nitroarene Reduction

1 mg of Rh@GO-NH, was added to a solution of 4-nitro-
phenol (4-NP) (5§ mg) and excess NaBH, (30 mg) and stirred
at 55 °C. The mixture was stirred until the yellow color of
the 4-nitrophenolate solution became colorless, indicat-
ing the conversion of 4-NP to 4-aminophenol (4-AP). The
progress of the reaction was monitored using a UV-Vis
spectrophotometer.

2.5 Reusability Study of the Rh@GO-NH, Catalyst

The reusability of the Rh@GO-NH, catalyst was studied
in two methods; (A) After reduction of 4-NP (5 mg) with
NaBH, (30 mg) in the presence of 1 mg of catalyst at 55 °C,
the Rh@GO-NH, catalyst was separated by centrifugation
and washed successively with ethanol and water, and dried
in a vacuum at 60 °C. A fresh solution of 4-NP and NaBH,
was added to the recovered catalyst and the reaction was
carried out under the same conditions. (B) 1 mg of Rh@
GO-NH, catalyst was added to a solution of 4-NP (5 mg)
and NaBH, (30 mg) in 2.5 mL of water and stirred at 55 °C
for an appropriate time. After the completion of the reaction,
which was monitored by UV-Vis, 2.5 mL of an aqueous
solution of 4-NP (5 mg) and NaBH, (30 mg) was added to
the above mixture without separating the catalyst and then
heated at the same temperature. Addition of a fresh solution
of 4-NP and NaBH, was continued nine times.

3 Results and Discussion
3.1 Characterization of Catalyst

ICP-OES, FE-SEM, SEM-elemental mapping, XRD, XPS,
and high-resolution XPS were used to characterize the Rh@
GO-NH, catalyst. The Rh content of Rh@GO-NH, was
determined by an ICP-OES analysis, which showed that the
Rh content of the catalyst was 1.70+0.01% wt%. SEM was
first used to study the morphological analysis of the Rh@
GO-NH, catalyst. The SEM images and the corresponding
EDS spectrum of the Rh@GO-NH, catalyst are shown in
Fig. 2a—d. There are distinct layers of graphene shown in
Fig. 2a—c. The Rh(0) NPs are homogeneously distributed
between the graphene layers and on their surface, as shown
in Fig. 2c. C, O, N, Si and Rh peaks were shown in the
EDS spectrum of the Rh@GO-NH, catalyst, revealing the
modification of GO by APTES and the immobilization of
Rh(0) NPs on the GO surface. The homogenous spots of C,
O, N, Si and Rh in the SEM-elemental mapping images of
the Rh@GO-NH, catalyst confirmed the presence of Rh(0)
NPs (Fig. 3c—f).
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Powder XRD analysis was performed to assess the crys-
tal structure of the catalyst. The XRD patterns of GO-NH,
and Rh@GO-NH, catalyst are shown in Fig. 4. As can be
seen from the figure, the XRD patterns of both the solid
support and the catalyst mostly overlap, except for a small
shoulder around 40.7° of the Rh@GO-NH, sample. It can be
understood from the literature that the reflections observed
at 20=11.7°,21.7° and 42.7° in both examples originate
from the C (001), C (002) and C (102) planes, respectively
[38]. Due to the amorphous structure of graphene, the XRD
pattern of the Rh@GO-NH, catalyst is broadened [49]. The
small deposition of Rh(0) NPs on the GO-NH, surface may
be responsible for the absence of Rh(0) NPs diffraction
peaks.

XPS analysis was performed to ascertain the oxidation
state of metallic Rh metal and to determine the surface
composition of the Rh@GO-NH, catalyst. The XPS study
revealed the presence of elements C, O, N, Si, and Rh in the
structure of the Rh@GO-NH, catalyst (Fig. 5a) The core
level XPS spectrum of Rh 3d was deconvoluted into two
main peaks observed at approximately 307 eV and 312 eV
for Rh 3ds), and Rh 3d;,, respectively. The Rh 3d spectra
in Fig. 5 (b) indicated mixed metallic (Rh(0)) and oxidized
Rh,05 (Rh(III)) phases for the catalyst. The Rh 3d transi-
tions in Fig. 5b showed 3d;,, at 306.9 and 308.8 eV for Rh(0)
and Rh(III), respectively; similarly, 3d;,, was at 311.7 and
313.5 eV for Rh(0) and Rh(III), respectively [50-54].

