
rsc.li/greenchem

Green
Chemistry
Cutting-edge research for a greener sustainable future

rsc.li/greenchem

ISSN 1463-9262

PAPER
Paul T. Anastas et al. 
The Green ChemisTREE: 20 years after taking root with the 12 
principles

Volume 20
Number 9
7 May 2018
Pages 1919-2160Green

Chemistry
Cutting-edge research for a greener sustainable future

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  A. khazaee, R.

Jahanshahi, S. Sobhani, J. Skibsted and J. Sansano, Green Chem., 2020, DOI: 10.1039/D0GC01274B.

http://rsc.li/greenchem
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d0gc01274b
https://pubs.rsc.org/en/journals/journal/GC
http://crossmark.crossref.org/dialog/?doi=10.1039/D0GC01274B&domain=pdf&date_stamp=2020-06-22


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Immobilized piperazine on the surface of graphene oxide as a 
heterogeneous bifunctional acid-base catalyst for the 
multicomponent synthesis of 2-amino-3-cyano-4H-chromenes 
Asma Khazaee,a Roya Jahanshahi,a Sara Sobhani,*a Jørgen Skibsted b and José Miguel 
Sansanoc 

The immobilized piperazine on the surface of graphene oxide (piperazine-GO) is synthesized and characterized by different 
methods such as FT-IR, solid-state 29Si{1H} and 13C{1H} CP/MAS NMR, elemental analysis, TGA, TEM, FE-SEM, XPS, and TPD. 
Subsequently, it is used as a heterogeneous bifunctional acid-base catalyst for the efficient multicomponent reaction of 
malononitrile, different active compounds containing enolizable C−H bonds and various aryl/alkyl aldehydes in aqueous 
ethanol. A wide variety of 2-amino-3-cyano-4H-chromenes are synthesized in the presence of this heterogeneous catalyst 
in good to high yields and with short reaction times. The catalyst is easily separated and reused for at least six times without 
significant loss of activity. The acidic nature of GO improves the catalytic activity of the supported piperazine and also 
provided heterogeneity to the catalyst. Using aqueous ethanol as a green solvent, high turnover numbers (TON), facile 
catalyst recovery and reuse, simple work-up and generality of the method, make this protocol an environmentally benign 
procedure for the synthesis of the titled heterocycles. 

Introduction
Multicomponent reactions (MCRs), which eliminate the isolation of 
intermediates and reduce the number of discrete chemical steps, 
waste products and operational costs, have been acknowledged as 
essential tools for the green synthesis of organic compounds.1-3 
These kinds of reactions allow a rapid and efficient synthesis of 
complex molecules from simple starting materials. Most routes 
followed in MCRs are nucleophilic reactions. An ideal pathway for 
nucleophilic reactions is dual activation of both the electrophiles and 
nucleophiles by acidic and basic catalysts, respectively.4-10 Obviously, 
the use of both homogeneously strong acidic and basic species in a 
single reactor is impossible due to the neutralization that forms 
inactive salts. Moreover, the recovery and reuse of both acidic and 
basic catalysts are industrially problematic and result in product 
contamination. To solve this problem, the concept of ‘site isolation’, 
which is inspired by enzymatic catalysis, has been followed. A well 
understood fact in biochemistry is that the presence of spatially 
separated incompatible sites on the enzymes avoids undesired 
interactions. This implies that the enzymes are capable of 
accelerating reactions through cooperative interactions between 
accurately positioned functional groups present in their active 
sites.11-13 Mimicking enzymatic catalysis, significant progress has 
recently been achieved in the synthesis of bifunctional catalysts by 
immobilization of mutually incompatible catalysts such as acids and 
bases on different solid materials such as silica, SBA-15, MCM-41, 

