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A rhenium-oxo complex such as methyltrioxorhenium (MTO) has been homogeneously immobilized on a

Schiff base modified graphene oxide (GrO) support via covalent bonding. The loading of MTO on GrO

nanosheets was monitored by FTIR, TG-DTA, and elemental analyses. The developed heterogeneous
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Graphene oxide (GrO), an oxidized form of graphene, has
emerged as a promising material, particularly as a precursor to
prepare reduced graphene oxide (rGrO), chemically functiona-
lized graphene, and graphene based composite materials.
Nonstoichiometric GrO possesses a crumpled and folded
structure owing to the presence of sp® carbon and various
defects."” Oxygen functionalities like hydroxyl, epoxy, carboxyl
and carbonyl are placed on these sp® carbons within the basal
planes and the edges of GrO sheets. These oxygen functional-
ities in GrO have been established as anchoring sites for
chemical functionalization, nanoparticle immobilization, and
blending with oligomers to prepare graphene-based polymeric
composites, etc.'>*>*

Recently, GrO has been recognized as a new low-cost carbo-
catalytic material with remarkable potential to facilitate
various chemical transformations such as efficient conversion
of various alcohols, alkenes, and alkynes into the corres-
ponding aldehydes or ketones,” selective oxidation of thiols to
disulfides, sulfides to sulfoxides,® alcohols to aldehydes or
ketones,”® aza-Michael addition of amines and electron
deficient olefins to furnish the corresponding p-amino com-
pounds,” and oxidative aromatization of 1,4-dihydropyridines
into pyridine derivatives.'® Owing to its high specific surface
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catalyst is found to be efficient for the oxidation of various amines to the corresponding N-oxides using
hydrogen peroxide as an oxidant in high to excellent yields. At the end of the reaction, the catalyst is
readily recovered by filtration and reused for subsequent runs. After the third run, the catalyst showed a
marginal decrease in catalytic activity owing to the leaching of the MTO complex from the support.

area, GrO has been employed as a remarkable support for cata-
Iytically active metal complexes, organic functionalities, and
transition metal clusters for heterogenization of various cata-
lysts for efficient chemical transformation.’* Plenty of
oxygen functional groups located on both sides of GrO sheets
provide ample opportunities for excellent loading of these
catalytically active moieties. Single or bimetallic nanoparticles
such as Pt, Au-Pt, Pt-Pd, and Fe-Pt anchored on graphene
based materials are found to exhibit good electro-catalytic
activity in the oxidation of methanol, ethanol, and formic acid
and in the reduction of oxygen in fuel cells.*'° Palladium
nanoparticles grown on GrO have been identified as a highly
active catalyst for the Suzuki-Miyaura coupling reaction."’
Gold nanoparticles supported on GrO are found to facilitate
reduction of o-nitroaniline to 1,2-benzenediamine with signifi-
cantly higher catalytic activities than the corresponding gold
nanoparticles, owing to induced electronic perturbations in
the metallic component from the graphene support.'?
Recently, amino-grafted graphene has been developed as a
basic catalyst for hydrolysis reactions with high catalytic
activity.”> Our group has recently reported the grafting of an
oxo-vanadium Schiff base on GrO nanosheets for the oxidation
of various alcohols under mild conditions. The developed cata-
lyst was successfully reused for several runs without significant
loss in its catalytic activity.'* Such emerging developments on
the heterogenization of various catalysts on GrO indicate
immense potential for inexpensive and environmentally
friendly organic transformation.

Oxidation of secondary amines to nitrones is one of the
most valuable synthetic transformations, as nitrones are
widely used intermediates in organic synthesis and also serve
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Scheme 1 Oxidation of secondary amines in the presence of the GrO
immobilized MTO catalyst.

as building blocks for the synthesis of active nitrogen contain-
ing compounds of biological importance.'® Nitrones can
readily be synthesized either by the condensation of carbonyl
compounds with N-monosubstituted hydroxylamines or by oxi-
dation of secondary amines or N,N-disubstituted hydroxyl-
amines.'® Among these two methods, oxidation of secondary
amines to nitrones is more convenient and practical due to
greater accessibility of secondary amines than hydroxylamines.
A number of catalytic systems including SeO,,"” metal-urea
hydrogen peroxide (UHP-M, M = Mo, W),"® Na,WO0,-H,0,,"’
tetra-n-propylammonium per-ruthenate (TPAP)/N-methylmor-
pholine N-oxide,”® R,Cu0O,,*! flavin 4a-hydroperoxyflavin
(4a-FIEtOOH),* Mg-Al layered double hydroxides-H,0,** and
nafion supported Mo-oxychloride-H,O, 24 have been reported
for oxidation of secondary amines to nitrones. However, most
of the existing methods suffer from certain drawbacks such as
lower catalytic activity and non-recyclability of the catalyst.

