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Abstract:  Silica@copper (SiO,@Cu)  turated compounds in water to obtain = Furthermore, the catalyst works well

core-shell nanoparticles were synthe-
sized and well characterized by XRD,
TEM, AFM, XPS, UV/Vis, TGA-MS,
and ICP-AES techniques. The synthe-
sized SiO,@Cu core—shell nanoparticles
were employed as catalysts for the con-
jugate addition of amines to a,fB-unsa-

Introduction

In recent years, research has been directed towards the syn-
thesis and application of metal nanoparticles owing to their
unique properties compared to bulk metals."! Among the
different metal particles, copper nanoparticles have received
considerable attention because of their unusual properties
and potential applications in diverse fields.”! The various
synthetic procedures for their synthesis include microemul-
sion,”] reverse micelles,”! reduction of aqueous copper
salts,”! UV-light irradiation,” vapor deposition,”! and im-
pregnation methods.® In recent years, particular interest has
been focused on surface modification of the nanostructures
to form core-shell structures, conventionally denoted as
core@shell. The surface characteristics of the colloidal parti-
cles can be tailored with suitable shell materials, and the
properties of core—shell structures can be modified by con-
trol over the radius ratio of the core and shell.”! Core-shell
particles are of great interest owing to their potential appli-
cations in diverse fields including drug delivery, photonics,

B-amino carbonyl compounds in excel-
lent yields in shorter reaction times.

for hetero-Michael addition reactions
of heteroatom nucleophiles such as

thiols to a,f-unsaturated compounds.
As the reaction is performed in water,
it allows for easy recycling of the cata-
lyst with consistent activity.

Keywords: copper - Michael addi-
tion - nanostructures - reusability -
water

sensors, catalysis, etc. Dominguez-Quintero et al. synthe-
sized nanostructured palladium materials supported on silica
for the catalytic hydrogenation of benzene, 2-hexanone, and
cyclohexanone."® Hori et al. reported the catalytic perfor-
mance of silica-coated Pt metal particles for the competitive
oxidation of methane and other higher hydrocarbons with
gaseous oxygen.'" Corma et al. reported Pd nanoparticles
embedded in a porous sponge-like silica as a suitable cata-
lyst for the Suzuki-Miyaura coupling of electron-rich aryl
bromides."" Silica nanoparticles as a core are well studied
because of their easy synthesis and the accurate control over
their size and size distribution.

Conjugate addition or Michael addition of a wide range
of heteroatom nucleophiles to a,p-unsaturated compounds
is an important new bond-forming strategy and has attracted
special attention in synthetic organic chemistry. The versatil-
ity of the conjugate additions is due to the usage of a large
variety of Michael donors and acceptors. In particular, the
conjugate addition of nitrogen nucleophiles to a,B-enones
(aza-Michael reaction) is the most common method for
carbon—nitrogen bond formation. Heterocyclic compounds
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containing the (-amino carbonyl functionality are essential
intermediates in the fine chemicals and pharmaceutical in-
dustry." The classical Mannich-type reactions are certainly
very powerful but need quite severe reaction conditions and
are rather sluggish, thereby causing limitations in their use
in practice.'"”. However, these reactions require basic"® or
acidic catalysts,"¥ which seem to be detrimental to the de-
sired synthesis. To overcome some of the disadvantages, sev-
eral Lewis acid catalysts have been reported over the past
few years."") Accordingly, several heterogeneous catalysts
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such as clays,'¥ hydrotalcites,'”! KF/AL,O;,*® CeCl;-7H,0/
Nal supported on silica and alumina,'” ionic liquids,®*” and
copper nanoparticles??!! have been developed. Furthermore,
solvent-free® and catalyst-free®! conjugate addition reac-
tions have also been reported.

