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Abstract. A simple and clean methodology for the preparation of ligand grafted mercaptopropyl silane
functionalized copper (0) nanocluster [LGMPS Cu (0)] has been reported. The catalyst was synthesized by the
post-modiﬁcation of mercaptopropyl silica with pyridine moiety and ﬁnally anchoring of Cu (0) produced by
in situ reductions of copper salt which enhanced the stability to copper (0) nanoparticles. The catalyst was
then characterized with FTIR, XRD, TGA, XPS, EDX, SEM, TEM and AAS. Its application has been studied
for O-benzylation and O-allylation of phenols and also in one-pot synthesis of b-amino ketones via Mannich
reaction. Moreover, the catalyst was recyclable for up to six runs, making it more sustainable. The recycled
catalyst was also characterized using FTIR and TEM which conﬁrmed that the functional groups present in
the catalyst remained intact but the size of the catalyst increased due to agglomeration of nanoclusters after
the sixth cycle of reusability.
Keywords. Heterogeneous catalysis; Mercaptopropyl silane copper (0) nanocluster; O-benzylation;
O-allylation; b-amino ketones.

1. Introduction
From the last decade, there has been growing interest
in environmentally benign and sustainable chemical
processes which is a viewpoint of Green Chemistry.1,2
Inspired by this approach, the efﬁciency of the
chemical reactions has been greatly promoted by the
use of recyclable and reusable catalysts.3 Immobilization of the metal or metal precursor onto the solid
supports is one of the suitable methods for the
heterogenization of the catalysts which makes these
catalysts easily separable and reusable.4 Moreover,
enhanced catalyst stability within the solid support,
increased selectivity, simplicity in handling, easy
work-up procedures and most important the recyclability are the key features of a heterogeneous catalyst.5
Further, silica as support has distinctive properties like
high chemical and thermal stability, good porosity and
accessibility and robustly anchoring of organic groups

onto the surface of silica to provide the catalytic
centres.6 These merits make silica appropriate support
for the transition metal-based heterogeneous catalyst.
For the synthesis of silica-supported transition metalbased catalysts, post-grafting and co-condensation are
the two main strategies for the immobilization of
transition metal or its precursor.7 We have explored
the post-grafting method which involves the immobilization of metal or its precursor through a chemical
bond and this interaction is more stable than physical
adsorption.
Nanomaterials including nanocatalysts have gained
much attention in recent times due to their distinguishable properties from their corresponding bulk
materials. The development of metal and metal oxide
nanoparticles is very much explored because of their
signiﬁcance in fundamental science and advanced
technology.8 The use of nanoparticle-based materials
as catalysts especially heterogeneous catalysts is of
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great interest and a challenge for researchers today.
Copper metal as a catalyst is inexpensive, non-toxic
and selective, thus, making it ideal for catalysing the
reactions. For these reasons, we have designed a
scheme for the preparation of silica functionalized
copper (0) nanocluster by in situ generation of copper
(0) nanoparticles from its precursor making these
nanoparticles stable for an appreciable period of time.
Furthermore, its applications have been explored for
C–O and C–N bond-forming reactions.
1.1 C–O bond forming reactions
Alkyl phenols are excellent antioxidants and multifunctional stabilizers and are present in fuels, lubricating oils and a wide variety of oxygen-sensitive
materials.9 They possess biological properties like
herbicidal, insecticidal and bactericidal.10 A wide
variety of methods have been reported for benzylation
of phenols including the use of crown ethers, phasetransfer catalysis (PTC), ionic liquids, microwave
method, Cu(I)- exchanged multi-size porous material,
and so on.11 However, most protocols suffer rigorous
conditions, such as high temperature, specialized
apparatus, expensive catalysts, etc.
Interested in this area, we have developed a method
for benzylation and allylation of phenols in acetonitrile
using silica functionalized copper (0) nanocluster as a
catalyst (Scheme 1). This method is highly reliable
and afforded the products in good to excellent yields.
1.2 C–N bond forming reactions
Mannich reaction has been known as one of the signiﬁcant carbon-carbon bond forming reaction for the
synthesis of nitrogenous compounds especially
b-amino carbonyl compounds which are versatile
intermediates for the synthesis of b-amino alcohols,12
C6H5CH2Br, SiO2-Cu(0)
NaOH, CH3CN, reflux

