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Graphene oxide was found to be a highly efficient carbocatalyst for one-pot synthesis of

amides from aromatic aldehydes and secondary amine.
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A tchx oK
ccepremmatoox Graphene oxide (GQkxhibiting high degree of oxygen functionalities and various structural defec’s

DOI: 10.1039/x0xx00000x was found to be a highly efficient and cost effective carbocatalyst for thpadrmsefree synthesis of

amides from aromatic aldehydes and secondary amine. The chemical and structural features of C as
probed by FTIR, Raman, XRD and HRTEM analyses, were discussed to understand the cat="tic
mechanism for synthesis of amides. The present method obviates tifarassition metal catalysts and

needs shorter reaction time.

www.rsc.org/

Introduction presence of plenty of oxygerontaining functionalities and
edge sites with unpaired electrtit! Furthermore,low cost
Amide is one of the most common functional groups presentgRq scalable syntlie procedure of GO, promises its immense
the backbone of polymers, proteins, natural producssiential for various chemical transformation applications.
agrochemicals, pharmaceuticals, fragrances and dyes. Sevs¥gpted by these reports, we, herein describe the synthesis of
methodologies have been addressed for synthesis of the amigegries of amides from aromatic aldehydes and amine usi.y

by reaction of carboxylic acids, aldehydes, and alcohols Wi as a readily available, inexpensive heterogeneous catalys*
aminest? These reactions are catalysed by either salts or a

bewildering range of complexes of transition metal such Bgperimental sectbn
manganese, ron, rhodium, ruthenium, iridium, zirconium,
nickel, copper, silver, gold, palladium, and zifficCurrently, Preparation of GO
oxidative amidation of aldehydes has becomes more attraciyi@ally, graphite oxide a precursor to GO was prepared by
approach from economical and green chemistry point of viemarsh oxidation of graphite powder using a mixture of NgNO
In this context, varioumxidants such as hydrogen peroxide.4,50, and KMnQ, as strong oxidizing reagents. Then the
TBHP, oxone, NaOCl and molecular oxygen have beRidized product was treated with 30% solution ofOk in
explored for amide synthesisdowever, most of these methodsyrder to digest the ureacted content of KMn Subsequently,
suffer from common drawbacks such as the use of precigqe product was rinsed and washidroughly with copious
transition metal catalysts which often involves tistitp and amounts ofpurewater to remove the excess content of solubla
tedious synthesis, long reaction time, moderate yields, ingiis. The processed dark brown oxidized material known =<
atmosphere and formation of 4pyoducts. Herein, our interestgraphite oxide ws then exfoliated into the GO using an
lies in exploring new route for metaland basdree synthesis yjtrasonic probeVCX 500, Sonics & Materials, USA (tip
of amides from aromatic aldehydes and amines using a cefmeter: 13 mm, intensity: 50%, time: 30 minutdégxt, the
effective heterogeneous catalyst under mild reaction conditioggfoliated product was centrifuged at 5000 rpm for 15 minut 3s,
Recently, graphene oxide (GO) has emerged as a versgi#fich leads to two distinct phasepper phase containing
carbonaceous heterogeneous catalyst for a variety of orggpersible fine sheets of GO and lower deposited -sefid
transformations, such as oxidation of alcohols, thiols, sulfidgfase. The fine fraction (upper phase) of GO was dried at 8( <C

olefins etc; azeMichael addition of amines to activatedand usedfor characterization andis a catalyst foramide
alkenes, acetalization of aldehydes, ring-opening  synthesis

polymerization of various cyclic lactones and lactams, Friedel

Crfats addition of indoles to €mnsaturated ketones, andSynthesis and Characterizatiorof amides

oxidative coupling of amines to imin&8.The renaissance of The nicely dispersed 5 wt% GO in 5 mL water, prepared by
interest in the  catalytic properties of GO has mainly exteah sonication, was added to a reaction mixture of aldehyde (1
from its unique nanostructure, high specific surface areAmol) and piperidine (1 mmol) in acetonitrile (5 mL). The

This jour@d@hé&oyal Society of Chemistry 2013 JName 28,00 3|1



Page 3 of 7 RSC Advances

reaction mixture was reflux for specific time-{8 hr) under diffractometer at 40 k\and 40 mA with Culdaradiation @l=
uninterrupted stiing. The progress of the reaction wa®.15418 nm). The BET surface araad pore size distribution
monitored by TLC at regular intervals. After completion, thef GO was calculated by their N adsorption/desorption
reaction mixture was cooled to room temperature and the @Otherms using a BelsorbMax, BEL, JapanThe high
catalystwasremoved by filtration. The filtrate was treated withresolution microscopic features of G@anosheets was
ethyl acetate (3 x 10 mL). Thembined organic layers wereexamined on the high resolution transmission electron
treated with saturated brine solution and dried over anhydreni€roscope (HRTEM) by drop casting of their ethbc
sodium sulphate. The removal of solvent yielded crude prodwszjution onthe TEM grid.