As part of our ongoing research on the synthesis, charac-
terization, and applications of silica@metal core—shell nano-
particles,”**! we herein report the synthesis of SiO,@Cu
core—shell nanoparticles (Scheme 1) and the catalytic appli-

HN - NH,
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80 °C H,N NH, N,H,4-H,0,
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Scheme 1. Synthesis of SiO,@Cu core-shell nanoparticles

cation for conjugate addition reactions. The synthesized
core-shell nanoparticles are well characterized by various
techniques and are employed as a recyclable catalyst for the
conjugate addition of amines, diamines, and thiols with o,f3-
unsaturated compounds in water at room temperature to
produce the corresponding Michael adducts in excellent
yields in shorter reaction times (Scheme 2).

Results and Discussion
Characterization of SiQ,@Cu Core-Shell Nanoparticles

SiO,@Cu core-shell nanoparticles were well characterized
by various techniques. The X-ray powder diffraction pattern
of the fresh and used catalyst show a signature for Cu’ and
silica as shown in Figure 1. The broad peak at around 23° is
due to amorphous silica, which is used as the core. The
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Scheme 2. Conjugate addition of amines and thiophenol to a,f3-unsaturat-
ed compounds
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Figure 1. XRD pattern of fresh (a) and used (b) SiO,@Cu core-shell
nanoparticles

peaks at 43.2° and 50.6° confirm the presence of Cu” in the
sample. The XRD pattern of used catalyst also showed char-
acteristic peaks as that of the fresh catalyst, thus suggesting
the stability of the catalyst.

TEM studies of both fresh and used SiO,@Cu core-shell
nanoparticles were carried out to understand the shape and
size of the particles. Figure 2 shows the transmission elec-
tron micrographs for SiO,@Cu core-shell nanoparticles of
diameter 50-60 nm. In the fresh catalyst, the distinction of
core and shell was not possible, and they look similar to the
core particles with slightly different contrast, as shown in
Figure 2 a. This may be due to the very thin shell, which was
beyond the scope of the used electron microscope. It can
also be seen that the fresh as well as the used SiO,@Cu
core—shell nanoparticles do not show any signs of agglomer-
ation. However, the selected area diffraction depicted in the

Figure 2. Transmission electron micrographs of fresh (a) and used (b)
SiO,@Cu core-shell nanoparticles.
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inset of Figure 2b shows the diffraction rings for core—shell
particles, unlike that of the pure silica particles. This con-
firms the presence of a thin shell of copper on the silica
core particles. Interestingly it is observed that the shape and
size of the particles remain unchanged and support the pro-
posal that the morphology of the catalyst remains the same
even in the used catalyst. The particle size distribution of
Si0,@Cu core-shell nanoparticles is given in Figure 3 and
shows that the highest distribution of the particles is in the
range 50-60 nm.
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Figure 3. A histogram plot of particle size distribution of SiO,@Cu core—
shell nanoparticles (mean diameter: 57 nm) based on TEM.

AFM analysis (Figure 4) provides three-dimensional
structural information of the SiO,@Cu core-shell nanoparti-
cles. The particle size measurements obtained from the
AFM images were the same as those observed from TEM.
Figure 4a shows an overview of SiO,@Cu nanoparticles at a
scan size of 1x1 um? with an average size of about 50 nm,
and the majority of the particles are separated from each
other, suggesting that the nanoparticles are stabilized
against agglomeration. Line scan size analysis further dem-
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Figure 4. AFM images of fresh catalyst (a) with line scan size analysis (b)
of SiO,@Cu core-shell nanoparticles.
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onstrated that the nanoparticles exhibited a good aspect
ratio between height and diameter (Figure 4b).