R O CH2C6H5
(2a-2j)

R OH
1

Br

b-amino acids13 as well as for the synthesis of many
bioactive molecules as precursors for the optically
active amino acid.14–19 Mannich bases also found their
way to pharmaceutical industries as they act as
important pharmacophores or bioactive leads which
are utilized further as potential agents of high medicinal value. Examples of some important pharmacophores which contained Mannich bases are cocaine,
ﬂuoxetine, atropine, ethacrynic acid, trihexyphenidyl,
procyclidine, ranitidine, biperiden,20–22 etc.
A variety of methods have been reported for the
synthesis of b-amino carbonyl compounds but many of
them suffer from one or many drawbacks such as high
temperature, specialized apparatus, low yield, expensive and toxic catalysts, long reaction time, complex
work-up procedures, etc. Therefore, a simple, mild,
efﬁcient and eco-friendly methodology have been
reported for the synthesis of b-amino carbonyl compounds via Mannich reaction of substituted aldehyde,
amine and acetophenone catalyzed by silica functionalized copper(0) nanocluster (Scheme 2).
2. Experimental
2.1 Materials and instrumentation
Silica gel was purchased from ACROSS Organics and
all other chemicals were purchased from Merck and
Sigma Aldrich and were used without further puriﬁcation. IR spectra of the catalyst and the synthesized
compounds were recorded in the range of
4000–300 cm-1 on a Shimadzu Prestige-21 spectrophotometer. TGA of the catalyst was obtained on a
Linesis Thermal Analyser. X-ray diffractograms were
recorded in 2h range of 10–80 on a Panalyticals X’pert
Pro X-ray diffraction spectrometer using CuKa radiation. XPS spectra of the catalyst were recorded on
KRATOS ESCA model AXIS 165 (Resolution). SEM
was recorded on JSM-7600F 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. 1H
NMR and 13C NMR of 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.

, SiO2-Cu(0)

NaOH, CH3CN, reflux

R O
(3a-3j)

Scheme 1. General scheme for benzylation and alkylation
of phenols using LGMPS Cu (0) nanocluster.

2.2 Preparation of LGMPS Cu (0) nanocluster
The activation of silica (K60, 0.060–0.200 mm) was
carried out by reﬂuxing it in a mixture of conc. HCl
and distilled water (1:1) for 12 h. Then, the activated
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Scheme 2. General scheme for the synthesis of b-amino carbonyl compounds using LGMPS Cu (0) nanocluster.

silica was washed thoroughly with water and ﬁnally
dried in the oven at 110 °C for 7–8 h. To a reﬂuxing
solution
of
3-mercaptopropyl(trimethoxy)silane
(10 mmol, 0.982 g) in dry toluene, activated silica (10 g)
was added and stirred for 24 h. This 3-mercaptopropyl
silica (MPS) was ﬁltered off and washed with hot
toluene and dried at 110 °C for 7 h. Further, to a
solution of 2-bromopyridine (1 mL) in DMF, 3-mercaptopropyl silica (5 g) and dimethyl aminopyridine
(2 mmol) was added and reﬂuxed for 24 h. The pyridyl
mercaptopropyl silica (PMPS) was then ﬁltered,
washed with subsequent washings of hot DMF followed by water till washings were neutral and ﬁnally
dried at 110 °C for 7 h. This post modiﬁcation of silica
with bromopyridine forms a thioether and acts as a
ligand for metal salts. This so-called thioether (PMPS)
(4 g) is treated with copper (II) nitrate (3 mmol) in
ethanol and stirred for 18 h at 80 °C. The solid was
ﬁltered off and washed with ethanol till washings were
colourless and ﬁnally dried in the oven at 100 °C.
Finally, the reduction of copper with sodium borohydride in the N2 atmosphere takes place which reduces
the oxidation state of copper (II) to copper (0). This
in situ reduction of copper after its functionalization
with silica takes the advantage of the stability of
copper (0) nanocluster for appreciable period of time
(Scheme 3).

