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The composite material (GOnc) was found to be a highly efficient, reusable and cost effective
heterogeneous catalyst for the one-pot, selective synthesis of azo-compounds from aromatic amines

under N, atmosphere. After completion of the reaction, the catalyst is readily recovered by filtration and

can be reused at least three times without significant loss in activity.

Introduction

Graphene oxide (GO) is one of the most important derivatives of
graphene.' GO has attracted tremendous attention of scientists due to
its remarkable physical, chemical, and electrical properties.” In
recent years, GO has been used as an ideal support for a number of
metals, metal oxides, inorganic complexes, and organic compounds
due to its high specific surface area.’> Composite materials of GO
have found applications in super capacitors, lithium ion batteries,
semiconductor devices, catalysis, and biosensors.* GO supported
metal oxide nanoparticles is an emerging class of heterogeneous
catalysts ~ for  facilitating  synthetically — useful  organic
transformations.” Metal nanoparticles (NPs) are implicated in many
industrial reactions, predominantly as heterogeneous catalysts.®
MnO, nanoparticles have been used as heterogeneous catalyst for
oxidation reactions owing to its large number of active sites.”
Azo-compounds are widely used as organic dyes,
indicators, food additives, drugs, radical reaction Iinitiators,
therapeutic agents, photochemical molecular switches, molecular
shuttles, storage media, liquid crystals, nanotubes and in the
manufacture of protective eye glasses and filters.*® The synthesis of
azo-compounds have been reported in literature by several methods
such as azo coupling reaction, Mills reaction, Wallach reactions,
reduction of azoxybenzenes, oxidation of amines, dehydrogenation
of arylhydrazines, reaction of quinone acetals with arylhydrazines,
opening of benzotriazoles, thermolysis of azides, dimerization of
diazonium salts, metal catalyzed coupling of arylhydrazines, and
triazene rearrangements.'® However, among these methods,
oxidation of amines is one of the easiest one-step routes for the
synthesis of azo-compounds. A perusal of the literature reveals that
oxidation of amines have been accomplished by several catalysts,
such as silver nanoparticles, gold nanoparticles immobilized on
TiO,, nickel peroxide, NaBO;, Pb(OAc);, MnO,, BaMnO,,
Ce(OH);0,H, RuCl3/H,0,, Ag,COs, AgMnO,,
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galvinoxyl/KsFe(CN)g, KO,, t-BuOCI, t-BuOI, Cu(I)-diaziridinone,
and palladium and platinum nanowires.'' However, many of these
reported synthetic protocols suffer from one or more disadvantages,
such as prolong reaction time, moderate yields, use of expensive
catalyst, and formation of large amount of by-products. Depending
upon the nature of the catalyst and the reaction conditions, oxidation
of amines have been reported to yield azo-, azoxy-, nitro- and
nitroso-compounds.'? Therefore, the rational design of selective
catalysts which could minimize the formation of by-products and
exclusively yield the desired azo-compounds is one of the
challenging areas of research."

Herein, we report the synthesis of a composite material,
i.e. graphene oxide supported MnO, nanorods (GOnc) and
demonstrates its application as a selective, inexpensive, reusable and
efficient heterogeneous catalyst for the synthesis of azo-compounds
in one-step from amines in high yields.

Experimental

Preparation of MnO, nanorods

The MnO, nanorods were prepared by slight modification of
reported method.'* 5 mM (0.1223 mL) hydrochloric acid (HCI) was
mixed with 1.0 mM (0.158034 g) potassium permanganate (KMnO,)
solution and magnetically stirred for 30 min. The solution was
transferred into a Teflon-lined stainless steel autoclave and
hydrothermally treated at 120 °C for 10 h. The resultant black
precipitate was collected by centrifugation.