clays, polymers, etc.14-23 Furthermore, these heterogeneous catalysts 
can be recovered and reused, making the entire process greener. 
However, there are several evident barriers in the preparation of 
these catalysts such as tedious protection−deprotection procedures 
or the uncontrollable and inhomogeneous positioning of catalytically 
active species.24-27 Moreover, some of them exhibit unsatisfactory 
catalytic efficiencies due to the enhanced steric hindrance.28,29 
Therefore, the development of a simple and efficient method for the 
construction of heterogeneous bifunctional acid−base catalysts is 
strongly needed.
Recently, graphene oxide (GO) with significant mechanical strength 
and remarkable thermal stability has received increasing interest as 
carbocatalyst and catalyst support owing to its unique structural and 
surface properties.30-33 GO with a two-dimensional sheet-like 
structure has a high surface area that is readily accessible to the 
reactants with negligible mass transfer resistance, which is distinct 
from conventional porous materials. The presence of several oxygen 
containing functionalities, such as epoxide and hydroxyl groups on 
the surface of GO sheets provides its facile functionalization by 
different functional groups.34-37 Moreover, GO has intrinsic acidic 
properties due to the presence of carboxylic acids along the sheet 
edges. Taking advantage of the presence of intrinsic carboxylic acids 
on GO, bifunctional acid-base GO catalysts have been synthesized by 
a simple post grafting of basic functional groups onto GO.38-40 The 
synthesized bifunctional acid-base GO catalysts exhibited an 
excellent synergic effect by the grafted basic groups on the plane of 
GO and the adjacent intrinsic carboxylic acids along the edges.  
Furthermore, they could be easily recycled and reused repetitively. 
However, despite the excellent catalytic activity and reusability of 
bifunctional GO catalysts, only a few studies focused on the GO 
functionalization and its use as bifunctional GO catalysts in MCRs, 
even though this area has an immense potential.35,41-46 
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Within heterocyclic compounds, 2-amino-3-cyano-4H-chromenes 
and their derivatives have attracted significant interest, because they 
are present in a wide variety of biologically active natural products 
and exhibit several pharmaceutical properties such as anti-allergic, 
anti-oxidant and antibacterial.47-50 These compounds have also been 
known as spasmolytic, anti-malaria, diuretic, anti-cancer, anti-HIV, 
anti-Alzheimer, anti-coagulant, and anti-anaphylactic agents.51,52 
Figure 1 shows some bioactive chromene derivatives. Thus, the 
preparation of these heterocyclic cores has extended a high 
reputation in heterocyclic chemistry. Several strategies have been 
reported for the synthesis of 2-amino-3-cyano-4H-chromenes, 
mostly via a three-component reaction involving the cyclo-
condensation of differently substituted aldehydes, various β-
dicarbonyl compounds, and alkyl malonates.53-58 Although the 
reported protocols find certain merits of their own, still they suffer 
from a number of demerits such as relying on the tedious work-up 
procedure, use of hazardous and/or costly catalysts and volatile 
organic solvents, high reaction times, low yields and lack of 
generality for the synthesis of 2-amino-3-cyano-4H-chromenes 
starting from aliphatic aldehydes. More importantly, in spite of the 
prominence of bifunctional catalysts for the efficient promotion of 
MCRs, systematic investigations of bifunctional catalysts for the 
three-component synthesis of 2-amino-3-cyano-4H-chromenes are 
rare in the literature.35,59-68 Therefore, the introduction of a simple 
and green procedure for the multicomponent synthesis of 2-amino-
3-cyano-4H-chromenes, catalyzed by an efficient, inexpensive and 
reusable bifunctional catalyst, is a valid goal in the synthesis of 
chromenes, considering the growing importance of bifunctional 
catalysts in organic synthesis.
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Figure 1. Pharmacologically active 2-amino-3-cyano-4H-chromenes

To benefit the valuable applications of multifunctional catalysts in 
MCRs, and as a part of our research program to develop efficient and 
green methods in organic synthesis,69-74 herein we report the 

synthesis of immobilized piperazine on the surface of graphene oxide 
as a new heterogeneous catalyst. This catalyst is characterized by 
different methods including FT-IR, solid-state 29Si{1H} and 13C{1H} 
CP/MAS NMR, elemental analysis, TGA, TEM, FE-SEM, XPS and TPD. 
We also demonstrate its applicability as a reusable bifunctional acid-
base catalyst for the three-component condensation reaction of 
various β-dicarbonyl compounds, malononitrile and 
aryl/alkyl/heteroaryl aldehydes.

Experimental 
All chemicals were purchased from Merck Chemical Company. 
Liquid-state 1H NMR spectra were recorded on a Bruker Advance 
DPX-300 spectrometer, using CDCl3 and DMSO solvents and TMS as 
the internal standard. The purity of the products and the progress of 
the reactions were accomplished by TLC on silica-gel polygram 
SILG/UV254 plates. FT-IR spectra were recorded on a Shimadzu 
Fourier Transform Infrared Spectrophotometer (FT-IR-8300). Solid-
state 13C{1H} and 29Si{1H} CP/MAS NMR spectra were obtained on a 
Bruker Avance II 400 MHz spectrometer (9.39 T) and a Varian INOVA 
300 MHz spectrometer (7.05 T) using 4 mm and 5 mm CP/MAS NMR 
probes, respectively. The 13C{1H} CP/MAS spectra employed a 10.0 
kHz spinning speed, a CP-contact time of 1.0 ms, a 4-s relaxation 
delay, and 16384 scans. The 29Si{1H} CP/MAS NMR spectrum was 
acquired with a 5.0 kHz spinning speed, a CP-contact time of 1.0 ms, 
a 4-s relaxation delay, and 20.000 scans. 13C and 29Si chemical shifts 
are relative to neat TMS. Elemental analysis was carried out on a 
Costech 4010 CHNS elemental analyzer. Thermogravimetric analysis 
(TGA) was performed using a Shimadzu thermogravimetric analyzer 
(TG-50) using a heating rate of 10 °C min-1 under atmospheric air. 
TEM analysis was performed with a TEM microscope (Philips CM30). 
Field emission scanning electron microscopy (FE-SEM) was obtained 
with a FE-SEM (model Mira 3-XMU). XPS analyses were performed 
using a VG-Microtech Multilab 3000 spectrometer, equipped with an 
Al anode. The deconvolution of the spectra was carried out using 
Gaussian–Lorentzian curves. NH3 and CO2 temperature-programmed 
desorption (NH3-TPD and CO2-TPD) experiments were carried out 
using a NanoSORD NS91 apparatus (Sensiran Co., Iran). The NH3-TPD 
experiment was performed on 50 mg of the catalyst placed in a U-
shaped quartz reactor. Prior to the TPD run, the catalyst was 
degassed in a flow of 10 cm3/min He at 400 °C for 1 h and then cooled 
down to 110 °C. This was followed by the adsorption of 5% NH3/He 
at 110 °C for 30 min. The sample was then purged in a He stream for 
30 min at 110 °C in order to remove loosely bound ammonia. Then, 
the sample was heated again from 110 to 750 °C at a heating rate of 
10 °C/min in a flow of He (10 cm3/min). The CO2-TPD experiment was 
performed on 50 mg of catalyst placed in a U-shaped quartz reactor. 
Prior to the TPD run, the catalyst was degassed in a flow of 10 
cm3/min He at 400 °C for 1 h, and cooled down to 25 °C. This was 
followed by the adsorption of 20% CO2/He at 25 °C for 30 min. 
Sample was then purged in a He stream for 60 min at 25 °C in order 
to remove loosely bound CO2. Then, the sample was heated again 
from 25 to 800 °C at a heating rate of 10 °C/min in a flow of He (10 
cm3/min).
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Synthesis of chloro-functionalized GO
A mixture of GO41 (1 g) in toluene (50 mL) was sonicated for 30 
min. 3-Chloropropyl trimethoxysilane (1.8 mL) was added to the 
dispersed GO in toluene (50 mL), slowly heated to 110 °C and 
stirred at this temperature for 20 h. Then, the reaction was 
cooled to room temperature. The resulting chloro-
functionalized GO was centrifuged, washed three times with 
H2O and ethanol, and dried at 80 °C in an oven under vacuum.