EtOAc (3 9 10 mL). The product was obtained after
the removal of the solvent under reduced pressure
followed by passing through a column of silica and
elution with EtOAc: pet ether (1:100).

2.3 Benzylation and allylation of phenols using
LGMPS Cu (0) nanocluster in acetonitrile at 80 °C

The FTIR spectra of mercaptopropyl silane (MPS)
showed a broad peak at * 3200 cm-1 which was due
to some free O–H moieties of activated silica. Further,
peaks at 2905 and 1408 cm-1 were due to the
stretching and bending modes of vibrations of C–H
bond respectively. More signiﬁcantly, a peak at
2578 cm-1 was observed due to the stretching vibration of S-H bond. The FTIR of pyridyl mercaptopropyl
silane (PMPS) showed a sharp peak at 669 cm-1
which was due to C–S bond and 1653 cm-1 due to
C=N bond. The disappearance of peak at 2500 cm-1

To a stirred solution of phenol (0.5 mmol) in acetonitrile, benzyl bromide/allyl bromide (1 mmol),
sodium hydroxide (2 mmol) and SiO2–Cu(0) (0.2 g)
were added at reﬂuxing temperature. The progress of
the reaction was monitored through TLC and upon
completion, the reaction mixture was cooled to room
temperature and ﬁltered off to remove the catalyst.
The catalyst was washed with water followed by

2.4 Synthesis of b-amino carbonyl compounds
via Mannich reaction using LGMPS Cu (0)
nanocluster in acetonitrile at 80 °C
In a 100 mL round-bottomed ﬂask, a mixture of
aldehyde (1 mmol), amine (1 mmol), acetophenone
(1 mmol) and SiO2–Cu(0) (0.2 g) in ethanol (5 mL)
was taken and stirred at 80 °C for an appropriate
time. The progress of the reaction was monitored
through TLC. When completed, the reaction mixture
was cooled to room temperature and ﬁltered. The
residue was washed with water followed by EtOAc
(3 9 10 mL). The product was obtained after the
removal of the solvent under reduced pressure followed by crystallization from petroleum ether or
EtOAc: petroleum ether.
3. Results and Discussion
3.1 Characterisation of ligand grafted
mercaptopropyl silane functionalized copper (0)
nanocluster [LGMPS Cu (0)]
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Scheme 3. Synthesis of LGMPS Cu (0) nanocluster.

and appearance of a peak at 669 cm-1 are some
Evidences for the formation of C–S bond in PMPS.
Further, on complexation with copper (0), the peak for
C=N bond disappears and reappear at 1653 cm-1 and
peak for C–S bond appears at 640 cm-1 (Figure 1).
The TGA curve (Figure 2) showed a slight weight
loss of approx. 3.51% at 100 °C. Then, weight loss of
about 4% was observed at 150 °C and further no
signiﬁcant weight loss was observed up to 230 °C and
hence it is safe to carry out the reaction at 80 °C. The
X-ray diffraction patterns for SiO2–Cu(0) showed
peaks that were indexed on the basis of crystallographic data for the known structure of silica. In
addition, reﬂection patterns were corresponding to
amorphous material (Figure 3). Actually, the copper
(0) nanoparticles were anchored over the functionalized ligand where the copper agglomeration was not in
the range to be detected by XRD. So, the catalyst
showed an amorphous nature in the X-ray diffraction
pattern.23 The oxidation state of the metal in the

catalyst is of main concern and has been investigated
by X-ray photoelectron spectroscopy (XPS) which is a
surface-sensitive technique. The spectra (Figure 4)
showed a main peak at binding energy 932.3 eV which
is a characteristic feature of copper (0). In addition to
this, a shake-up peak at 952.3 eV was observed when
the outgoing electron interacts with a valence electron
and excites it (shakes it up) to a higher energy level.
As a consequence, the energy of core electron is
reduced and a satellite structure appears a few eV
below (KE scale) the core level position.
Elemental mapping of the catalyst, image analysis
and morphology and particle size of the catalyst can
be established through electron microscopy techniques. The FEG-SEM micrographs showed the catalyst is in the form of a uniform sphere (Figure 5).
The SEM-EDX mapping showed the presence of
elements like C, O, Si, S, N and Cu in SiO2–Cu(0)
nanocluster which is consistent with the outlined
preparation scheme of the catalyst (Figure 6).
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Figure 1. FTIR spectra of (a) MPS; (b) PMPS; (c) SiO2–Cu(0) nanocluster.