3.2 The Catalytic Efficiency of Rh@GO-NH, Catalyst
in the Nitroarene Reduction

The catalytic activity of Rh@GO-NH, towards the reduc-
tion of 4-NP to 4-AP was investigated by treating an aque-
ous solution of 4-NP (5 mg/5 mL) with 50 mg of NaBH,
in the presence of the Rh@GO-NH, catalyst. A UV-Vis
spectrophotometer was used to measure the conversion of
4-NP to 4-AP. However, the conversion of 4-NP to 4-AP
could be observed with the naked eye when the solution
turned from yellow to colorless during the reaction. The
reduction of 4-NP catalyzed by Rh@GO-NH, was inves-
tigated under different conditions to determine the optimal
reaction conditions for the reducing of nitroaromatic com-
pounds. As shown in Table 1 (entries 1-4), increasing the
catalyst loading decreased the time required for complete
conversion. We decided that 1 mg of catalyst was the optimal
amount because it gave almost identical results to the higher
amount of catalyst (entry 2). No conversion was observed
after 120 min when O mg of catalyst was used (entry 1). The
time to complete the conversion increased as the amount
of NaBH, was reduced (entries 5-7). Similar results were
obtained using 30 and 50 mg of NaBH, (entries 2 and 5).
When NaBH, was not used, the conversion of 4-NP was less
than 5% (entry 7). After 3 h, only 45% reduction of 4-NP
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Fig.2 SEM images in different scale (a—c) and corresponding EDS spectrum (d) of Rh@GO-NH, catalyst

reduction was observed when the reaction was performed at
room temperature (entry 8). Therefore, the optimal amounts
of catalyst, NaBH,, and temperature were determined to be
1 mg, 30 mg, and 55 °C, respectively (entry 5).

Under optimal reaction conditions, the ability of the
Rh@GO-NH, catalyst to reduce nitroaromatic compounds
containing different functional groups was investigated.
Various electron-donating and electron-withdrawing sub-
stituted nitroaromatics were treated with Rh@GO-NH,
and NaBH, reductant. The UV—-Vis spectra of nitroaro-
matics before and after the reduction are shown in Fig. 6.
Table 2 shows the results of the Rh@GO-NH,-catalyzed
reduction of nitroarene derivatives in terms of time, con-
version, and selectivity. Within 30 min, nitrobenzene
and 4-nitrotoluene were reduced to the corresponding
aniline derivatives with high conversion and 100% selec-
tivity. Rapid reduction of electron-donating substituted
nitrobenzene derivatives, including 4-nitrophenol (4-NP),
2-nitroaniline, 4-nitroaniline, and 4-chloro-2-nitroaniline,
resulted in > 99% conversion with 100% selectivity to the

corresponding aniline derivatives. In the case of nitroben-
zaldehyde, nitroacetophenone and nitrobenzoic acid deriv-
atives, electron-withdrawing groups such as formyl, acetyl,
and carboxyl caused their reduction to the corresponding
anilines in longer time (30-90 min). The main products
were the corresponding aminobenzyl alcohols of nitroben-
zaldehyde and nitroacetophenone derivatives. However,
the selectivity of 2-nitro and 3-nitrobenzaldehydes to the
corresponding aminobenzaldehydes was low.

The synthetic utility of this method was demonstrated
by reduction of nitrobenzene with NaBH, in the presence
of Rh@GO-NH,, followed by in situ treatment with for-
mic acid or acetic acid. Treatment of nitrobenzene with
excess NaBH, in the presence of Rh@GO-NH, catalyst
at 55 °C led to the in-situ formation of aniline, which was
then transformed to the corresponding formanilide and
acetanilide in 76% and 83% isolated yields, when reacted
with formic acid and acetic acid and heated at 90 °C for 5
h, respectively. Cascade Rh@GO-NH,-catalyzed reduc-
tion of 2-nitroaniline and treatment with formic acid under
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Fig.3 SEM image (a), and
elemental mapping C (b), O (¢),
N (d), Si (e) and Rh (f) of Rh@
GO-NH, catalyst

similar reaction conditions afforded benzimidazole in 66%

yield (Scheme 1).