Rhenium oxo-complexes, particularly methyltrioxorhenium
(MTO), has gained significant importance as a versatile catalyst
for various organic transformations including oxidation reac-
tions,”® aldehyde olefination,>® olefin metathesis,®” etc.
However, high cost and non-recyclability of the MTO catalyst
are a major concern from environment and economic perspec-
tives. Hence, significant effort has been made towards hetero-
genization of the MTO in order to combine the advantages of
heterogeneous catalysts such as ease of product/catalyst separ-
ation and recyclability of the catalyst with the advantages of
homogeneous catalysts, e.g. higher selectivity with efficient
conversion. In this context, a number of supports such as
silica, niobia, zeolites, polymers and ionic liquids have been
utilized for heterogenization of the MTO catalyst.>?
However, in most of the cases, the obtained materials often
show poor stability and activity, and suffer from extensive
leaching problems.

Herein, we report a very versatile and elegant approach to
heterogenize the MTO catalyst on GrO nanosheets. The oxygen
functionalities on GrO are targeted for stable and efficient
anchoring of the MTO catalyst through Schiff base. The
prepared heterogeneous material was found to be an efficient
and recyclable catalyst for the oxidation of various secondary
amines to nitrones using H,O, as a green oxidant (Scheme 1).

Synthesis and characterization of the
catalyst

The GrO with its high specific surface area along with easily
accessible ample oxygen functionalities decorated on both
sides of the nanosheets shows great potential as a support
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material for various catalysts. The heterogenization of the
MTO catalyst was carried out targeting oxygen functionalities
of the GrO using 3-aminopropyltrimethoxysilane (APTMS) and
salicyaldehyde as couplers. The schematic illustration of
immobilization of the MTO catalyst on GrO with all inter-
mediate steps is shown in Scheme 2.

The developed heterogeneous catalyst is designated as
GrO-MTO. The chemical changes that occurred during the
immobilization of MTO-Schiff base on GrO were monitored by
FTIR. Fig. 1 shows vibrational assessments of GrO, GrO-MTO,
and intermediate products. The vibrational peaks with a
strong intensity at 3397.5, 1723.8, 1224.9, and 1060.3 cm™*,
attributed to stretching modes of O-H bonds, C=0, C-OH,
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Scheme 2 (a) Schematic model of GrO nanosheets and (b) individual
steps for the preparation of the graphene oxide immobilized MTO catalyst.
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Fig. 1 FTIR spectra of (a) GrO, (b) GrO-APTMS, (c) GrO-SB, and (d)
GrO-MTO.
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and C-O-C, respectively, reveal the presence of hydroxyl, car-
boxyl, and epoxy groups in GrO.**** Subsequent, covalent
coupling of APTMS with hydroxyl groups of GrO was con-
firmed by the appearance of new vibrational signatures (a) in
the region of 2800-3000 cm™" attributed to methylene and
methyl groups, (b) at 3423.7 and 1573.2 cm™ " attributed to
amino groups, and (c) at 1121.5 and 1034.6 cm™" attributed to
Si-O-Si and Si-O-C bonds, respectively.*® The loading of sali-
cylaldehyde on APTMS grafted GrO leads to Schiff base for-
mation, which is corroborated by the appearance of new
vibration signature at 1582.0 cm™ ' attributed to the C=N
(imine) stretching mode.>® The graphene immobilized
MTO-Schiff complex, prepared by the co-ordination linkage
between the Schiff base and MTO, was confirmed by the
appearance of a very strong split vibration centred at
912.2 cm™ " owing to Re=O asymmetric stretching. The asym-
metric stretching attributed to Re=O shows a splitting of
10 em™" (922 and 912 em™") owing to the complex symmetry.
The asymmetric stretching of the Re=O linkage in GrO-MTO
is red-shifted compared to the non-coordinated MTO. The fre-
quency shift reflects the donating capacity of the Schiff base
ligand to the Lewis acid Re(vn) centre.”>>” The stretching
vibration of the imine (C=N) bond that appears at
1591.8 cm ™' in the GrO-MTO catalyst is blue-shifted compared
to the imine vibration (1582.0 cm™") in Schiff base immobi-
lized GrO. Such shifts are associated with electron delocaliza-
tion in the GrO-MTO catalyst.*”*® The characteristic peaks
extracted from the FTIR spectra of GrO, GrO-MTO, and inter-
mediate products are separately given in Table S1 (ESIf) along
with the vibrational assignment.