Preparation of Graphene oxide supported MnO, nanorods
(GOnc)

Initially, GO was prepared from graphite powder by using the
modified Hummer's method.”> GOne was prepared by modification
of literature procedure.'® In brief, preparation of 1:1 ratio of
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MnO,/GO, 0.050 g of GO was dissolved in 30 mL de-ionized water
followed by the addition of 1.0 mM (0.158034 g) of KMnO,. 5 mM
(0.1223 mL) HCI was added to the above mixture and the resultant
mixture was magnetically stirred for 30 min at room temperature.
The solution was transferred into a Teflon-lined stainless steel
autoclave and hydrothermally treated at 120°C for 10 h. The
resultant precipitate was collected by centrifugation, washed several
times with deionised water and finally dried in vacuum.

Characterizations

The synthesised GO and GOnc were characterized by Powder X-ray
diffraction (PANalytical Empyrean). Morphology of the GO, MnO,
nanorods and GOnc were observed by Field Emission-Scanning
Electron Microscopy (FE-SEM, Supra 55 Carl Zeiss. Germany). The
composition of the GO and GOnc were determined by Energy-
dispersive X-ray spectroscopy (EDX) analysis on a (Electron Probe
Microscope Oxford X-MAX"). Raman spectra of GO, GOnc were
recorded on a (High Resolution Raman Microspectrometer). Surface
area of the GOnc was measured by a Brunauer-Emmett-Teller (BET)
surface area analyzer (Quantumchrome Instrument 3200 Nova E).
The FT-IR spectra were recorded on a (Perkin- Elmer RXI FT-IR
Spectrometer) in KBr pellet. The 'H NMR spectra of organic
products were recorded in CDCl; on a (Bruker’s advance III 400
MHz FT-NMR) at room temperature.

Synthesis and Characterization of azo-compounds

To a stirred solution of amine (1 mmol) in 1,2-dichloroethane
(5 mL), GOnc (5 wt %) was added to the reaction mixture
under reflux for specific time (4-18 hr) under nitrogen
atmosphere. The progress of the reaction was monitored by
TLC at regular intervals. After completion, the reaction mixture
was cooled to room temperature and the GOnc -catalyst
removed by filtration. The GOnc was further washed with
acetone (2x5 mL) and then dried under vacuum for reuse. Then
reaction mixture was treated with water and the aqueous phase
extracted with ethyl acetate (2x10 mL). The combined organic
layers were treated with saturated brine solution and dried over
anhydrous sodium sulphate. The removal of solvent yielded a
crude solid which was purified by flash chromatography over
Silica gel to afforded the desired azo-compounds.

The Physical and spectral data of synthesized azo compounds
are given below:

Azobenzene (2a) orange solid; mp 65-66 °C (lit.)!' 64-66 °C; IR:
3001, 1585, 1481, 1452, 1070, 782, 680 cm™, 'H NMR (400 MHz,
CDCl;) 6 7.19-7.42 (m, 6H), 7.89-7.90 (m, 4H).

4.,4'- Dimethylazobenzene (2b) light orange solid; mp 145-146 °C
(lit.)"" 142-146 °C; IR (KBr): 3424, 2905, 1585, 1485, 1139, 813,
700 cm™; "H NMR (400 MHz, CDCly) 8 2.43 (s, 6H), 7.25-7.31 (d,
J=7.8 Hz 4H), 7.75-7.89 (d, J/=7.8 Hz 4H).
4,4'-Dimethoxyazobenzene (2¢) brown solid; mp 149-151 °C (lit.)"!
150-152 °C; IR (KBr): 3085, 2833, 1589,1569, 1497, 1240, 839 cm
' TH NMR (400 MHz, CDCl;) § 3.72 (s,6H), 7.00-7.13 (d, J=8.1 Hz
4H), 7.69-7.72 (d, J=8.1 Hz 4H).

4,4'-Dibromoazobenzene(2d) reddish orange powder; mp 203-204
°C (lit.)'! 200-201 °C ; IR (KBr): 3449, 1569, 1465,1398,1061, 849
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cm’; "H NMR (400 MHz, CDCly) 8 7.61-7.65 (d, J=8.5 Hz 4H),
7.72-7.79 (d, J=8.5 Hz 4H).