Synthesis of piperazine-GO
A mixture of chloro-functionalized GO (1 g) in toluene (20 mL) 
was sonicated for 30 min. Piperazine (0.43 g) was added to the 
dispersed chloro-functionalized GO (1 g) in dry toluene (20 mL), 
and the mixture was stirred for 6 h. The solid material was 
separated by centrifugation, washed with H2O and ethanol, 
and dried at room temperature in vacuum to produce 
piperazine-GO.

General procedure for the synthesis of 2-
amino-3-cyano-4H-chromenes in the presence 
of piperazine-GO
Aldehyde (1 mmol), dimedone (0.14 g, 1 mmol) and malononitrile 
(0.066 g, 1 mmol) were added to a mixture of piperazine-GO (0.004 
g) in EtOH:H2O (1:1, 1 mL). The reaction mixture was stirred at 50 °C 
and monitored by TLC untill no further progress in the reaction was 
observed. Then, the reaction mixture was cooled to room 
temperature. EtOH (5 mL) was added to the reaction mixture and the 
catalyst was separated by centrifugation, washed with EtOH (5 mL), 
dried and re-used for a consecutive run under the same reaction 
conditions. The solvent of the combined organic layer was 
evaporated under reduced pressure to obtain a residue, which was 
recrystallized in EtOH to produce the pure product.

Results and Discussion
Synthesis and characterization of piperazine-GO
Immobilized piperazine on the surface of graphene oxide 
(piperazine-GO) was synthesized following the procedure outlined in 
Scheme 1. At first, chloro-functionalized GO was synthesized by the 
reaction of GO with 3-chloropropyltrimethoxysilane in refluxing dry 
toluene. Subsequently, piperazine-GO was obtained by the reaction 
of chloro-functionalized GO with piperazine.

Scheme 1. Synthesis of piperazine-GO.

FT-IR spectra of GO and piperazine-GO are shown in Figure 2. 
The FT-IR spectrum of GO contains peaks with strong intensities 
at 1040, 1125, 1585, 1735, and 3438 cm−1, which are attributed 
to the stretching vibrations of C-O-C, C-OH, C=C, C=O and O-H 
bonds, respectively. These peaks reveal the presence of 

hydroxyl, carboxyl, and epoxy groups on the GO. In the FT-IR 
spectrum of piperazine-GO, typical bands at about 2959 and 
2857 cm-1 were assigned to the C-H stretching vibrations of alkyl 
chains. In this spectrum, Si-O-Si and Si-O-C stretching modes of 
silane chains appeared as a strong broad doublet at about 1100 
and 1020 cm−1. Importantly, in the FT-IR spectrum of 
piperazine-GO, the absorption band related to the C=O bonds 
of the carboxylic acids was observed at about 1725 cm−1. In 
addition, the C–N stretching vibrations were positioned at 
about 1240 cm−1.

Figure 2. FT-IR spectra of (a) GO and (b) piperazine-GO.

The presence of the desired functional groups on the GO was 
qualitatively confirmed by solid-state magic-angle-spinning (MAS) 
NMR spectroscopy. The broadened resonance in the 29Si{1H} MAS 
NMR spectrum of piperazine-GO (Figure 3a), with the main intensity 
at -68.1 ppm, corresponds to T3 [R–Si(O–C)3] structural environments 
and thereby confirmes the successful incorporation of the organic 
silane moieties on the GO. Furthermore, the resonances at 8.4 (C1), 
24.8 (C2) and 45.4 ppm (C3 overlapped with C4 and C5) in the 13C{1H} 
CP/MAS NMR spectrum (Figure 3b) verify the structure of the 
supported piperazine on the surface of GO. The observed broadened 
peaks at 60, 72, 124 and 168 ppm are assigned to C-OH, epoxy (C-O-
C), C=C and carboxyl groups, respectively.
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Figure 3. (a) 29Si{1H} CP/MAS NMR spectrum (7.05 T) of piperazine-GO 
obtained with a spinning speed of 5.0 kHz and a CP contact time of 1.0 ms. (b) 
13C{1H} CP/MAS NMR spectrum (9.39 T) of piperazine-GO obtained with a 
spinning speed of 10.0 kHz and a CP contact time of 1.0 ms.

Elemental analysis showed that the loading of piperazine on the GO 
was 2.38 mmol.g-1 based on the nitrogen content (N = 6.69%). 