The recyclability of the Rh@GO-NH, catalyst was inves-
——EhEECNY, tigated in two ways. In the first method (A), after the com-
——GO:NH, pleting the reduction of 4-NP (5 mg) with NaBH, (30 mg)
in the presence of catalyst (1 mg) at 55 °C, the catalyst was
separated by centrifugation and washed twice with water and
ethanol. The isolated catalyst was treated with a fresh solu-
tion of 4-NP and NaBH, in water under the same reaction
SN conditions. The catalyst was reused 4 times without signifi-
cant loss of activity. In another method (B), 1 mg of Rh@
GO-NH, catalyst was treated with a solution of 4-NP (5 mg)
and NaBH, (30 mg) in water (2.5 mL) at 55 °C, and then

when the reaction was completed, a new solution of reagents
i) (5 mg of 4-NP and 30 mg of NaBH,, in 2.5 mL of water) was

w
]
e

Intensity (c/s)

S A S M S A added to the mixture without separating the catalyst and the
10 20 30 40 50 60 70 80 90 ) . > )
20 (%) reaction continued under the same conditions. Adding a new
solution of reagents was done nine times without separating
Fig.4 XRD pattern of GO-NH, and Rh@GO-NH, samples the catalyst, and the results showed that the Rh@GO-NH,
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Table 1 Optimization of the conditions for 4-NP reduction®

catalyst maintained its catalytic activity for nine times with-
out losing its efficiency. Method A was not repeated more
than 4 times due to catalyst loss during separation (Fig. 7b,
c). To investigate the structural changes of the catalyst dur-
ing the reduction of 4-NP, FT-IR spectra of Rh@GO-NH,
were collected before and after recovery and reused for four
runs (Fig. 7e). In the FT-IR spectra of Rh@GO-NH,, the
peak at 1550 cm™! is due to N—H bending vibrations, and
the peaks at 1056 and 702 cm™" are related to asymmetric
and symmetric stretching vibrations of Si—O—Si, respec-
tively. These peaks confirmed the successful modification
of GO with APTES to obtain amine-functionalized GO.
The band of C—O bonds appeared at 1198 cm™'. As shown
in Fig. 7e, the functional groups and structure of the Rh@
GO-NH, catalyst were preserved after four reusing cycles.

The leaching of Rh species into the reaction mixture was
investigated by removing the catalyst after 5 min from the
reaction medium of 4-NP and NaBH, in water. The reduc-
tion was then continued in the absence of catalyst under
heating conditions at 55 °C. As shown in Fig. 7d, there was
no significant decrease in the absorbance of the mixture at
the maximum wavelength of 4-nitrophenolate species at 400
nm, even after 30 min, indicating the heterogeneity of the
Rh@GO-NH, catalyst.

Table 3 compares the reduction efficiency of 4-nitro-
phenol or nitrobenzene over the Rh@GO catalyst with
some reported works. Table 3 shows that in most cases
the reduction of nitroarenes was carried out in alcohol-
based solvents and lasted between 1 and 16 h. In addition,
in some cases a high temperature was required to reduce
nitroarenes. Also, in most cases expensive Rh precur-
sors in combination with other metal precursors at higher

HO

NaBH,, Rh@GO /©/NH2
Water, temp (°C) HO

time (min)

Entry Rh@GO-NH, (mg) NaBH, (mg) Temperature (°C) Time (min)
1 0 50 55 120°

2 1 50 55 15

3 2 50 55 12

4 5 50 55 13

5 1 30 55 15

6 1 15 55 120°

7 1 0 55 120

8 1 30 rt 180°

*Rh@GO-NH, catalyst and NaBH, were added to a solution containing 5 mg of 4-NP in 5 mL of water and stirred at temperatures. The reduc-
tion of 4-NP was monitored by measuring the absorbance of the solution at the wavelength of maximum absorbance of the 4-nitrophenolate ion
using a UV—Vis spectrometer. ®After 120 min, 4-NP remained unchanged in its 4-nitrophenolate form. ‘About 65% conversion was observed.
9Less than 5% conversion was shown. *About 45% conversion was achieved
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Fig.6 Rh@GO-NH,-catalyzed reduction of nitroaromatic com-
pounds, studied with a UV-Vis spectrophotometer at the beginning
(0 min) and at the end of the reduction of 4-nitrobenzene, 4-nitrotolu-