The thermal decomposition behaviour of the GrO and
GrO-MTO catalyst was examined by thermogravimetric analy-
sis. GrO shows ~6.4% weight loss in the range of 50-110 °C,
evidently owing to evaporation of water molecules, which are
trapped in the material. The second significant and major
weight loss (34.6%) is observed in the range of 170-240 °C,
due to thermal decomposition of labile oxygen functionalities
(Fig. 1)."**° The GrO-MTO catalyst shows three mass losses up
to 550 °C. The first abrupt mass loss (6%) up to 100 °C is
owing to decomposition/sublimation of MTO. It is well estab-
lished that MTO sublimes below 100 °C.*® The second mass
loss is in the range of 180-260 °C, attributed to the decompo-
sition of (a) undigested oxygen carrying functionalities and (b)
APTMS moieties, which have not participated in further chemi-
cal functionalization.*>*" Then, another major mass loss is in
the range of 360-470 °C owing to decomposition of the Schiff
base (Fig. 2). The detailed TG-DTA patterns of both materials
are shown in the ESI (Fig. S1 and S21).

Micro-structural features and morphology of the as pre-
pared graphene immobilized MTO-Schiff base catalyst were
analyzed by FESEM and TEM. Fig. 3 shows twisted nanosheets
in disordered phase with a lot of wrinkles and crumpling fea-
tures of the GrO-MTO catalyst. These folded edges and protru-
sions owing to sp® carbon in GrO-MTO carry the MTO-Schiff
base complex on both sides of the GrO nanosheets, where
reactants can easily access the catalytic sites and provide
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Fig. 2 TGA pattern of (a) GrO and (b) GrO-MTO catalyst over the temp-
erature range of 30-550 °C.

Fig. 3 FESEM image of the GrO-MTO catalyst and the corresponding
elemental mapping images of carbon, oxygen, silicon, nitrogen and
rhenium. Homogeneous distribution of silicon, nitrogen and rhenium
indicates uniform loading of the MTO-Schiff base complex on GrO.

Fig. 4 TEM images of the GrO-MTO catalyst at low and high resolution.

efficient chemical transformation. The transmission electron
microscopic images shown in Fig. 4 also reveal the nanoscopic
features with layered structure of the GrO-MTO catalyst having
very few numbers of layers (1-5) as indicated by white arrows.
Such fine nanostructure of the MTO-GrO catalyst provides a
high degree of active catalytic sites for efficient chemical trans-
formation. The amorphous nature of the as-prepared catalyst
is corroborated by the roughened surface of these nanosheets.

This journal is © The Royal Society of Chemistry 2014
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Elemental analysis based on EDS measurements provides
detailed chemical information on the GrO-MTO catalyst. GrO
is found to be mainly composed of carbon and oxygen along
with traces of sulphur. The loading of the MTO-Schiff base
complex on GrO changed the elemental composition with the
introduction of rhenium, nitrogen and silicon, which are core
elements of the immobilized MTO-Schiff base complex apart
from carbon and oxygen. The reduced oxygen percentage in IV
from 22.87% to 13.76% is attributed to the partial deoxygena-
tion in GrO during the MTO-Schiff base grafting, which is
corroborated by TGA. Further, energy-dispersive X-ray spec-
troscopy elemental mapping was performed to understand the
distribution of the MTO-Schiff base complex on GrO. The
thorough and uniform distribution of Re, N, and Si reveals
that the MTO-Schiff base is uniformly immobilized on GrO as
can be seen in Fig. 3, which is very important to execute an
efficient catalytic chemical transformation. Furthermore,
ICP-AES analysis of the catalyst provided 1.7 wt% Re in the syn-
thesized heterogeneous material.