The thermal stabilities of the piperazine-GO and GO were examined 
by TGA (Figure 4). As presented in Figure 4a, a total weight loss of 
about 55.4% was determined from the TGA curve of the piperazine-
GO. A mass loss at below 135 °C, due to the loss of intercalated water 
molecules, and a weight loss from 135 to 195 °C, due to the 
decomposition of various oxygen functional groups, were also 
observed in the TGA curves of piperazine-GO and GO. The total mass 
loss of GO (Figure 4b) is obviously higher than that of piperazine-GO 
(Figure 4a), especially the second mass loss, which demonstrates the 
higher thermal stability of piperazine-GO owing to the logical 
decrease in the amount of oxygen-containing functional groups in 
the modified GO.75-77 The final mass loss in the TGA curve of 
piperazine-GO (Figure 4a) is caused by the decomposition of organic 
parts located on its surface.

Figure 4. TGA curves for (a) piperazine-GO and (b) GO.

The morphological properties of piperazine-GO were examined by 
means of TEM and FE-SEM. The TEM and FE-SEM images of 
piperazine-GO (Figure 5) revealed the nanoscopic features of GO 
with a crumpling two-dimensional structure.

Figure 5. (a, b) TEM and (c, d) FE-SEM images of piperazine-GO.

The electronic properties of piperazine-GO were studied by XPS. As 
shown in Figure 6, the peaks corresponding to carbon, nitrogen, 
oxygen, silicon, and chlorine were clearly observed in the XPS 
elemental survey of the catalyst (Figure 6a). Deconvolution of the C 
1s region showed peaks at 284.6 eV (C-C and C=C bonds),78-81 286.1 
eV (C-N, C-O, and C-Cl bonds)78-80 and 287.3 eV (C=O bond)78,80 
(Figure 6b). Figure 6c showes the nitrogen region of the XPS 
spectrum for piperazine-GO. It reveales the presence of a main peak 
at 399.1 eV related to tertiary amine39,82 and two more peaks at 
400.8 and 402.0 eV related to secondary amine79 and N-H bonds,82 
respectively. As shown in Figure 6d, the peaks at 201.9 (2P1/2) and 
200.2 eV (2P3/2), are assigned to the C-Cl bonds.78,80 These peaks 
indicate that a small portion of chlorines remains unreacted. 
Furthermore, the higher resolution XPS signal for O atoms (Figure 6e) 
shows three peaks at 531.0, 532.3, and 533.8 eV that can be assigned 
to C=O, C-O and Si-O bonds.81 

(a)

(a)

(b)

(c) (d)

(a) (b)
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Figure 6. (a) XPS elemental survey spectrum, and high-resolution XPS 
spectra of (b) C 1s (c) N 1s (d) Cl 2p and (e) O 1s of the piperazine-GO.

Acid-base properties of the piperazine-GO were investigated through 
temperature-programmed desorption of ammonia (NH3-TPD) and 
carbon dioxide (CO2-TPD). In the NH3-TPD profile of the catalyst 

(Figure 7a), the representative desorption peak at about 235-358 °C 
can be attributed to moderate Brønsted acidic sites. The CO2-TPD 
profile of the catalyst revealed a desorption peak at 250-387 °C, 
which was assigned to moderate basic sites. The observed shoulder 
at 400-500 °C in the CO2-TPD profile of the catalyst reflects the 
presence of strong Lewis basic sites. The desorption peak centered 
at about 543 °C in the NH3-TPD and CO2-TPD profiles was associated 
with the decomposition of the immobilized organic motifs on the 
support.34 The contents of acidic and basic sites of the as-prepared 
catalyst were 2.76 and 2.94 mmol∙g-1, respectively. TPD analysis 
showed that the acidic and basic groups exist simultaneously in the 
piperazine-GO. Furthermore, the NH3-TPD profile of the pristine GO 
(Figure 7a) revealed more acidic content (2.91 mmol∙g-1) in relatively 
lower temperature range (175-358 °C), compared with the 
piperazine-GO.34 

Figure 7. (a) NH3-TPD profiles of piperazine-GO and GO; (b) CO2-TPD profile 
of piperazine-GO. 

Immobilization of piperazine on the water-dispersible GO 
(Figure 8a) altered the hydrophilic character of GO and made it 
a hydrophobic material in the aqueous media (Figure 8b-e).

(a) (b) (c) (d) (e)

(c)

))

(e)

))

(d)

))

(b)

(a)
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(f)

(b)
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Page 5 of 15 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
2 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/2

4/
20

20
 6

:4
0:

15
 A

M
. 

View Article Online
DOI: 10.1039/D0GC01274B

https://doi.org/10.1039/d0gc01274b


ARTICLE Journal Name

6 | J. Name., 2019, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

)Please do not adjust margins

Figure 8. (a) GO in H2O, (b) piperazine-GO in H2O, (c) piperazine-GO in 
H2O-CHCl3, (d) piperazine-GO in H2O-EtOAc, (e) piperazine-GO in H2O-
EtOH (1:1), (f) piperazine-GO in EtOH.

