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Copper (0) nanoparticles onto silica: A stable and facile catalyst
for one-pot synthesis of 2,2 -arylmethylene bis
(3-hydroxy-5,5-dimethyl-2-cyclohexene-1-one) via
cascade Knoevenagel/Michael reaction
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Abstract. Solid supported copper (0) nanoparticles were prepared by physical adsorption of copper (0)
nanoparticles (synthesized through bottom-up approach) on the solid supports such as silica, HAP, cellulose and
basic alumina. Studies comparing these supported catalysts were done with the synthesis of arylmethylene-bis(3-hydroxy-2-cyclohexene-1-one) via the cascade Knoevenagel/Michael reaction. The highly efﬁcient catalyst
was characterized by spectroscopic techniques like XPS, TGA, EDX, SEM, TEM and AAS. The biological
importance of arylmethylene-bis-(3-hydroxy-2-cyclohexene-1-one) enforced us to synthesize these compounds
catalytically using solid supported copper (0) nanopartcles.
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1. Introduction
Arylmethylene-bis-(3-hydroxy-2-cyclohexene-1-one) derivatives are important chemicals as they are the key
intermediates to acridinones and xanthenes in laser dye
technology.1 Moreover, they have profound applications in biological and therapeutic activities like antioxidants, lipoxygenase inhibitors, antibacterial, antiviral
activities,2 agents as tyrosinase inhibitors in dermatological disorders including hyperpigmentation and skin
melanoma.3 A variety of synthetic methods for the synthesis of these compounds have been found in literature
and the catalysts used for this reaction are diverse and
include HClO4 -SiO2 ,4 Et4 NBr/NH4 Cl,2 FeCl3 ·6H2 O/
TMSCl/[bmim][BF4 ],5 I2 ,6 silica gel/sulfuric acid,7
NaHSO4 /SiO2 ,8 PPA/SiO2 ,4 SbCl3 /SiO2 ,9 FeCl3 / SiO2 ,10
TiO2 /SO4 ,2,11 Dowex-50W,12 polyaniline-p-toluenesulfonate,13 p-dodecylbenzenesulfonic acid,14 Amberlyst15,15 Fe3+ montmorillonite,16 diammonium hydrogen
phosphate,17 triethylbenzylammonium chloride,18 tetrabutylammonium hydrogen sulfate,19 TMSCl20 and
[Hmim] TFA.21 But, many of the above methods suffer
from limitations such as prolonged reaction time, tedious
work-up processes, specialized apparatus, low yield,
high temperature and hazardous reaction conditions.
In recent years, the use of metal nanoparticles in
organic synthesis is gaining much attention but the
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stability factor of these particles restricts their use in
many reactions. Further, if these metal nanoparticles
especially when in zero oxidation state get stabilized
onto a solid support, then such catalytic systems will
be highly important. Copper is used in heterogeneous
catalysis because of its low cost, non-toxic nature,
selectivity, recyclability and high tolerance to various
protocols and functional groups. Keeping in view the
above said importance, we wish to explore the suitability of silica-supported copper (0) nanoparticles for the
synthesis of arylmethylene-bis-(3-hydroxy-2-cyclohexene-1-one) derivatives through cascade Knoevenagel/
Michael reaction (scheme 1).
2. Experimental
2.1 Materials and instrumentation
Silica gel was purchased from ACROSS Organics and
all the other chemicals were purchased from Sigma
Aldrich and Merck and were used without further
puriﬁcation. TGA of the catalyst was obtained on a
Linesis Thermal Analyser. XPS spectra of the catalyst were recorded on KRATOS ESCA model AXIS
165 (Resolution). SEM-EDX was recorded on JSM7600F and TEM was recorded on Hitachi (H-7500) 120
kV with CCD camera. The atomic absorption spectrometric analysis (AAS) was done on Avanta-M atomic
absorption spectrometer. 1 H NMR and 13 C NMR of
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Scheme 1. SiO2 -Cu(0) catalyzed synthesis of arylmethylene-bis-(3-hydroxy-2-cyclohexene-1-one) at 80◦ C.

the compounds were obtained on Bruker Avance III
(400 MHz) spectrometer. Mass spectra of the products were obtained on a Bruker Daltonics Esquire 3000
spectrometer.