temperatures were used to prepare supported Rh NPs.
Some of the advantages of the Rh@GO catalyst include
excellent conversion and selectivity, ease of preparation,
rapid reduction of nitro compounds, heterogeneity, and
recoverability of the catalyst.
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ene, 4-nitrophenol, 2-nitroaniline, 4-nitroaniline, 4-chloro-2-nitroani-
line, 2-nitrobenzaldehyde, 3-nitrobenzaldehyde, 4-nitrobenzaldehyde,
4-nitroacetophenone, 2-nitrobenzoic acid and 4-nitrobenzoic acid

4 Conclusions

In summary, amine-functionalized graphene oxide-
decorated Rh(0) NPs were prepared and their catalytic
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Table 2 Scope of the Rh@GO-catalyzed reduction of nitroarene derivatives®

NaBH, (22 equiv.)

- NO2  Rh@GO (1 mg) - NH2
. -
= Water (2-3 mL) =

55 °C, 5-90 min

R = H, 4-Me, 4-OH, 2-NH,, 4-NH,, 2-NH»-5-Cl, 2-CO,H, 4-CO,H

NaBH, (22 equiv.)

Q NOz  Rh@GO (1mg) HO N2
% > [
R Water/EtOH (2-3mL) R =
55 °C, 30-60 min
2-CHO, 3-CHO, 4-CHO, 4-MeCO
Entry Nitroarene Product Time (min) Conversion® % Selectivity® %
1 : NO, : NH, 30 96 100
2 /©/N02 /©/NH2 30 92 100
Me Me
3 /©/N02 /©/NH2 15 >99 100
HO HO
4 @NOZ @NH2 5 >99 100
NH, NH,
5 CI\@NOZ CI\@NHZ 5 >99 100
NH, NH,
6 /©/N02 /©/NH2 5 >99 100
HoN HoN
7 <j[No2 <)/\N/H2 60° >99 84
CHO OH
8 OHC NO NH 30 >99 91
\©/ 2 HO/\©/ 2
9 /©/N02 vE>/NH2 60° 92 100
OHC HO
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Table 2 (continued)

NaBH, (22 equiv.)

- NO2  Rh@GO (1 mg) - NH2
= Water (2-3 mL) =

55 °C, 5-90 min

R = H, 4-Me, 4-OH, 2-NH,, 4-NH,, 2-NH»-5-Cl, 2-CO,H, 4-CO,H

NaBH, (22 equiv.)
A NO2  Rhn@GO (1mg) HO N
0 -0
R Water/EtOH (2-3 mL) R

55 °C, 30-60 min

2-CHO, 3-CHO, 4-CHO, 4-MeCO

Entry Nitroarene Product Time (min) Conversion® % Selectivity® %

10 NO, NH, 30 >99 100
Oﬁ HO\(©/
Me Me
11 : NO, : :NHZ 90° 93 100
COzH COzH
12 : NO, NH, 40° 87 100
HO,C HO,C

“Reaction conditions: Nitroarene (0.035 mmol), NaBH, (0.8 mmol, 30 mg), Rh@GO (1 mg), water (2-3), 55 °C. *Water/EtOH (3/1: v/v) mix-
ture was used as solvent. “Conversion and selectivity were determined using GC analysis

Scheme 1 Synthetic utility CHj H
of Rh@GO catalyzed tandem NaBH, (30 mg) NaBH, (30 mg) A
reduction of nitroarenes and o NH Rh@GO-NH, (1 mg) NO, Rh@GO-NH, (1 mg) HN o
their reaction with formic and water, 55 °C, 30 min © water, 55 °C, 30 min
acetic acid
then CH3;CO,H (0.5 mL) then HCO,H (0.5 mL)
83% 90 °C,5h 90 °C,5h 76%

NaBH, (30 mg)
Rh@GO-NH, (1 mg)

©:NH2 water, 55 °C, 30 min @EN\
S>—H
NO,  then HCO,H (0.5 mL) N

90 °C,5h

66%

activity for the reduction of nitroarene derivatives was  In addition, the presence of Rh NPs on the surface of the
investigated. SEM images showed that the Rh(0) NPs GO layers was confirmed by EDS and elemental mapping
were uniformly distributed on and inside the GO sheets. analysis. The presence of Rh(0) NPs was further confirmed

@ Springer
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NaBH, (22 equiv.)