which was purified by flash chromatography over silica gel G

60 and afforded the desired product. tRarmore, the Results and discussion

synthesized amidproducts were analyzed by nuclear magnetic
resonance (NMR) and Mass spectroscopies. The spectral data
of synthesized amides are given below:
(4-Nitrophenyl)(piperidinl-yl)methanone(3a) Yellow solid;

H NMR (CDCH) , 8.17 (d, 2H), 7.49 (d, 2H), 3.56 (br s, 2H),
3.04 (br s, 2H), 1.62 (br s, 4H), 1.49 (br s, 2H) ppm;-ES8

m/z 234 [M+H]".

(3-Nitrophenyl)(piperidinl-yl)methanone(3b) Yellow solid;

H NMR (CDCL) , 8.24-8.29 (m, 2H), 7.69 (d, 1H), 7.62 (d,
1H), 3.80(br s, 2H), 3.41 (br s, 2H), 1.73 (br s, 4H), 1.52 (br s,
2H) ppm; MS (ESIWz 235 [M+H]".

4-(Piperidine 1-carbonyl)benzaldehydé3c) Colorless oil; *H

NMR (CDCly) , 10.0 (s, 1H),7.93 (d, 2H), 7.55 (d, 2H), 3.70 500 | 3000 | 2500 2000 | 1900 | 1000
(br s, 2H), 3.29 (br s, 2H), 1.70 (br s, 4H)52 (br s, 2H); MS

ESIm/z219 [M+H]".

3-(Piperidine 1-carbonyl)benzaldehydé3d) Colorless oil;'H 10000
NMR (CDCly) , 9.99 (s, 1H), 7.987.93(m, 1H), 7.63 (d, 1H), (b)

7.59 (t, 1H), 3.52 (br s,2H), 3.19 (br s, 2H), 1.62 (br s, 4H), 8000 b Band

1.46 (br s, 2H) ppm; MS (ESiWz 220 [M+H]". G Band
(4-Chlorophenyl)(piperidinl-yl)methanong3e) Colourless oil; 6000
H NMR (CDCH) , 7.19 (d, 2H), 7.15 (d, 2H), 3.56 (br s, 2H),
3.14 (br s, 2H), 1.52 (br s,4H), 1.39 (br s, 2H) ppm;-E&
m/z 224 [M+H]".

(2-Chlorophenyl)(piperidinl-yl)methaone(3f) Yellow oil; H
NMR (CDCl) , 7.43-7.39 (m, 1H), 7.3&/.31 (m, 3H), 3.82
3.78 (m, 2H), 3.28.23 (m, 2H), 1.69..65 (m, 5H),1.43 (br s,
1H) ppm; MS (ESIyWz 224 [M+H]". 1000 1200 1400 1600 1800 2000
(4-Bromophenyl)(piperidifl-yl)methanone(3g) White solid; Raman Shift, cm *

H NMR (CDC}) , 7.72 (d, 2H), 7.50 (d, 2H), 3.51 (br s, 2H),
3.26 (br s, 2H); 1.49 (br s,4H), 1.33 (br s, 2H) ppm; MS (ESE)
m/z 268 [M+H]".

Phenyl(piperidinl-yl)methanong3h) *H NMR (CDCE) , 7.25 The GO was prepared by the harsh oxidation of graphi.e
(s, 5H), 3.42 (brs, 2 H), 3.39 (br s, 2H), 1.42 (br s, 4H), 1.35 (]4\\der and then exfoliation of oxidized prodbgt sonication

S, H) ppm; MS (ESIiz190 [M+H]". _ ~ The chemical and structural features of GO were elucidated L,
(2-Hydroxyphenyl)(piperidirl-yl)methanong3i) Yellow solid; FTIR, Raman, XRD and HRTEM analyses. The FTIR speatr