Furthermore, we have analyzed the GrO and GrO-MTO cata-
lysts by UV-Vis spectroscopy to probe the chemical changes
upon loading of the MTO complex (Fig. 5). The graphene oxide
shows characteristic absorption at ~227 nm owing to discrete
units of sp> bonded carbon. The loading of the MTO complex
leads to significant changes in the absorption spectra of gra-
phene oxide. An absorption peak at 227 nm in GrO was shifted
to 254 nm in the GrO-MTO -catalyst revealing conjugation
between the support material and the catalytic material. Fur-
thermore, the presence of n-n* also supports the loading of
the MTO catalyst on graphene oxide (GrO).

Catalysis

The catalytic activity of the GrO-MTO was studied for the oxi-
dation of various amines including aliphatic, aromatic and
heterocyclic to the corresponding nitrones or N-oxides using
hydrogen peroxide as an oxidant (Scheme 1). At first the oxi-
dation of dibenzylamine with H,0, as an oxidant and metha-
nol as a solvent was studied under various reaction conditions
in order to optimize the reaction parameters. The results of
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GroO-MTO
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210 240 270 300
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Fig. 5 UV-Vis spectra of GrO and GrO-MTO.
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Table 1 Optimization of reaction conditions for the oxidation of diben-
zylamine into the nitrones?

catalyst +
NH —_— SN
solvent d

Cat. Temp./ Time/ Conv.”

Entry  Solvent (1 mol%) °C h (%)
1 Methanol — 60 20 —

2 Methanol I\% RT 24 5
3 Dichloromethane IV 50 10 15
4 Benzene v 60 10 —

5 Acetonitrile v 60 12 18
6 Methanol 1\% 60 2 45
7 Methanol v 60 4 69
8 Methanol I\% 60 6 100

“Reaction conditions: dibenzylamine (1 mmol), H,O, (3 mmol),
catalyst (1 mol%). ® Conversion (%) determined by GC-MS.

these chemical conversions under diverse conditions are sum-
marized in Table 1. As shown, there was no reaction in the
absence of a catalyst even after prolonged reaction time
(Table 1, entry 1). Further, the reaction was found to be very
slow at room temperature (Table 1, entry 2), whereas it could
be completed within 6 h under refluxing conditions (Table 1,
entry 8). Among the various solvents such as methanol,
dichloromethane, benzene and acetonitrile studied, methanol
was found to be the optimized reaction medium for the
present transformation (Table 1, entries 3-8). To evaluate the
effect of catalyst loading we performed the oxidation of diben-
zylamine by varying the amount of catalyst from 1 to 5 mol%
(Table 2, entry 1). As shown, the higher catalyst loading
showed marginal improvement in the yield of the desired
product. These findings indicated that the catalyst was equally
efficient in lower loadings; therefore we have chosen a very fine
amount of the catalyst (1 mol%) as the optimum concentration
for the present transformation.

Thus, the optimized reaction conditions for the present
reaction comprise the oxidation of dibenzylamine (1 mmol)
with hydrogen peroxide (3 mmol) in the presence of the
GrO-MTO catalyst (1 mol%, 0.01 mmol) in methanol under
refluxing conditions. After completion of the reaction as ana-
lyzed by TLC (SiO,), the catalyst was easily separated by simple
filtration and reused as such for subsequent runs. The filtrate
was subjected to the usual workup to extract the corresponding
nitrone. Further, the reaction was extended to a variety of
amines including aliphatic, heterocyclic and aromatic second-
ary amines under the described reaction conditions. The
results of these experiments are summarized in Table 2. In
general the amines containing aromatic groups were found to
be more reactive (Table 2, entries 1 and 2) than those of ali-
phatic and heterocyclic secondary amines (Table 2, entries
3-13). Further, the substrates containing bulky substituents
were found to be less reactive and afforded poor product yield
(Table 2, entries 3 and 4). We assume that the presence of
bulky substituents causing steric hindrance might be respon-
sible for the lower reactivity of these substrates. However, the
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Table 2 Oxidation of amines?