Rh@GO (1 mg)

NH,

NO,
o 17

Water (2-3 mL)

-
HO

55 °C, time (min)

20

50 +

(b)

40 - 151

30
20

10

Time (mm)full conversion of 4-NP into 4-AP
Time (m iI“)full conversion of 4-NP into 4-AP

Runs
2.6 Py
—— 0 min
—5min (d)
——15 min in the presence of Rhn@GO
2.0 { - — ~ 30 min, the catalyst was removed at 5 min of the reaction

Absorbance

400 4560
A(nm)

Fig.7 Reusability of Rh@GO-NH, catalyst in the reduction of 4-NP
through separating of catalyst (method A) (b) and without catalyst
separation (method B) (c), the leaching test of the Rh@GO catalyst

by XPS analysis, which showed peaks at binding energies
of 306.9 and 311.7 eV. Rh@GO-NH, exhibited excel-
lent catalytic activity for the reduction of nitroaromatic
compounds using NaBH, in aqueous solutions. Strong
electron-donating substituted nitroaromatics underwent
rapid reduction (5-15 min), while methyl and electron-
withdrawing substituted nitroarenes were reduced in

(c)

90

80

=

('3

o

£ 70

£ ——Rh@GO-NH,

£ ——Reused Rh@GO-NH,

c 60 -

g

-
50 -
40 T T T
4000 3000 2000 1000

Wavenumber (cm™)

in the reduction of 4-NP (d), and Ft-IR spectra of the Rh@GO-NH,
catalyst and reused catalyst (e), (Reaction conditions are illustrated in
the Scheme a)

30-90 min. In the case of aldehyde and ketone functional
groups, the reduction of carbonyl groups to the corre-
sponding alcohols occurred in addition to the nitro group.
The synthetic utility of the Rh@GO-catalyzed tandem
reduction of nitroarenes and reaction with formic acid and
acetic acid was also studied, leading to the delivery of the
corresponding anilide and benzimidazole derivatives. The

@ Springer
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Table 3 Comparison of 4-nitrophenol reduction efficiency of Rh@GO with some reported Rh, Au and Pd NPs catalysts

Catalyst (amount, wt% of metal) Conditions Conversion, selectivity References
Fe;0,@Si0,-NH,-RhNPs@mSiO, (40 mg, H, (1 atm.), i-PrOH, rt, 16 h >99%, 100% [55]
0.23mmol% Rh)
0.5wt%Rh-PAA/AL,O05;-TMPM (100 mg) H, (20 bar), abs. EtOH, rt, 2 h 94.7%, 100%* [56]
Au/Ti0,-VS (1 mol% Au) CO (5 atm), EtOH/H,0, 25 °C, 1 h 99%, 99% [57]
Fe,0;@HAP-Pd (40 mg) HCO,NH,, EtOH, 60 °C, 3 h 100%, > 99%* [58]
Pd/Fe;0,@C (40 mg) NaBH,, MeOH, 60 °C, 1 h 100%, 99%* [59]
Polymeric PEG35k-Pd NPs (1 mol% Pd) N,H,-H,0,90°C, 1-2h 98%"° [60]
Pd-gCN (5 mol% Pd) N,H,-H,0, EtOH, 70 °C, 4 h 96%"° [61]
PtRh alloy (0.02 mg PtRh) NaBH,, H,O0, rt, ~20 min 100% [43]
RhAg@rGO (0.2 mol% RhAg) NaBH,, H,0, 20 °C,~15 min 100% [45]
Rh@GO (1 mg, 1.7 wt% Rh) NaBH, H,0, 55 °C, 15 min 100%, >99% This work

Nitrobenzene conversion and selectivity to aniline. ®Isolated yields

recovered catalyst demonstrated reusability for nine runs
without significant loss of catalytic activity. A leaching
test was conducted, revealing the heterogeneous properties
of the Rh@GO-NH, catalyst.
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