Figure 2. TGA graph of SiO2–Cu(0) nanocluster.
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Figure 3. XRD graph of SiO2–Cu(0) nanocluster.

Figure 4. XPS graph of SiO2–Cu(0) nanocluster.

Figure 5. FEG-SEM images of SiO2–Cu(0) nanocluster.
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Figure 6. SEM-EDX spectra of SiO2–Cu(0) nanocluster.

Further, the internal structure as well as the particle
size of the catalyst was conﬁrmed by transmission
electron microscopy (TEM) and the average diameter
of the prepared SiO2–Cu(0) nanocluster came out to
be 4 nm (Figure 7). TEM also showed that the
clusters were in the form of nanospheres. The amount
of copper loaded onto the silica surface was determined by AAS analysis. The catalyst was stirred in
dilute HNO3 solution and then subjected to AAS
analysis. SiO2–Cu(0) nanocluster contained 0.0139 g
of copper per gram of catalyst.

3.2 Catalyst testing for benzylation and allylation
of phenols using LGMPS Cu (0) nanocluster
in acetonitrile
While optimizing the reaction conditions for benzylation of phenols, phenol was taken as a test substrate
and benzyl bromide as a benzylating agent. The
reaction conditions were tested for different aspects
like the effect of solvent, temperature, base, additive
and molar ratios of SiO2–Cu(0) nanocluster. After a
series of reactions, it was observed that 5 mol% was

Figure 7. TEM images of SiO2–Cu(0) nanocluster.
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sufﬁcient to carry out the reaction selectively as
C-benzylated products can also be formed at the
expense of O-benzylated product. Different bases like
potassium/sodium carbonate, organic bases, sodium/
barium hydroxide in presence of an additive like
TBAB under different solvents were screened. The
results are presented in Table 1. From the entries in
the table, it can be concluded that metal carbonates in
the presence of non-protic solvents did not give satisfactory yields might be due to their low acidity. But
polar solvents like water convert them into a strong
base which in turn reduces their selectivity to form Obenzylated/allylated products exclusively. Hence,
same is the case with the strong base like NaOH in
water and in mixed solvents which forms multiple
products during the course of the reaction. Protic
solvents, as well as non-polar solvents, did not work
well for this reaction as protic solvents like ethanol
and methanol did not satisfactorily enhance the
nucleophilic nature of –OH group of phenolic compounds and non-polar solvents did not match the
essential criteria of polarity needed for benzylation/
allylation of phenols. Therefore, after complete optimization of reaction conditions, sodium hydroxide was
chosen as a base and acetonitrile as a choice of solvent.
To establish the role of silica functionalized copper (0)
nanocluster as a catalyst for benzylation/allylation of
phenols, the reaction using test substrates was performed
with activated silica, MPS, PMPS and SiO2–Cu(0)
nanocluster under the above said optimized conditions.

Table 2. Effect of catalyst for benzylation/allylation of
phenolsa.
Entry
1
2
3
4
5

Catalyst

Time (h)

Yieldb (%)

No catalyst
Activated silica
MPS
PMPS
SiO2–Cu(0)

1
1
1
1
1

25
38
45
69
92

a

Reaction conditions: phenol (0.5 mmol), benzyl bromide
(1 mmol), NaOH (2 mmol), catalyst (0.2 g) in acetonitrile at
80 °C.
b
Yields refer to column chromatography passing through
column of silica and elution with EtOAc: pet ether

The results have been presented in Table 2. From
Table 2, it has been seen that excellent results were
obtained with SiO2–Cu(0) nanocluster.
To study the generality of above said optimized
reaction conditions, substrates with electron-withdrawing and electron releasing groups were chosen.
The results have been presented in Tables 3 and 4. It
has been seen that both benzylation and allylation of
phenols work easily well for all the substrates chosen
and shows a well functional group tolerance. The
prepared products were characterized using FTIR, 1H
NMR, 13C NMR and Mass spectroscopy. The spectral
data and spectra of prepared products are included in
Supplementary Information.