Catalytic performance of piperazine-GO for the 
synthesis of 2-amino-3-cyano-4H-chromenes
After full characterization of piperazine-GO, its catalytic activity was 
studied for the multicomponent synthesis of 2-amino-3-cyano-4H-
chromenes. In this regard, the three-component reaction of 4-
nitrobenzaldehyde (1 mmol), dimedone (1 mmol) and malononitrile 
(1 mmol) in the presence of piperazine-GO (1 mol%) at 50 °C as a test 
model was investigated for optimizing reaction parameters such as 
solvent, temperature and amount of the catalyst (Scheme 2, Table 
1). The results of solvent screening revealed that they have a 
significant effect on the catalytic activity of piperazine-GO (Table 1, 
entries 1-9). The best result was obtained when the model reaction 
was conducted in EtOH:H2O (1:1) (Table 1, entry 7). This reflects the 
higher solubility of the starting materials and also more dispersity of 
the catalyst in EtOH:H2O (1:1) (Figure 8e). Moreover, the GO acidic 
functional groups could be well activated in aqueous solutions.33,83 A 
similar reaction at lower temperatures proceeded over longer 
reaction times (Table 1, entries 10, 11). An increase in temperature 
did not have any effect on the progress of the reaction (Table 1, entry 
12). When the model reaction was conducted in the presence of a 
lower amount of the catalyst, the same yield of the product was 

obtained within a longer reaction time (Table 1, entry 13). The 
significance of the catalyst in the reaction was demonstrated by 
conducting the reaction in the absence of the catalyst, which resulted 
in only a trace amount of the product (Table 1, entry 14). We have 
also prepared two catalysts from the reactions of 0.2 and 0.6 g of 
piperazine with 1 g of chloro-functionalized GO by the procedure 
given in the experimental section. The reaction of 4-
nitrobenzaldehyde, dimedone and malononitrile was performed in 
the presence of these two catalysts and the results (Table 1, entries 
15 and 16) were compared with that obtained in the presence of 
piperazine-GO. As shown in Table 1, piperazine-GO is the best choice 
for this reaction (entry 7), suggesting that 0.43 g of piperazine is the 
optimum amount for preparing the catalyst under the present 
conditions. 

Scheme 2. One-pot three-component reaction of 4-nitrobenzaldehyde, 
dimedone and malononitrile catalyzed by piperazine-GO. 

Table 1. One-pot three-component reaction of 4-nitrobenzaldehyde, dimedone and malononitrile catalyzed by piperazine-GO 
under different reaction conditions

Entry Solvent Catalyst (mol%) T (°C) Time (min)
Isolated 

Yielda (%)
1 H2O 1 50 95 81

2 EtOH 1 50 50 90

3 EtOAc 1 50 80 75

4 CHCl3 1 50 50 85

5 CH3CN 1 50 90 65

6 Solvent-free 1 50 45 61

7 EtOH:H2O (1:1) 1 50 10 90

8 EtOH:H2O (1:2) 1 50 15 89

9 EtOH:H2O (1:3) 1 50 30 82

10 EtOH:H2O (1:1) 1 - 40 80

11 EtOH:H2O (1:1) 1 40 30 90

12 EtOH:H2O (1:1) 1 60 10 89

13 EtOH:H2O (1:1) 0.5 50 20 90

14 EtOH:H2O (1:1) - 50 10 Trace

15 EtOH:H2O (1:1) 1 50 60 45b

16 EtOH:H2O (1:1) 1 50 10 90c

a Reaction conditions: 4-nitrobenzaldehyde (1 mmol), dimedone (1 mmol), malononitrile (1 mmol). The catalyst was prepared by using 0.43 g of piperazine 
and 1 g of chloro-functionalized GO as explained in the experimental section. b The catalyst was prepared by using 0.2 g of piperazine and 1 g of chloro-
functionalized GO. c The catalyst was prepared by using 0.6 g of piperazine and 1 g of chloro-functionalized GO.

CHO

NO2

+
CN

CNOO

+
piperazine-GO

O

CN

NH2

O

NO2
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Based on the optimized reaction conditions, we further extended the 
present method for the synthesis of various 2-amino-3-cyano-4H-
chromene derivatives by using different types of aromatic/aliphatic 
aldehydes, dimedone and malononitrile (Scheme 3, Table 2). A 
number of aromatic aldehydes with electron-withdrawing/electron-
donating groups underwent three-component reactions affording 
the desired products in high yields and short reaction times (Table 2, 
entries 1-15). The reactions of heterocyclic aldehydes, 
naphthaldehyde and cinnamaldehyde proceeded well (Table 2, 

entries 16-20). The applicability of this method was also examined 
for the condensation reaction of aliphatic aldehydes with dimedone 
and malononitrile. Fascinatingly, a variety of aliphatic aldehydes 
participated well in this reaction and the corresponding products 
were produced in good to high yields (Table 2, entries 21-28). This 
confirms the high versatility of the present catalytic system for the 
preparation of a wide range of biologically active 2-amino-3-cyano-
4H-chromenes.

 

Scheme 3. One-pot three-component reaction of various aldehydes, dimedone and malononitrile catalyzed by piperazine-GO.
 Table 2. One-pot three-component synthesis of various 2-amino-3-cyano-4H-chromenes catalyzed by piperazine-GO

M.P. (°C )Entry R Time (min) Isolated Yielda 

(%) Obtained Reported

184 C6H5 15 95 230-232 231-233

284 2-Cl-C6H4 5 98 189-192 188-191

384 4-Cl-C6H4 20 98 206-208 206-209

485 2,6-Cl2-C6H3 10 98 236-238 236-238

586 4-Br-C6H4 25 80 201-203 201-203

687 2-O2N-C6H4 5 94 223-225 223-226

784 3- O2N-C6H4 5 91 209-211 208-210

886 4-O2N-C6H4 10 90 172-174 171-172

984 4-NC-C6H4 10 95 213-215 212-213

1088 4-Me-C6H4 45 82 209-211 208-210

1186 4-MeO-C6H4 45 80 187-189 186-188

1285 2,4-(MeO)2-C6H4 25 81 181-183 180-182

1384 3,4-(MeO)2-C6H4 30 90 176-179 175-178

1484 3,4,5-(MeO)3-C6H2 15 89 177-179 175-179

1589 4-MeCONH-C6H4 30 95 247-249 247-248

1684 2-Thienyl 45 86 222-224 223-227

1784 2-Furyl 25 96 194-197 195-197

1887 3-Pyridyl 10 95 249-251 250-252

1990 1-Naphthyl 30 86 243-246 243-245

2086 C6H5CH=CH 30 85 183-185 182-184

+
CN

CNOO

+
piperazine-GO (1 mol%)