2.2 Preparation of solid supported copper (0)
nanoparticles
The copper (0) nanoparticles have been prepared
according to the bottom-up approach mentioned in
the literature with some modiﬁcations.22 The formed
copper nanoparticles were then supported onto different solid supports which enhances its stability and its
application as a heterogeneous catalyst.
A certain amount of poly(N-vinylpyrrolidone)
(PVP), acting as a capping molecule, was dissolved
in water in a ﬂask. Later, at room temperature, copper
(II) sulfate (1.5 mL of a 0.01 M solution in water) was
added with strong magnetic stirring. This was followed
by dropwise addition of 1 M NaOH aqueous solution
to adjust the solution pH up to 11. After stirring for 10
min, 4 mL of 0.5 M NaBH4 in water was added into the
ﬂask. Firstly, the deep blue solution gradually became
colourless, and then it turned burgundy, which shows
the formation of copper colloid. Then, the solvent was
evaporated using the rotary evaporator and the copper
nanoparticles obtained was supported onto different
supports such as SiO2 , HAP, basic alumina and cellulose by stirring the solution of copper particles in
ethanol in the presence of support for 18 h. Further, the
solvent was removed under suction until a free ﬂowing
powder is obtained. The conditioning of the catalysts
i.e. silica-copper(0) [A], HAP-copper(0) [B], basic
alumina-copper(0) [C] and cellulose-copper(0) [D],
was done in different solvents such as water, toluene
and acetonitrile which remove all the physisorbed
material adsorbed onto the surface of the catalyst.