"H NMR (CDCk) , 9.70 (br s, 1H), 7.327.27 (m, 1H), 7.26 (d. of go (Fig. 1a) ehibited strong characteristics bands at 3412
1H), 6.80 (d, 1H), 6.76 (t, 1H), 3.59 (1, 4H), 1-I®9 (M, 6H); 1 (O-H stretch attributed to alcohol and phenol group:)
MS (ESIyWz 206 [M+H]". 1732 cm' (C=O stretch ascribed to carboxyl and carbon:’
groups), 1622 cih (an overlapped signature of bending modc.

of trapped water molecules andn-axidized sp carbon
The fourier infrared (FTIR) spectm of GO was carried out by domain), 1372 cf (O-H bending), 1263 cth (C-O stretch
usinga ThermeNicolet 8700 Research spectrophotometer withributed to phenols, epoxy and ether groups), and 1065 cm
a resolution of 4 cr Raman spectrum of GO was collectefic_o stretch associated to hydroxyl groups). These vibrations
using a Renishaw micrspectrometer atan excitation oyealed the presence of hydroxyl, epoxy, carboxghchonyl,

wavelength of 514.5 nm. The powdesrXy diffraction (XRD) phenolic etc. functional groups in the GO scaffSldThe
analyses of GO was carried out using a Bruker D8 Advance

304 (a)
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igure @hemical characterization. (a) FTIR and (k) Ra
emonstrating the chemical functionalities laind defec.s il

Chemical and Structural Characterization of GO
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oxygen functionalitiesocated in the basal plan of GO scaffoldGO illustrate very small size of disordered domains, which are
disturb thedgelectron conjugated network and generates variohighlighted by the red arrows. These sites could lsecated
defects and Spcarbon centres, as deduced by miBaman to the defect sites and holes. Recently, aberration corrected
analysis. The Raman spectrum of GO (Figure 1b) exhibited tHRTEM images of GO have shown highly inhomogeneous
characteristics bands at 1597 and 1354 @orrespond to G structure, having three major regions: holes, graphitic domains
(graphitic band) and D (defects band) modes, respectively (s’ domain) and disordered regions (blend of spd sp

shift in the G band towards higher wave number is attributedc@arbons, ingtating areas of high oxidation) with approximate
overlap ¢ the G band with the P band due tpresence of area of 2%, 16% and 82%, respectivélcanning tunnelling
various strucral defectsjiscrete sp domains separated bymicroscope imaging have alsevealedthe porous nature of
oxygencontaining functional groupsind limited number of reduced GO. The edge sites in the holes and periphery of sheets
layers in the GG® with unpaired electra constitute the active catalytic sites,
which enhanced the trapping and activation of molecular
oxygen for the oxidative coupling of amines to imiféghe
high BET surface area (103. 7.gi%) of GO as extracted from
the nitrogen adsorption / desorptioisotherm (Figure 3),

) promises the potential of GO for heterogeneous catalyt~
activities. Besides that, presence of ample oxygen
50 counts functionalities in the GO provide its stable and homogeneot.,
dispersion in the aqueous media (water), which function ¢z
pseudeheterogeneous catalyst for efficient chemical
transformation with the added benefits of facile recovery of th.c

d=~0.77 nm (a)
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GO catalyst.
T T T T T T T
10 20 30 40
50
2q, degree

o
£ a0
n
- _e—® 0o o
mU_’ /o/./././. * * .\.\.;..’..10*

304 * e 0000000 _oce-0000®
IS ..ﬂ.ﬂ.’. b
] o0®

5 /
5 20—: n:uomb m
0} o 3
g -: E 0012 '\.
o . Soome]
E 104 | .
= £ ooome
S i —V
Pore Diameter i
0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure, P/P o

FiguReStructwrhedracteritajixXi@diteamdb)( HRTEM ima%:es of . . . h d e di
GO. The holes and defects sites within the GO d }%%{?r?'sNzaar%Sﬂ‘BHI?Eﬁ?gEOIS?“r%% Isotherms and pore stze di

arrows.
The catalytic potentialfoGO was explored for the synthesis of

The XRD pattern of GO (Figure 2a) shows a broad diffractiémides from aromatic aldehydes and piperidine, as showr 1
peak at B = 1148° with a correspondind spacing of 0.7 nm, Scheme 1.

which is very large compared to the graphite. The ample

oxygen functionalities in the basal plane of GO along with CHO

o
I
absorbed water molecules increased the interlayer distancex, O 5wt % GO @/C,\O
; +
Furthermore, nanoscopic features of GO were probed Y _ CH4CN : H,O (1:1) R/ _
3a