Table 1. Optimization of the reaction conditionsa.
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
a

Base

Additive

Temperature (°C)

Solvent

Yield (%)b

K2CO3
Na2CO3
DMAP
NaOH
Cs2CO3
Ba(OH)2
NaOH
NaOH
NaOH
NaOH
Na2CO3
NaOH
K2CO3

TBAB
TBAB
–
–
–
–
–
–
TBAB
–
TBAB
–
–

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

Water
Water
Ethanol
Ethanol
Water
Ethanol
Acetonitrile
Toluene
Water
Dichloromethane
Ethanol: water (1:1)
Methanol
Acetonitrile

55
55
30
40
Traces
Traces
92
60
60
Traces
75
55
30

Reaction conditions: phenol (0.5 mmol), benzyl bromide (1 mmol), base (2 mmol), additive
(0.15 g), SiO2–Cu(0) (0.2 g), solvent (5 mL) at reﬂuxing temperature for 1 h.
b
Yields refer to column chromatography passing through column of silica and elution with
EtOAc: pet ether
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Table 3. Benzylation of phenols catalysed by silica functionalized copper(0) nanoclustera.
Entry

Time (h) Yieldb (%) Observed M.p./literature M.p. (oC)

R

Table 4. Allylation of phenols catalysed by silica functionalized copper(0) nanoclustera.
Entry

Time (h) Yieldb (%) Observed M.p./literature M.p. (oC)

Phenols

1.5

93

86-87/88-8929

1

90

Liq/Liq30

2

91

Liq/ Liq31

1

89

Liq/ Liq30

1.5

88

Liq/Liq32

3f

1

91

Liq/ Liq33

3g

1

89

Oil/Oil34

1

91

Oil/ Oil34

1.5

91

Liq/ Liq35

1.5

89

Liq/ Liq36

24

3a

1

92

39-40/ 39-41

2

91

69-70/70-7124

3b

2

91

294-296/29624

3c

2.5

93

55/55-5625

3d

Br

3

87

100-101/102-10526

3e

NO2

2f

1

90

74-75/75-7624

2g

1

90

101/10024

1.5

93

41/41-4225

1.5

93

42-44/4324

2a
2b

Cl
Cl

2c

2d

Br

2e

NO2

2h

CH3
CH3

2i

Cl
Cl

3h

CH3
CH3

3i

1.5

2j

92

16

34-35/3528
3j

H3C

H3C

a

Optimized reaction conditions: substituted phenol
(0.5 mmol), benzyl bromide (1 mmol), NaOH (2 mmol),
SiO2–Cu(0) (0.2 g) in acetonitrile (5 mL) at 80 °C.
b
Yields refer to separation through the column of silica gel
and elution by EtOAc: petroleum ether.

3.3 Catalyst testing for the synthesis of b-amino
carbonyl compounds via Mannich reaction using
LGMPS Cu (0) nanocluster in Ethanol
To optimize the reaction conditions, benzaldehyde,
acetophenone and aniline were taken as the test
substrates. The reaction conditions were optimized
for different conditions with respect to solvent,
temperature and molar ratios of SiO2–Cu(0). Firstly,
to conﬁrm the role of silica functionalized copper
(0) nanoparticles as a catalyst, the reaction was
carried out with activated SiO2, MPS, PMPS, SiO2–
Cu(0) nanocluster and without the catalyst at 80 °C
in ethanol. It was seen that SiO2–Cu(0) nanoparticles
catalysed the reaction efﬁciently and yielded the
products in 3.5 h. For optimizing the molar ratios of
the catalyst, SiO2–Cu(0) in different molar ratios
(2–10 mol% Cu) was used to carry out the synthesis
of b-amino carbonyl compounds using the test substrates. After carrying out a series of reactions, it
was found that 5 mol% of SiO2–Cu(0) was sufﬁcient
for the completion of the reaction. Temperature also
played a crucial role in determining the rate of the

a

Optimized reaction conditions: substituted phenol
(0.5 mmol), allyl bromide (1 mmol), NaOH (2 mmol),
SiO2–Cu(0) (0.2 g) in acetonitrile at 80 °C.
b
Yields refer to separation through a column of silica gel
and elution by EtOAc: petroleum ether.