Entry Reactant 1 Product 3 Time (h) Conv.” (%) Yield® (%)
1 D) ) 6 87 85
° 6 92 907
5 95 92°
2 AN ANNNF 6 89 85
~O O
3 %NH&Q %Eﬂj\@ 6 56 53

4 A~ /\NJ\ 8 54 —

5 ZNHTS A 8 88 85
[°R
6 ANONHTSTS /\/\TNM 7 85 82
[0
7 TN DN 8.5 80 76
o

74 72

P Y
O
Y
O

10 @NH ~Q§-6 6 82 80
11 :{ :/< ) 6 85 82
NH /ﬁ—o
12 @ ~ 6 60 55
+ 2
N X
H o-
13 7 7 8 80 76
NS N
N §
O
14 7] “ 8 85 82
\N Nt
N
o
15 8 95 90
NS
R
N \"\l
o.
16 ¢ al 10 65 58
@ 4
NS
N S
o
17 Q OH a OH 10 72 68
X, +
N \,l\l
o
18 @ COCH, @/‘300”3 12 70 67
X, X+
N X
O
.
19 @NH RN 4 99 97
. e

“Reaction conditions: amine (1 mmol), 50% aq. H,O, (3 mmol), catalyst (1 mol%), methanol (5 ml) at 60 °C. ” Conversion was determined by
GC-MS. “Isolated yield.  Catalyst loading 2 mol%. ¢ Catalyst loading 5 mol%.
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reaction rate was found to decrease with increasing the alkyl
chain length in aliphatic secondary amines (Table 2, entries
5-7). Heterocyclic secondary amines containing electron
donating substituents were found to be more reactive (Table 2,
entries 10 and 11) than the unsubstituted one (Table 2, entry
9). The oxidation of 1,2-dihydroquinoline under the described
reaction conditions provided the corresponding quinoline
N-oxide selectively without formation of any by-product
(Table 2, entry 12).

Furthermore, we studied the oxidation of aromatic hetero-
cyclic tertiary amines (pyridine and its derivatives) under the
described experimental conditions. Pyridines containing elec-
tron donating groups were found to be more reactive (Table 2,
entries 14 and 15) as compared to unsubstituted (Table 2,
entry 13) and those having electron withdrawing substituents
(Table 2, entry 16). Moreover, pyridines containing OH and
-COCH; groups selectively converted to the corresponding
N-oxides without affecting the other functional groups in the
substrates (Table 2, entries 17 and 18). In all cases, the
conversion of the desired product was determined by GC-MS
analysis. We also studied the oxidation of primary aromatic
amines under the described reaction conditions. Surprisingly,
aniline was selectively converted to azoxy-benzene (Table 2,
entry 19), whereas substituted anilines did not produce
any oxidation products and recovered as such at the end of the
reaction.

Furthermore, the recycling of the GrO-MTO catalyst was
examined by selecting the oxidation of dibenzylamine as the
model reaction under optimized conditions. After completion
of the reaction the catalyst could easily be recovered by fil-
tration, dried and used for subsequent runs. The catalyst
showed consistent activity up to three runs, which was gradu-
ally decreased for the subsequent runs. FTIR, TGA and
ICP-AES analyses were used to assess the leaching of the MTO
complex from the GrO support during the reaction. After three
runs, there was little reduction in intensity of the Re=O
stretch in FTIR spectra (Fig. S41). This might be due to the
partial leaching of the MTO complex from the developed
heterogeneous catalyst during the reaction. Further, TGA
results also revealed the loss of MTO from the graphene oxide
support. There is approximately 1.5% mass loss difference
between the fresh and residual catalysts. Additionally, in the
ICP-AES analyses we found a reduced concentration of
rhenium, ie. 1.5 wt%, further indicating the leaching of MTO
during the reaction.

The recyclability of the catalyst was checked for six runs
(Table 3). The decreased product yield and longer reaction

Table 3 Results on recycling of the GrO-MTO catalyst®

Run 1 2 3 4 5 6
Time/h 6.0 6.0 6.0 6.5 6.5 6.5
Yield” (%) 85 85 84 82 82 78

“Conditions: dibenzylamine (1 mmol), 50% aq. H,O, (3 mmol),
catalyst (1 mol%), methanol (5 ml) at 60 °C. ® Isolated yield.
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time after three runs further supported the leaching of the
MTO complex from the support during the reaction.