Due to van der Waals forces, copper (0) nanoparticles
adhere to different solid supports thus giving stability
to the catalysts.
2.3 Preparation of arylmethylene-bis-(3-hydroxy-2cyclohexene-1-one) catalyzed by solid supported copper
(0) nanoparticles
To the mixture of aldehyde (1 mmol), dimedone
(2 mmol) and solid supported copper (0) nanoparticles
(0.1 g) in a round bottom ﬂask (100 mL), ethanol
(5 mL) was added and the reaction mixture was stirred
at room temperature in an oil-bath. After completion
of the reaction, mixture was diluted with EtOAc (10
mL) and ﬁltered to separate solid supported copper
(0) nanoparticles from reaction mixture (monitored by
TLC). The reaction mixture was poured into the separating funnel and water was added into it and ﬁnally
the organic layer was collected and dried over anhydrous Na2 SO4 . Finally, the product was obtained after
removal of solvent under reduced pressure followed by
crystallization from EtOAc: petroleum ether (0.2 mL
EtOAc in 10 mL petroleum ether). The catalyst was
washed with EtOAc (2 × 5 mL) followed by double distilled water (2 × 10 mL). It was dried for 2 h and then
reused for subsequent reactions.
3. Results and Discussion
3.1 Characterization of silica supported copper (0)
nanoparticles
Among the four supported catalysts (A-D), SiO2 -Cu(0)
catalyst was found to be more active and was characterized through different spectroscopic techniques such
as XPS, TGA, SEM-EDX, TEM and AAS. The oxidation state of copper in solid supported copper (0)
which is our prime concern was determined thorough
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XPS graph (ﬁgure S1 in Supplementary Information).
A peak due to 2p3/2 observed at 932 eV conﬁrmed the
presence of copper (0) state in silica supported copper
(0) nanoparticles. In addition to this, a shakeup peak
at 952 eV arises when the outgoing electron interacts
with a valence electron and excites it (shakes it up) to
a higher energy level. Another low intensity peak at
934 eV was recorded which may due to the oxidized
surface of the catalyst (oxidized surface protects the
metal (0) state in the core of the catalyst). But this peak
is very insignificant. The stability of the catalyst is
determined by thermogravimetric analysis (TGA). The
curve (ﬁgure S2 in SI) showed an initial weight loss
of 7.5% at 158◦ C which may be due to the residual
water trapped onto the silica. Further, there is a slight
weight loss of approx. 10% up to 321◦ C and followed
by a major weight loss of about 18% at 465◦ C which
shows that the catalyst is stable up to 200◦ C and therefore it is safe to carry out the reaction at 80◦ C which
is our desired reaction temperature. The EDX spectrum shows the presence of Si, O and Cu in the silica supported Cu (0) nanoparticles which is in consistent with the expected elemental composition of the
catalyst (ﬁgure S3 in SI). The morphology and distribution of the catalyst was studied using SEM and
TEM images. The SEM image shows that the copper
(0) nanoparticles are ﬁnely distributed onto the surface
and there is no bulk aggregation of the copper (0) particles onto the surface (ﬁgure 1). The TEM micrographs
gave detailed information about the internal structure
of the catalyst like the morphology and particle size. It
has been found that the size of copper (0) particles was
5 nm (ﬁgure 2). The amount of copper loaded onto the
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surface of silica was determined by AAS analysis. The
catalyst was stirred in dil. HNO3 and then subjected to
AAS analysis. It was found that SiO2 -Cu(0) contained
0.0129 g of Cu per gram of catalyst.
3.2 Catalyst testing for the synthesis of
arylmethylene-bis-(3-hydroxy-2-cyclohexene-1-one)
To select the appropriate reaction conditions, benzaldehyde (entry 1, table 1) was selected as test substrate and
the reaction was carried out under different set of conditions with respect to different solvents, different catalysts and temperature. To select the most appropriate
heterogenous solid supported copper (0) catalyst, the
reaction was carried out using different supported copper (0) catalysts such as silica supported copper (0),
HAP supported copper (0), cellulose supported copper (0) and basic alumina supported copper (0) oxide
at 80◦ C using ethanol as solvent. The results are summarized in table 1. It can be seen from the Table that
SiO2 -Cu(0) gave best results and thus SiO2 -Cu(0) was
selected as the optimum reaction catalyst at which the
reaction proceeded smoothly and furnished the products in good to excellent yields. The use of different solvents (water, ethanol, toluene, acetonitrile, DCM) has
been investigated using the test substrates and silica
supported copper (0) catalyst under reﬂuxing conditions
and it was found that ethanol gave the best results with
respect to yield, selectivity and reaction time. To study
the catalytic role of silica supported copper (0) catalyst,
the reaction has also been carried out using test substrates catalyzed with activated silica, Cu(0) nanoparticles, silica supported copper (0) and in the absence
of any catalyst (table 2), it has been inferred from the
Table that silica supported copper (0) furnished the
products in good yields in less time. To study the generality of the developed protocol for the synthesis of
cyclohexen-1-one, various aldehydes having electron
releasing and electron withdrawing groups were chosen and it was found that the reaction proceeds efﬁciently with all the aldehydes and there is a formation
of arylmethylene bis(3-hydroxy-2-cyclohexene-1-one)
exclusively without the formation of 9-aryl-1,8-dioxooctahydroxanthene which is conﬁrmed by 1 H NMR,
13
C NMR and mass spectrometry.
3.3 Post-characterization of SiO2 -Cu(0)
nanoparticles

Figure 1. SEM image of SiO2-Cu(0).