reaction. To illustrate the effect of temperature on
the reaction rate, the reaction using the test substrates and silica functionalized copper(0) as a catalyst was also carried out at different temperatures
i.e. 30, 45, 60, 80 and 100 °C and it was seen that
the reaction at 30 and 45 °C was very slow. At
80 °C, the reaction proceeded very efﬁciently and
afforded the products in 91% yield within 3.5 h.
However, when the temperature was increased to
100 °C, there observed no increase in the yield of
product. Further, to make the protocol milder, the
role of solvent for the synthesis of b-amino carbonyl
compounds was investigated. For this, solvents of
different polarities such as acetonitrile, toluene,
ethanol, water, dichloromethane and methanol were
also tested using the test substrates and silica functionalized copper (0) nanocluster as a catalyst and it
was observed that product was obtained in 91%
yield within 3.5 h using ethanol as a solvent. Thus,
ethanol was selected as a solvent of choice with
respect to reaction time, yield and greener nature.
The results are presented in Table 5. To demonstrate
the versatility of the developed protocol, the reaction
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Table 5. Optimization of the reaction conditionsa.
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Catalyst

Solvent

Temperature

No catalyst
Activated silica
MPS
PMPS
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)

Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Acetonitrile
Toluene
Water
Dichloromethane
Methanol

80
80
80
80
80
30
45
60
100
Reﬂuxing
Reﬂuxing
Reﬂuxing
Reﬂuxing
Reﬂuxing

temp.
temp.
temp.
temp.
temp.

Yieldb (%)
Traces
30
55
58
91
42
50
76
80
55
45
78
35
84

a

Reaction conditions: Benzaldehyde (1 mmol), aniline (1 mmol), acetophenone (1 mmol),
SiO2–Cu(0) (0.2 g), solvent (5 ml) at reﬂuxing temperature for 3.5 h.
b
Yields refer to column chromatography passing through a column of silica and elution with
EtOAc: pet ether

was carried out with 4-methoxy benzaldehyde, aniline and acetophenone catalysed by silica functionalized copper (0) in ethanol at 80 °C. It was
observed that the product was obtained in 82% yield
within 4 h. Further, the reaction was also carried out
with 4-nitroaniline, benzaldehyde and acetophenone
catalysed by silica functionalized copper (0) in
ethanol at 80 °C. It was observed that after stirring
for 3 h in ethanol at 80 °C, the product was obtained
in 85% yield. Under similar reaction conditions,
various aldehydes, anilines and acetophenone were
taken in ethanol at 80 °C catalysed by silica functionalized copper (0) and all the reactions were
proceeded very efﬁciently to give the desired products in good yields (Table 6). The FTIR, 1H NMR,
13
C NMR and Mass spectra of synthesized products
are included in Supplementary Information.

4. Proposed mechanism and conclusions
4.1 Benzylation and allylation of phenols using
LGMPS Cu (0) nanocluster
A cyclic mechanism has been proposed for the synthesis of benzyl/allyl/ phenyl ethers which involves the
oxidative addition of Cu(0) to the aryl-halogen bond to
form a copper (II) intermediate A. It then undergoes an
exchange with the nucleophile (i.e. phenol in presence
of sodium hydroxide to form phenoxide ion) to form
an intermediate B which ﬁnally underwent reductive