4,4'-Dichloroazobenzene (2e) orange solid; mp 184-185 °C (lit.)"
182-185 °C; IR (KBr): 3438, 1559, 1482, 1092, 999, 841 cm™'; 'H
NMR (400 MHz, CDCl;) & 7.51-7.56 (d, J/=8.1 Hz 4H), 7.89-7.92 (d,
J=8.1 Hz 4H).

2,2'-Dinitroazobenzene (2f) red solid; IR (KBr): 3046, 1550, 1542,
1230, 849 cm™'; 'H NMR (400 MHz, CDCl3) & 7.72-7.84 (m, 4H),
8.19-8.39 (m, 4H).

2,2'-Dimethylazobenzene (2g) red solid; mp 53-54 °C (lit.)!! 51-
55°C; IR (KBr): 3450, 2919,1461,1110,1039, 766, 710 cm’™;
'HNMR (400 MHz, CDCl3) § 2.69 (s, 6H), 7.20-7.26 (m, 2H), 7.27-
7.31 (m, 4H), 7.61-7.64 (m, 2H).

2,2-Dichloroazobenzene (2h) orange solid; mp 137-138 °C (lit.)"!
135-136°C; IR (KBr): 3051, 1582, 1511, 1452, 1241, 1072, 1043,
949, 756 cm™; '"H NMR (400 MHz, CDCl3) § 7.31-7.40 (m, 4H),
7.58-7.60 (m, 4H).

2,2"-Difluoroazobenzene (2i) orange solid; mp 99-101 °C (lit.)"' 100-
101°C; IR (KBr): 1580, 1481, 1253, 1110, 849 cm™'; '"H NMR (400
MHz, CDCl;) 8 7.19-7.26 (m, 4H), 7.40-7.26 (m, 2H), 7.79-7.82 (m,
2H).

3,3'-Dimethylazobenzene (2j) dark orange solid; mp 50-51 °C (lit.)"'
50-51°C; IR (KBr): 2920, 1609, 1457, 1251, 791, 694 cm-'; 'H
NMR (400 MHz, CDCly) § 2.41 (s, 6H), 7.26-7.30 (m, 2H), 7.40-
7.45 (m, 2H), 7.69 (m, 4H).

Results and discussion

The chemical and structural features of GO and GOnc
were eclucidated by FE-SEM, EDX, Raman, XRD, and FTIR,
The FE-SEM (Fig.1) depicts the
morphology of MnO, nanorods, GO, and GOnc, respectively. From

analyses. images surface
(Fig. 1a), it is clear that the MnO, nanorods exhibited a uniform
diameter in the range of 100-140 nm and length of 900-1350 nm.
Fig. 1b shows the wrinkled and crumpled features in FE-SEM image
of GO due to sp’ carbon centres associated with oxygen
functionalities and various structural defects in the basal plane of
GO.'"" Fig. Ic depicts the uniform distribution of MnO, nano-rods on
the graphene oxide sheets. The EDX of GO and GOnc are shown in
Fig. 2. The atomic percentage of carbon and oxygen in GO was
found to be 57.91 and 42.09, respectively (Fig. 2a). However, atomic
percentage of carbon, oxygen, and manganese was found to be
40.38, 43.83 and 15.79, respectively, based upon the EDX analysis
of GOnc (Fig. 2b). The weight % of Mn in the GOnc, based upon
EDX analysis, was found to be 38.60. The BET surface area of
GOnc was found to be 156 m’g’ discerned from the nitrogen
adsorption/desorption isotherm as compared with the surface area of
the support graphene oxide (106 m’g™"). The Raman spectrum of
GO (Fig. 3a) exhibited two characteristics bands at 1598 and 1344
cm-', corresponding to G (graphitic band) and D (defects band)
modes, respectively. A comparison of the Raman spectra of GO with
the graphite indicated a shift in the G band towards higher wave
number which is attributed to overlap of the G band with the D band
due to presence of various structural defects, discrete sp* domains
separated by oxygen-containing functional groups present in the
GO."® The Raman spectrum of GOnc indicated peaks corresponding
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to G and D bands of GO, in additional to a sharp peak observed at