50 C O

R

CN

NH2

O

RCHO
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2191 H 30 89 189-191 190-192

2291 Me 30 92 181-184 180-183

23 Me2CH 90 80 199-201 -

24 Me2CHCH2 45 84 196-200 -

2586 CH3(CH2)2 60 80b 173-175 172-174

2686 CH3(CH2)3 90 72b 164-166 165-167

2787 CH3(CH2)5 150 80b 185-187 187-189

2892 CH3(CH2)6 150 73b 157-159 156-158

a Reaction conditions: aldehyde (1 mmol), dimedone (1 mmol), malononitrile (1 mmol), piperazine-GO (1 mol%), 50  ̊C, H2O-EtOH (1:1, 1 mL, except for entries 
25-28); b Refluxing EtOH (2 mL).

Furthermore, the reaction was extended to activated compounds 
such as cyclohexane-1,3-dione, acetylacetone and 
methylacetoacetate containing enolizable C−H bonds, 2-naphthol 

and 4-hydroxycoumarin (Scheme 4). The products were obtained in 
high yields and in reasonable reaction times by replacing dimedone 
with these activated compounds. 

+

Piperazine-GO (1 mol%)

Piperazine-GO (1 mol%)

Piperazine-GO (3 mol%)

Piperazine-GO (3 mol%)

OH

Piperazine-GO (3 mol%)O O

OH

50 °C, H2O-EtOH (1:1)

50 °C, H2O-EtOH (1:1)

100 °C, Solvent-free

100 °C, Solvent-free

Reflux, H2O-EtOH (1:1)

15 min, 95%, m.p. 234-236 °C (235-236)53

O

CN

NH2

O Ph

15 min, 95%, m.p. 161-163 °C (162-163)93

60 min, 85%, m.p. 193-195 °C (192-194)87

O

O

O NH2

CN

Ph
40 min, 97%, m.p. 281-283 °C (282-284)87

30 min, 95%, m.p. 253-255 °C (252-254)87

O O

O O

O O

O

CHO

CN

CN

O

NH2

CN

Ph

O

CN

NH2

Ph

O

CN

NH2

Ph

MeO

O

O

Scheme 4. One-pot three-component reaction of benzaldehyde, malononitrile and activated compounds containing enolizable C−H bonds, 2-naphthol and 4-
hydroxycoumarin.

The recovery and reuse of the catalysts are highly preferable in terms 
of green synthetic processes. Consequently, the reusability of 
piperazine-GO was investigated for the model reaction under the 
optimized reaction conditions. After completion of the reaction, 
which was monitored by TLC, the reaction mixture was cooled to 
room temperature and the catalyst was separated by simple 
centrifugation, washed with EtOH to remove organic products, and 

then dried and reused. The recyclability test was stopped after six 
runs and it was found that the reduction in the activity and the 
amount of the catalyst (2.5%) after six times reuse is negligible 
(Figure 9). Comparison of the FT-IR, 29Si{1H} and 13C{1H} CP/MAS NMR 
spectra and TEM image of the used catalyst (Figures 10-12) with 
those of the fresh catalyst shows that the structure and morphology 
of piperazine-GO remain intact after six times reuse. 
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Figure 9. Reusability of the piperazine-GO in the one-pot three-component 
reaction of 4-nitrobenzaldehyde, malononitrile and dimedone under 
optimized reaction conditions, in 10 min. 

             

        Figure 10. FT-IR spectrum of piperazine-GO after six times reuse.

Figure 11. (a) 29Si{1H} CP/MAS NMR (9.39 T) and (b) 13C{1H} CP/MAS NMR (9.39 
T) spectra of piperazine-GO after six times reuse, acquired with a CP contact 
time of 1.0 ms and spinning speeds of 5.0 kHz and 10.0 kHz, respectively. The 
asterisks indicate spinning sidebands.

Figure 12. TEM image of piperazine-GO after six times reuse.

Furthermore, the XPS analysis of the recycled piperazine-GO after 
six runs confirmed the preservation of the electronic features for all 
elements (Figure 13). These findings strongly suggest the suitable 
stability and durability of the catalyst. 
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Figure 13. (a) XPS elemental survey spectrum, and high-resolution XPS 
spectra of (b) C 1s (c) N 1s (d) Cl 2p and (e) O 1s of the piperazine-GO after six 
times reuse.