The developed catalyst was found to be superior to the exist-
ing supported catalysts. For example, oxidation of dibenzyl-
amine with H,0O, in the presence of tungstate-exchanged
Mg-Al layered double hydroxides provided 60% yield of
nitrone in 5 h. Similarly, oxidation of benzaldehyde and
benzylamine using UHP as an oxidant using Nafion immobi-
lized MoOCl, as a catalyst afforded 65% yield of the phenyl
benzyl nitrone in 4.5 h.

In summary, we have reported for the first time the immo-
bilization of methyltrioxorhenium on the GrO via a chemical
functionalization approach. Plenty of oxygen functionalities on
GrO nanosheets facilitate efficient and uniform loading of
MTO as revealed by FTIR and elemental mapping. The result-
ing functional material containing immobilized MTO has
been successfully used as a catalyst in the oxidation of second-
ary amines to nitrones by using hydrogen peroxide as an
oxidant. The best results were obtained while the reaction is
carried out in methanol under refluxing conditions. The deve-
loped catalyst is easily recovered at the end of the reaction and
recycled for several runs without any remarkable loss in cataly-
tic activity.

Grafting of MTO on graphene oxide

GrO, used as a nanostructural support material to immobilize
the MTO-Schiff base complex, was prepared by harsh oxidation
of graphite powder using the Hummers method.”* Prior to
chemical functionalization, graphite oxide was exfoliated into
GrO with the aid of ultrasonication. Oxygen functionalities,
especially hydroxyl and carboxyl groups placed on GrO, were
targeted for grafting of the MTO-Schiff base complex, using
3-aminopropyltrimethoxysilane (APTMS) as a coupler. In a
typical experiment, 1000 mg of GrO adequately dispersed in
400 ml toluene was refluxed with 4.0 ml of APTMS under a
nitrogen atmosphere. After 24 hours, a black product of
APTMS coated GrO was washed thoroughly with ethanol to
remove physisorbed traces of APTMS. In the next step, 500 mg
of APTMS coated GrO nicely dispersed in 250 ml ethanol was
refluxed with 2400 mg salicyaldehyde under a nitrogen atmos-
phere in order to execute the reaction between amino groups
of APTMS moieties and salicylaldehyde. In the final step,
500 mg of Schiff base immobilized GrO was dispersed in
150 ml of ethanol and then mixed with 500 mg ethanolic solu-
tion of MTO. The reaction mixture was stirred for 72 hours at
ambient temperature under a nitrogen atmosphere to attain
the MTO-Schiff base complex on graphene nanosheets. Then,
the final product was washed with ethanol repetitively to
remove the undigested content of MTO, and the dark black
cake was dried in an oven. The developed black powder, so
called graphene immobilized MTO, was used as a catalyst for
the oxidation of various secondary amines to nitrones.
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Oxidation of secondary amines to
nitrones

A 25 mL round bottom flask was charged sequentially with a
catalyst, CH30H (5 mL), and H,0, (3 mmol) and then stirred
at room temperature for 10 minutes. Dibenzylamine (1 mmol)
was added to the reaction mixture and the temperature of the
reaction mixture was raised to 60 °C. Progress of the reaction
with time was monitored by thin layer chromatography (SiO,).
At the end of the reaction the catalyst was filtered over mem-
brane filter paper and reused for subsequent runs. The filtrate
thus obtained was treated with MnO, to decompose the excess
H,0,. The treated reaction mixture was filtered to remove solid
MnO, and then concentrated over rotavapor under reduced
pressure. Organic layer was extracted with CH,Cl, and dried
over anhydrous sodium sulfate. The product was purified by
column chromatography over silica gel. Conversion of the
product was determined by GC-MS analysis.

We kindly acknowledge the Director, IIP for his kind per-
mission to publish these results. We are thankful to the
Analytical Science Division of IIP for help in the analyses of
the samples. For the HRTEM analysis, the DST unit of
Nanoscience, IIT Chennai is kindly acknowledged.
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