- O

639 cm™ which may be assigned to Mn-O lattice vibrations (Fig.
3b)." The XRD pattern of GO (Fig. 4a) shows a broad diffraction
peak at 26 = 10.89° with a corresponding d spacing of 0.81 nm,

w0 m O

o

which is very large compared to the graphite.** The ample oxygen
functionalities in the basal plane of GO along with absorbed water

Mol b o R iR R
W

molecules increased the interlayer distance. The XRD spectrum of
GOnc (Fig 4b) depicts all peaks characteristic of MnO,.'® Therefore,

o
o
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it is concluded that the MnO, does not undergo any noticeable s ‘_‘-___________b\
structural changes on anchoring on the GO support. The FTIR ,'.: i . . .
spectra of GO (Fig. 5a) exhibited strong characteristic vibrations at . o o et ':1' — i
3419 cm™ (O-H stretch attributed to alcohol and phenol groups), Raan shift, em

1732 ecm™ (C=0 stretch attributed to carboxyl and carbonyl groups), ~ Figure. 3. RAMAN spectra of GO (a) and (b) GOnc.

1372 cm™ (O-H bending associated to phenol and alcohol groups),

1263 cm” (C-O stretch attributed to phenols, epoxy and ether (001)

groups), and 1065 cm™ (C-O stretch associated to hydroxyl groups), a

confirming the presence of oxygen-carrying functionalities.”' The IR

spectrum of GOnc was found to be almost identical to the IR
spectrum of GO. However, an additional sharp peak observed in IR

Intensity

spectrum of GOnc at 597 cm™ was assigned to the Mn-O stretching
vibrations (Fig. 5b).*2

L] L) )
40 S0 60 70 80
20

L] L]
10 20 30

Figure. 4. XRD of GO (a) and (b) GOnc.
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Figure. 5. FTIR spectra of GO (a) and (b) GOnc.

The product of catalytic oxidation of amines mainly
depends upon the nature of catalyst, as a number of products such as

SignalA = Lens Date 28 A 2014

nitro, nitroso, azo and azoxy have been reported.12 Therefore, in
order to explore the catalytic oxidation potential and the selectivity
of the synthesized GOnc composite, oxidation of a series of aromatic
amines was performed under N, atmosphere. The catalytic
performance of (5 wt %) GOnc, for the oxidation reactions of a
series of aromatic amines (I mmol) was investigated in 1,2-
dichloroethane (5 mL) at reflux, for 4-7 hr to give corresponding
azo- compounds (Scheme 1). Initially, aniline was chosen as a model
reactant to optimize the reaction conditions. When the reaction was
carried out with (5 wt %) GO as a catalyst (Table 1, entry 1), no
product was obtained; only starting material was recovered as such.
However, when (15 wt %) GO was used as a catalyst, poor yield of
the azobenzene (< 20%) was obtained (Table 1, entry 2) with other
uncharacterized by-products. MnO, nanorods alone (15 wt %), under
identical conditions, afforded azobenzene in 50% yield. The reaction

Figure. 1. FE-SEM image of (a) MnO; nanotubes (b) GO and (c) GOnc.

Fig. 2. EDX of (a) GO and (b) GOnc.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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with MnO, nanorods was found to be sluggish as it took almost 36 h
for the completion (Table 1, entry 4) of the reaction. To our delight,
the oxidation of aniline with GOnc (5 wt %) in 1,2-dichloroethane,
yielded the desired product, i.e. azobenzene as the only product in
91% yield within 4 hr (Table 1, entry 5). This clearly indicates the
better catalytic efficiency of the composite material over GO or
MnO, nanorods alone, as a catalyst. However, no significant
improvement in yield of azo-products was noticed when the catalyst
loading was increased from 5 to 15 wt% under optimized reaction
conditions (Table 1, entry 6).

R
NH, Z |
| AN GOnc, C,H,Cl, | X N\\N X
S P 4-18 hr, 90°C /NF
R R
la 2a

Scheme 1 Oxidation of aromatic amines in the presence of GOnc catalyst
under N, atmosphere to give corresponding azo compounds.