To test the potential synthetic applications of this method, a larger 
scale reaction of 4-nitrobenzaldehyde (50 mmol), dimedone (50 
mmol) and malononitrile (50 mmol) was carried out under the 
present reaction conditions. The reaction proceeded in 10 min, giving 
90% yield of the desired product.
In order to find the role of the catalyst, one-pot three-component 
reaction of 4-nitrobenzaldehyde, dimedone, and malononitrile in the 
presence of GO, piperazine and a physical mixture of GO + piperazine 
were examined under the optimized reaction conditions (Figure 14). 
The highest yield of the desired product was produced in the 
presence of piperazine-GO. The reaction of 4-nitrobenzaldehyde and 
malononitrile, which produces the Knoevenogel product and the 
reaction of the Knoevenogel product with dimedone (two-pot 

synthesis of 2-amino-3-cyano-4H-chromene) in the presence of GO, 
piperazine and a physical mixture of GO + piperazine were also 
investigated. Piperazine-GO exhibited higher catalytic activity than 
GO, piperazine and a physical mixture of GO + piperazine in the 
formation of the Knoevenogel product and also in the two-pot 
synthesis of 2-amino-3-cyano-4H-chromene, due to the synergetic 
effect of piperazine as a basic group and inherent carboxylic acids on 
the GO. These results revealed that the three-component reaction of 
dimedone, malononitrile and 4-nitrobenzaldehyde is catalyzed by 
piperazine and also by carboxylic acids on the GO.

Figure 14. Effect of various active groups such as GO, piperazine, GO + 
piperazine and piperazine-GO on the synthesis of the Knoevenogel product 
and one-pot three-component and also the two-pot synthesis of 2-amino-3-
cyano-4H-chromene after 10 min. 

Based on these observations, a mechanism which is supported by the 
literature66,87,89 for the multicomponent synthesis of 2-amino-3-
cyano-4H-chromene is outlined in Scheme 5. The process represents 
a typical tandem reaction by multiple-activation. At first, the acid 
sites present in the catalyst, activate the carbonyl groups in the 
aldehyde to react with activated malononitrile by piperazine as a 
basic functional group to form the Knoevenagel product (Figure S23) 
upon dehydration. Michael-type addition reaction of the enol form 
of dimedone with the Knoevenagel product, followed by 
intramolecular nucleophilic cyclization, produces the desired 
product (see the reaction time curve in Figure S24).
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Scheme 5. A plausible mechanism for the one-pot three-component reaction 
of aldehyde, dimedone and malononitrile in the presence of piperazine-GO.

To show the merits of the present method for the synthesis of 2-
amino-3-cyano-4H-chromenes, we have compared the catalytic 
activity of piperazine-GO with various basic, acidic and bifunctional 
catalysts reported for the one-pot three-component reaction of 
aldehydes, dimedone and malononitrile (Table 3). From Table 3, it 
appears that piperazine-GO provides significant advantages in terms 
of turnover number (TON) compared with the other catalytic 
systems. It is worth to note that most of the reported methods suffer 
from a lack of generality for the synthesis of 2-amino-3-cyano-4H-
chromenes from aliphatic aldehydes. 2-Amino-3-cyano-4H-

chromene containing aliphatic aldehydes could be efficiently 
synthesized by our catalytic method. These promising results should 
be attributed to the synergistic cooperative effect of both acidic and 
basic groups in the piperazine-GO. Moreover, due to the 
homogeneous distribution of the active sites along with the 
crumpling structure of the catalyst, reactants and products can easily 
access or leave the active sites on both sides of the two-dimensional 
catalyst with negligible mass transfer resistance. Importantly, some 
of the reported methods proceed via a two-pot procedure (entries 5, 
6 and 9). These methods were used for the asymmetric synthesis of 
2-amino-3-cyano-4H-chromenes. Clearly, the catalyst separation is 
troublesome in the case of the homogeneous catalysts.

Table 3. Comparison of the catalytic activity of piperazine-GO with some basic, acidic and bifunctional catalysts reported for the one-pot 
three-component reaction of aldehydes, dimedone and malononitrile

Entry Catalyst (mol%) Reaction conditions Aldehyde Time (min) Yield (%) TONa

187 Piperazine (11) H2O, 90 ⁰C Aryl 4-28 91-98 8.2-8.9

287 Piperazine (33) H2O, r.t. Aryl 35-170 90-97 2.7-2.9

361 CaCl2 (20) EtOH, r.t. Aryl 35-120 89-96 4.4-4.8

461 CaCl2 (20) EtOH, Ultrasound Aryl 5-15 91-97 4.5-4.8

562 Asymmetric organocatalystb,c (2) Et2O, r.t. Aryl 4 h 83 41.5

663 Squaramidesb (5) THF, 4 ⁰A MS, 0 ⁰C Aryl 5 h 94-99 18.8-19.8

764 sodium alginate (10) EtOH, Reflux Aryl 34-150 80-96 8-9.6

867  Ce-V/SiO2 (4.28) EtOH, r.t. Aryl 60 87-95 20.3-22.2

968 Asymmetric organocatalystb,d (20) Silica gel (30 mg), THF, 
r.t. 

Aryl 8-16 h 85-96 4.2-4.8

1094 Piperazine (15) Solvent-free, Ball-milling, 
r.t.

Aryl 20-120 88-96 5.8-6.4

1195 MCM-41-NH2 (10) H2O, 70 ⁰C Aryl/Alkyl 0.5-7 h 45-95 4.5-9.5

1296 MOFe–NH2 (6) EtOH, Reflux Aryl 4 h 80-96 13.3-16

1397 Urea (10) H2O-EtOH (1:1), r.t. Aryl/Alkyl 2-16 h 80-96 8-9.6

1498 [Ch][Tau]f IL (5) H2O-EtOH (1:1), Reflux Aryl 2-3 h 78-94 15.6-18.8

1592 [bmIm]OH IL (20) Solvent-free, r.t. Aryl 5-20 85-98 4.2-4.9

1699 MNP-DMAPg (5) H2O, 80 ⁰C Aryl 0.5-5 h 90-98 18-19.6

1754 [DiEG(mim)2][OH]2
h (10) H2O, K2CO3 (10 mol%), r.t. Aryl 15-45 85-92 8.5-9.2