- . N
HRTEM gnaly3|sF|gyre2b shows he wrinkled and crumpled R i H Reflux Temperature
features in HRTEM image of G@anosheets. These sheats 2a

aggregated in a considerably disordered manner. Treadmpn ' _ _

centres associated to the oxygen functionalities and vari&ﬁgeme 1GO catalyzed synthesis of amides from aromatic aldehydes and
. . ne.

structural defects in the basal plane of @i&urbed the two

dimensional structure, resulting in roughened surface with lot

of folded and crumpled features. The high resolution image of
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Table 1. Reaction between-sitrobenzaldehyde (1 mmol) and piperidine (1electronwithdrawing groups Table 3, entries -¥) and

mmol) under different reaction conditions electrondonating groupsTable 3, entries-8) with good yields
Entry Catalyst Temperature, °C_Time, h_Yield, %° (60 - 82%). It was noted thabenzaldehydéearing a strong
1 R It 72 Nil electronwithdrawing group like nitro afforded the
2 f- 140 24 Nil corresponding produetith an excellentyield (Table 3, entries
3 5 wt% of GO in water rt 36 55 : . :
2 5 Wi% of GO in water 100 08 82 ;1-7). However, §ter|c b_ulkfunc.tlonal groupshad a negave
3Isolated yield after wrk up influence on this reactignparticularly onortho- and meta

positions. For instancemetasubstitued -CHO groups
Initially, the reaction of piperidine (1 mmol) with -4 disfavored the reaction progress and sidized the product
nitrobenzaldehyde (1 mmol) in 5 ml acetonitrile was chosenyisld (Table 3, entries 3,4). However, presence of small
a model reaction to optimize the reaction conditions. When tfuectional groups owrtho-position had no significant effeon
reaction was carried out without catalyst (Table 1, entry 1)thkir corresponding product yields (Table 3, entries T,Bgse
room emperature, no product was obtained even after 3 daysultsrevealedthat theproductyields were degndent on the
The reaction at high temperature (140 °C) in absence of catadygistituent,s position on thenzaldehydeing. The reaction of
also did not yield any product (Table 1, entry 2). The reactipfimary amines (aniling 2-chlorobenzenamine and2-
in presence of 5 wt % of GO in water (5 ml) at rooraminophenol) in place of secondary amines, with same
temperature afforde®5% yield in 36 h (Table 1, entry 3).aldehydes did not succeed to yield the expected amide produ s,
However, to our delight, the same reaction under identi¢chkreby imiting the scope of the reactioRecently, Wong et al.
conditions but at reflux temperature (100 °C) yielded 82%ave reported KAuGicatalysed synthesis of amides from the
desired product within 8 hr (Tablel, entry 4). aromatic aldehydes and piperidine (1:2 equivalent molar
ratio)*® however, the converted yields were quite low

Table 2. Slvent effects on the reaction oitrobenzaldehyde (1 mmol) and .
compared to the GOatalyzed system, where aromatic

piperidine (1 mmol) under reflux condition using 5 wt% @i€persioras a

catalyst aldehydes and piperidine were used in 1:1 equivalent mc:or
Entry Soivert " Vield % ratio. The observed high yield of amides is associated to u.c
1 Water 11’ 46 unigue nanostructuraind chemicaleatures of GO.
g hg;gig?l ig ;g Table 3.Synthesis of amides from various aldehydes andigipe in
4 Toluene 14 35 presence of GO catalyst under the optimized reaction conditions
2 é%?/tlo;ég{;e ig trg(ie ETry AIdC(HeDydes Procjucta Time, h Yield, %°
& Acconirle water (1) 08 50 ST, e 8
9 Acetonitrile : Water (2:1) 08 65 ) e 1a .
#lsolated yield o
Furthermore, in order to explore the effect of solvents, the no, 1b ©AN 3b 115 0
reaction was carried out in different solvents. The water 3 e i
reaction media could afford4d0 % yield of desiredproduct © OHCQA 3c 9.5 L
(Table 2, entry 1). The reaction in methanol, ethanol, toluene,4 o le o
and acetonitrile gave yields; 15, 20, 35, and 60 %, respectively @ OHCQANQ 13.5 60
(Table 2, entries-B). Ethyl acetate was found to be the worst cro 1d 34
solvent (Take 2, entry 6) as no product could be isolated. The 5 e i
mixtures of acetonitrile and water in different ratio (v/v) of 1:1, © c,ﬁN 3e 135 79
1:2, and 2:1 gave 82, 50, and 65% vyields of product, 5 - le o o
respectively (Table 2, enm#s 7-9). Gratifyingly, the optimum @/C‘ i N 10.0 79
yield (82%) of the ppduct was obtained when the reaction was o o 3f
carried out in a 1:1 mixture of acetonitrile and water under @ /@%N 125 65
reflux condition for the 8 hThe scope of the reaction was er 1g Br 3g
further extended to different aromatic aldehydes bearing$8 éo ©iN 14.0 68
various functional groups oortho-, meta andpara- positions 1h 3h
with piperidine under the optimized conditions and the results 9 7 on Tx,
obtained, are summarized in Table 3. The products were 1i O3i 13.0 75