Table 1. Oxidation of aniline under different catalyst in 1,2dichloroethane

Entry Catalyst Temperature, °C  Time, h Yield, % *
1 5 wt % of GO 90 24 0
2 15 wt % of GO 90 48 18
3 5 wt % of MnO, nanorods 90 24 45
4 15 wt % ofMnO;nanorods 90 36 50
5 5 wt % of GOnc 90 04 91
6 15 wt % of GOnc 90 04 92

*Isolated yield after work up

The reaction was also carried out in different solvents such as water,
ethanol, methanol, ethyl acetate, toluene, 1,2-dichloroethane and
acetonitrile (Table 2). All reactions were carried out at different
temperatures under reflux, corresponding to their respective boiling
points. 1,2-Dichloroethane (DCE) was found to be the best solvent
for the reaction. After catalyst and solvent screening, the reaction
was extended to different aromatic amines bearing electron-donating
and electron-withdrawing groups under similar conditions and the
results obtained are summarised in Table 3. It was noted that amines
bearing a electron-donating group like methoxy, methyl, in para
position afforded the corresponding product with an excellent yields.
However, the presence of electron-withdrawing group, retarded the
oxidation of aromatic amines. Functional groups on ortho-positions
had a negative influence on this reaction due to steric hindrance.
These results revealed that the product yields were dependent on the
substituent's position on the amines. The reaction of aliphatic amines
amines like 2-aminopyridine and 2-
aminobenzothiazole in place of aromatic amines under optimized
reaction conditions, in presence of GOnc as a catalyst. The reaction
of 2-aminopyridine yielded a complicated mixture of
uncharacterized products in very low yields (< 10%) and the starting
the reaction of 2-aminobenzothiazole and

and heteroaromatic

material. However,
aliphatic amines did not succeed at all as only starting material was
recovered quantitatively, thereby limiting the scope of the reaction.
The products were obtained as yellow to red coloured crystalline
solids, soluble in common organic solvents, and fully characterized

This journal is © The Royal Society of Chemistry 2012

by IR and '"H NMR spectra. All data matches well with the literature
values.”

Table 2. Study of solvent effects on the reaction of aniline and GOnc as a
catalyst under N, atmosphere at 90°C

Entry Solvent Time, h Yield, % *
1 Water 10 33
2 Ethanol 15 45
3 Methanol 12 69
4 Acetonitrile 12 80
5 Toulene 24 55
6 1,2-Dichloroethane 04 91
7 Dichloromethane 09 75

* Isolated yield
Table 3. Synthesis of azo compounds in presence of GOnc catalyst under N,
atmosphere under the optimized reaction conditions

Entry  Reactant Product * Time,  Yield,
h %"
1 NF;
©/N\\N/© 4.0 91
la 2a
CHy
NH2 : N¢N/©/ 6.0 85
2
(; HaC
CHg
b 2b
OCH,
3 NH2 /©/N¢N/©/ 7.0 89
HyCO
OCHg3 2¢c
Ic
4 NH Br
(; N\\NQ 80 79
Br /©/
Br
1d 2d
5 Hz a 7.5 81
O v T
2e
le
6 NH; 9.0 71

©/NH2

1f 2f
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Cl
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* Purity determined by TLC & 'H NMR

®Isolated yield after work up
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Figure 6. Recycling of GOnc catalyst for the reaction of Aniline.

The recyclability of catalyst GOnc was also studied by
choosing aniline as model reactant. After completion of reaction
catalyst can be easily filtered out from the reaction liquid phase and
then washed with acetone and dried in vacuum for reuse. It is
apparent from Fig.6, that the catalyst can be used three times without

the significant loss of catalytic activity.

Conclusions

In summary, GOnc

has been synthesised and fully
characterized by FE-SEM, EDX, BET surface area
measurement XRD, Raman and IR spectroscopy. The GOnc

This journal is © The Royal Society of Chemistry 2012

has been found to be an efficient heterogeneous catalyst for the
oxidation of a variety of aromatic amines to give selectively the
corresponding azo-products only. The reaction provides a
simple, one-step procedure for the synthesis of azo-compounds
from aromatic amines in high yields.
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