18100 H5BW12O40 (10) EtOH-H2O (1:1), Reflux Aryl 1-5 h 85-98 8.5-9.8

19101 VSA NRsi(5) H2O-EtOH, Reflux Aryl 5-50 78-98 15.6-19.6

20 Piperazine-GO (1) H2O-EtOH (1:1),
50 ⁰C

Aryl/Alkyl 5-150 70-98 70-98

a TON = mmol of the product per mmol of the catalyst; b The reactions proceed via a two-step method; c 1-(((1R, 4aS, 10aR)-7-Iso-propyl-1, 4a-dimethyl l-
1,2,3,4,4a,9,10,10a-octahydrophenanthren-1-yl) methyl)-3-((1R)-(6-methoxyquinolin-4-yl)(8-vinylquinuclidin-2-yl)-methyl)thiourea; d (S)-2-amino-N-[(1R,2R)-
2-(4-methylphenylsulfonamido) cyclohexyl] aryl/sulphonamide; e Metal–organic framework; f Choline taurinate; g 4-(Dimethylamino)pyridine; h Diethylene 
glycol-bis(3-methylimidazolium) dihydroxide; i Nanorod vanadate sulfuric acid

Finally, a series of green metrics102,103 such as atom economy (AE), 
atom efficiency (AEf), carbon efficiency (CE), reaction mass efficiency 
(RME), optimum efficiency (OE), process mass intensity (PMI), E-

factor (E), solvent intensity (SI), and water intensity (WI) were 
calculated to evaluate the greenness of the one-pot three-
component reaction of aldehydes, dimedone and malononitrile 
(Figure 15, see ESI for detailed calculations). As it is shown in Figure 
15a, the high values of the AE, AEf, CE, RME and OE for the synthesis 
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of three 2-amino-3-cyano-4H-chromene derivatives of Table 2 
(entries 1, 3 and 8), indicate well the greenness of the process. The 
lower the PMI, E and SI, the more desirable is the process in view of 
green chemistry. These values are less than 50 in the synthesis of the 
above-mentioned 2-amino-3-cyano-4H-chromenes (Figure 15b). 
Very small amounts of WI were also obtained in these processes 
(Figure 15b). The organic solvent, which was used in these protocols 
was EtOH. Therefore, it can be concluded that regarding the high 
values of RME and low values of PMI, E, SI and WI, this one-pot three-
component process is an efficient and green protocol for the 
synthesis of 2-amino-3-cyano-4H-chromenes.

Yield AE AEf CE RME  OE 
20

40

60

80

100

Reaction of benzaldehyde, dimedone and malononitrile

Reaction of 4-chlorobenzaldehyde, dimedone and malononitrile

Reaction of 4-nitrobenzaldehyde, dimedone and malononitrile

Green Metrics

Pe
re

nt
ag

e 
(%

)

Figure 15. Green metrics including (a) AE, AEf, CE, RME, OE and (b) PMI, E, SI, 
and WI for the one-pot three-component reactions of aldehyde 
(benzaldehyde/4-chlorobenzaldehyde/4-nitrobenzaldehyde), dimedone and 
malononitrile (entries 1, 3 and 8 in Table 2); W/W = Weight/Weight (g/g)

To prove the more greenness of the current catalyst over the 
reported catalysts in the one-pot three-component reaction of 
benzaldehyde, dimedone and malononitrile, the green metrics of the 
current catalyst were compared with those of two previously 
reported catalysts54,67 (Table 3, entries 8 and 17). As can be perceived 
from the results in Figure 16a and b, the higher the AEf, CE and RME 

factors and the lower the PMI, E, SI and WI factors of piperazine-GO 
compared with those of Ce-V/SiO2 and [DiEG(mim)2][OH]2, confirmed 
that the piperazine-GO is a greener and more sustainable catalyst for 
such a MCR (see ESI for detailed calculations). 

Figure 16. Green metrics including (a) AE, AEf, CE, RME, OE and (b) PMI, E, SI 
and WI for the one-pot three-component reaction of benzaldehyde, 
dimedone and malononitrile catalyzed by piperazine-GO (this study), Ce-
V/SiO2 (Table 3, entry 8) and [DiEG(mim)2][OH]2 (Table 3, entry 17); W/W = 
Weight/Weight (g/g)

Conclusions

In summary, a new inexpensive and reusable bifunctional acid-base 
catalyst obtained by post grafting of piperazine onto GO (piperazine-
GO) was synthesized and characterized by different methods such as 
FT-IR, solid-state 29Si{1H} and 13C{1H} CP/MAS NMR, elemental 
analysis, TGA, TEM, FE-SEM, XPS and TPD. The catalyst was 
successfully used as a bifunctional acid-base catalyst for the one-pot 
three-component synthesis of 2-amino-3-cyano-4H-chromenes. A 
wide range of 2-amino-3-cyano-4H-chromenes was synthesized from 
the reaction of malononitrile, various aryl/alkyl aldehydes and active 
compounds containing enolizable C−H bonds in aqueous ethanol. 
The promising results should be attributed to the synergetic 
cooperative effects of both acidic and basic groups in piperazine-GO. 
This approach offers several advantages such as good to high yields 
of the products, short reaction times, the use of a simplified one-pot 
synthetic process and green reaction media, step saving, the least 
amount of waste, scalability, low operational cost and facile catalyst 
recovery and reuse. Furthermore, the series of green metrics analysis 
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for the reaction processes has been performed, which provided 
favorable results for the present approach. 
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