obtained as colourless oil to brickd crystalline solids, solubleZPUfity determined by TLC &H NMR
in common organic solvents such as chlorof, methanol, Isolated yield after work up

ethanol, DMSO and were fully characterized by NMR and The mechanistic aspect of the reaction is ambiguous at present

Mass spectraThe electronic effect introduced by substitutioglthough a free radicahechanism involving an aminyl radical
of the aromatic aldehyde had insignificant influence on the has been propounded in case of Auffiland an imine

yields of corresponding amid&he reaction could tolerate 90 o megiate for Ru(IB Rh(II)- or Ir(lll) -, catalysed synthesis

This jour@d@heéesRoyal Society of Chemistry 2012 J. Name 0D, 13| 4
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of amides’® We speculate that the unpaired electrons presentFdg ureRdcychifigatalyst foeatdtéon betweteabénzaldehyde
the edge of G&®° react with the atmospheric oxygen to and piperidine

g e n er atenhich subsequently reacts with secondary amin% . .
. . . . . The recyclability of GO catalyst wasvaluatedby choosinga
to generate aminyl radical,I The reaction of aminyl radical

with an aldehyde may generate an alkoxy radical hich react!onbetween4-n|tob.enaldehyde. and piperidine as a model
. O . . reaction. After completion of reaction, the catalyst caddily
after ... radical eliminatigryields thedesired amide product

(Scheme 2)The presence of bulkier group @mtho- andmeta be separatgd oqt by filtration from the aqueous layer, then
. . . w]ashed with dichloromethane for the subsequent batch
position of benzaldehyde further, hindered the formation or ~ . :
. ; . . reaction. It is apparent froffigure4 that the GO catalyst could
alkoxy radical (}) owing to steric hindrance, as a resul

benzaldehyde with bulkierortho- and metasubstitution e reused up tawo cycles withoutloss of catalytic activity.
provided lower yields (Table 3, entries 3,2 evidence for Howeve, third cycles onwards, gradual declinetie catalytic

L . . ctivity of GO was notedThese results revealed that the
participation of atmospheric oxygen as oxidant comes from the

fact that when the reaction was carried out under an in‘(:ertemlcal and structural features, which are responsible for

. . cgtalytic activity of GO, were gradually changd with
atmosphere (nitrogen), no product formation was observed. ) : )

. . increasing the number oéaction cycleRecently, it has been
Recently, Ldn et al. carried out electron spin resonance studies

of reduced GO and revealed the presence ofhwrling 6p estzbllsthe? that tGO llz;)dergoes parttllal t:eo;(]yge.na:londm
electron at the edge of reduced GO, which are analogousmt% erate temperature (100), consequently, the chemical an

. . st&xctural features of GO changed as a function of hydrotherma:
nonkekule molecules having open shell unpaired electrons an

. . i L timel’ Herein, amide preparation reémmns were carried out at
function as active catdig sites for activation of molecular ) . .
1%) °C, which might have changdbe chemical and structural

oxygen by a sequence of electron transport and reduction
superoxide radicdl*® Furthermore, it has been noted that hi
polar nature of GO showxcellentaffinity towards the polar
reactants aldehydes and secondamines, where theses
precursors could easily available to proceed the reaction
catalytic role of GO.

gﬁaatures of GO, as a result, gradual decline of catalytic activitv.
Despite these facts, considering the low cost, ease
preparation and frekom metals, GO promiseéts potential not
cbnly for industrial applications but also addresséie
erX/ironment benign synthetimethodology for the various

amides.
Conclusions
o In summary, the GO has been found to be an efficier..
o— 1l . H
o + o Q\/CH economic and heterogeneous carbocatalyst fosyhéhesis of
H ',1 @ amides from a variety of aromatic aldehydes and piperidin >

These reaction affordedoodto-excellent product yields and
l the GO catalyst could be easily recovered. To the best of o'
knowledge, this is the first report on Gfatalyzed one pot
synthesis of amides.
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