Silica supported copper (0) nanoparticles which were
obtained after the reaction work-up has been dried
and subjected to post-characterization to examine any
change in its morphology and its activity. For this, TEM
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Figure 2. TEM images of SiO2 -Cu(0). (a) TEM image showing the distribution of copper onto silica. (b) TEM image
showing particle size.

micrographs were taken and it has been shown that
there is no signiﬁcant change in the surface morphology
of the catalyst (ﬁgure 3). Further, to test the heterogeneity of the catalyst, recyclability tests of the catalyst
were carried out. For this, a series of ﬁve consecutive

runs was done with 4-chlorobenzaldehyde and dimedone using SiO2 -Cu(0) nanoparticles as catalyst (entry
14, table 1). There is no signiﬁcant loss in activity
observed for SiO2 -Cu(0) nanoparticles and the product
is also obtained in good yields (ﬁgure 4).

Table 1. Synthesis of arylmethylene bis(3-hydroxy-2-cyclohexene-1-one) catalysed by SiO2 supported Cu(0) nanoparticles.
Entry
1a
2a
3a
4a
5a
6a
7a
8a
9a
10a
11a
12b
13b
14b
15b
16b
17b
18b
19b
20b
a

R

Catalyst

Temp. (◦ C)

Solvent

Time (min.)

Yieldc (%)

M.p./Lit. M.p.

H
H
H
H
H
H
H
H
H
H
H
4-OMe
4-Me
4-Cl
2-Cl
4-Br
2-Br
4-NO2
3-NO2
2-NO2

SiO2 -Cu(0)
HAP-Cu(0)
B.Al2 O3 -Cu(0)
Cellulose-Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)
SiO2 -Cu(0)

80
80
80
80
25
60
100
100
110
80
40
80
80
80
80
80
80
80
80
80

Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Water
Toluene
Acetonitrile
DCM
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol

30
30
45
50
45
40
30
60
60
60
90
75
50
60
50
70
45
60
50
40

97
90
88
85
traces
50
97
55
traces
traces
–
95
93
93
91
95
96
90
94
92

190-191/192-19423
–
–
–
–
–
–
–
–
–
–
145-147/146-14823
140-142/141-14323
144-145/145-14723
201-201/202-20423
153-154/15524
240-242/241-24323
196-197/195-19723
200-201/201-20323
259-261/258-26225

Reaction conditions: dimedone (2 mmol), benzaldehyde (1 mmol), catalyst (0.1 g), solvent (5 mL) was stirred at reﬂuxing temperature; b dimedone (2 mmol), aldehyde (1 mmol), SiO2 -Cu(0) (0.1 g), ethanol (5 mL) was stirred at reﬂuxing
temperature; c Isolated yields refer to the yields obtained by the crystallization from ethyl acetate:petroleum ether
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Table 2. Effect of catalyst in the synthesis of arylmethylenebis-(3-hydroxy-2-cyclohexene-1-one)a .
Catalyst

Time (min)

Yieldb (%)

No catalyst
Activated silica
Copper(0)
SiO2 -Cu(0)

30
30
30
30

65
70
85
97

S. No.
1
2
3
4
a

Reaction conditions: dimedone (2 mmol), benzaldehyde
(1 mmol), catalyst (0.1 g), ethanol (5 mL) was stirred at
80◦ C; b Isolated yields refer to the yields obtained by the
crystallization from ethyl acetate:petroleum ether.
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4. Conclusions
In conclusion, we have developed a mild, simple and
efﬁcient methodology for the synthesis of 2,2 -arylmethylene-bis-(3-hydroxy-5,5’-dimethyl-2-cyclohexen1-one) using recyclable SiO2 -Cu(0) nanoparticles. The
developed protocol furnished the products in good
to excellent yields and was fully characterized by 1 H
NMR, 13 C NMR and mass spectrometry. The catalyst was post-characterized by transmission electron
microscopy and recyclability technique and it has been
observed that the catalyst is recyclable and reusable
making the process completely heterogeneous.
Supplementary Information (SI)
Supplementary Information related to characterization
of SiO2 -Cu(0), spectral details of some compounds and
1
H NMR of selected compounds are available at www.
ias.ac.in/chemsci.
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