elimination to form the product and the catalyst in its
original form is reverted (Figure 8).
4.2 Synthesis of b-amino carbonyl compounds
via Mannich reaction using LGMPS Cu
(0)nanocluster
A cyclic mechanism has been proposed for the synthesis of b-aminoketones via Mannich reaction. It
involved the coordination of Cu(0) to carbonyl carbon
of the ketone leading to the formation of intermediate
[A] with the expulsion of water molecule. Imine
[B] formed by the reaction of aldehyde with amine,
reacted with [A] to give [C], which ultimately gave
b-aminoketone in the presence of water and catalyst
was regenerated back (Figure 9).
4.3 Post-characterization of LGMPS Cu (0)
nanocluster
The catalyst obtained after work-up of the reaction
was subjected to a recyclability test in order to check
the heterogeneity and reusability of the catalyst. A
series of six consecutive runs was carried out with
Entry 2a; Table 3, Entry 3a; Table 4 and Entry 4a;
Table 6 under the optimised reaction conditions. It has
been observed that the catalyst shows no profound loss
in activity up to sixth use. The results are presented in
the form of a graph (Figure 10). Hot ﬁltration test was
also performed for each of the reactions to check the
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Table 6. One-pot three-component synthesis of b-amino
carbonyl compounds via Mannich reaction catalysed by
LGMPS Cu (0) nanocluster in ethanol at 80 oCa.
Entry

Product

O

4ab

Time (h)

Yieldb (%)

Observed M.pt./literature M.pt. (oC)

3.5

91

167-169/168-17037

16

Cu(0)

ArOR

R X

REDUCTIVE
ELIMINATION

R

N
H

OXIDATIVE
ADDITION

[CuII] OAr
B

R

[CuII]

X

A

OCH3

4.0

4bc

82

150-151/150-15237

O

ArONa
N
H

NaX

ArOH

CH3

4cb

NaOH

O

4.0

92
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Figure 8. Proposed mechanism for the benzylation/allylation of phenols catalysed by LGMPS Cu (0) nanocluster.
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leaching of Cu (0) nanoparticles. The reaction mixture
was reﬂux 10 min and then the catalyst was ﬁltered
out. The result showed that the reaction did not proceed after the catalyst was ﬁltered out conﬁrming the
heterogeneity and stability of the catalyst.
After the sixth run, the internal structure, as well as
the functionalization in the catalyst, has been studied
through FTIR and TEM micrographs. It has been
highly admirable that the functionalization in the
SiO2–Cu(0) has not been altered and thus imparting
stability to the copper (0) nanocluster in the mercaptopropyl modiﬁed silica (Figure 11). Further, the TEM
images of recycled after the sixth run reﬂected the
mean diameter of copper particles came out to be
approximately 14 nm (Figure 12). From the above
observations, it can be concluded that the structural
identity of the catalyst was retained but the size of the
catalyst increased during the course of reaction which
was the reason for the decrease in yield during
recyclability.
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a

Optimizedreaction conditions: aldehyde (1 mmol), amine
(1 mmol), acetophenone (1 mmol), SiO2–Cu(0) (0.2 g) in
ethanol (5 mL) at 80 °C.
b
Yields refer to crystallization through EtOAc: petroleum ether.
c
Yields refer to column chromatography passing through
column of silica gel and elution with EtOAc: petroleum
ether.

In conclusion, this present research work reﬂects the
utility and applicability of metal (0) nanocluster in
organic synthesis. Their stability and use for an appreciable period of time are the key points of this work.
Reduction of metal nanoparticles with sodium borohydride after their coordination with pyridyl mercaptopropyl silane prevents the easy oxidation of metals thus
making our catalyst highly stable and useful. To the
best of our knowledge, silica functionalized copper (0)
nanoclusters have not been used for benzylation/allylation of phenols and synthesis of b-amino carbonyl
compounds with such high yields in a short time.
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Figure 9. Proposed mechanism for synthesis of b-amino carbonyl compounds via Mannich reaction using LGMPS Cu (0)
nanocluster.

Figure 10. Recyclability of LGMPS Cu (0) nanocluster.
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Figure 11. FTIR of (a) freshly prepared SiO2–Cu(0) (b) SiO2–Cu(0) after sixth run.

Figure 12. TEM micrographs of SiO2–Cu(0) after sixth use.

Supplementary Information (SI)
The data that supports the ﬁndings of the study is available
at http://www.ias.ac.in/chemsci.
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