XPS is an important surface-sensitive analytical technique
useful for the identification of elements present in SiO,@Cu
core-shell nanoparticles. It also gives stoichiometric infor-
mation on the constituent elements present in the nanoparti-
cles and the chemical environment around the elements.
XPS survey scan of the surfaces of SiO,@Cu core—shell
nanoparticles showed the presence of oxygen (535 eV), sili-
con (103 eV), and copper (935 eV). High-resolution narrow
scans for Cu2p in the catalyst showed binding energy peaks
at 932.4 and 952.3 eV corresponding to Cu2p;, and Cu2p,;,
photoelectron transitions, respectively, which is characteris-
tic of Cu in the zero-oxidation state (Figure 5a). The used
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Figure 5. XPS high-resolution narrow scans of fresh (a) and used (b)
SiO,@Cu core-shell nanoparticles. CPS = counts per second

catalyst (Figure 5b), on the other hand, showed two broad
peaks at 934 and 952 eV, which are deconvoluted into two
peaks each for Cu2p;, at 932.6 and 934.3 eV and Cu2p,,, at
952.6 and 954.9 eV. The peaks for Cu2p;, at 934.3 eV and
Cu2p,, at 954.9 eV are characteristic of Cu in the +2 oxida-
tion state, from CuO formed during recycling.” However,
it is interesting to note that partial oxidation of the catalyst
does not influence the efficiency of the catalyst, and the cat-
alyst was reused for five cycles with consistent activity.
UV/Vis absorption spectrum of SiO,@Cu core—shell nano-
particles dispersed in cyclohexane shows a band around
588 nm, which is within the range 550-600 nm reported as
the surface plasmon band characteristic of copper nanoparti-
cles (Figure 6). The shifts in the plasmon band depend on
the size and shape of the nanoparticles.”*! Copper nano-
particles with 30-50 nm diameter show a plasmon band at
579 nm, whereas nanorods with 50-70 nm size show a plas-
mon band at 586 nm.””! The observed plasmon band for
SiO,@Cu core-shell nanoparticles is due to the copper
nanoparticles deposited over the Si core, which suggests that
the effective particle size of the SiO,@Cu core-shell nano-
particles is within the range 50-60 nm, which is in accord

www.chemasianj.org 1165
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Figure 6. UV/Vis absorption spectrum of SiO,@Cu core—shell nanoparti-
cles in cyclohexane.

with the mean diameter of 57 nm observed from the TEM
studies.

The synthesized SiO,@Cu core-shell nanoparticles were
subjected to TGA-MS to detect the evolved gas fragments,
which confirms the presence of the spacer 3-aminopropylsi-
lane on the synthesized catalyst. The thermogravimetric pro-
file of the catalyst in Figure 7 shows a two-step degradation
process. As can be seen from the figure, the 3-aminopropyl-
silane spacer used to anchor copper nitrate on the monodis-
persed silica nanoparticles degrades in the second degrada-
tion step in the temperature range 250-400°C. The observed
TGA-MS evolved gas fragments in this temperature range
having m/z values of 16, 30, 44, and 58, corresponding to
NH,, CH,NH,, (CH,),NH,, and (CH,);NH, fragments, re-
spectively, confirm the presence of the spacer 3-aminopropyl
group in the catalyst.
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Figure 7. TGA-DTG-MS thermogram profile for SiO,@Cu core-shell
nanoparticles
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Catalytic Activity of Silica—Copper SiO,@Cu Core-Shell
Nanoparticles

The synthesized SiO,@Cu core—shell nanoparticles were em-
ployed as catalysts for aza-Michael additions of amines to
o,pB-unsaturated compounds (Scheme 3). A variety of a,f-

Rl\ R’ Si0,@Cu core-shell nanoparticles R X
NH © /= II\T
R’ R X

water, 5-30 min, room temp. R2 R

X =CN, COOR", COCH,

Scheme 3. Aza-Michael addition of amines to a,B-unsaturated com-
pounds.

unsaturated compounds such as methyl acrylate, acryloni-
trile, methyl vinyl ketone, cyclohexenone were subjected to
reaction with different aliphatic amines in the presence of
1mol% of SiO,@Cu core-shell nanoparticles in water at
room temperature to give the corresponding (-amino car-
bonyl compounds in high yields, and the results are summar-
ized in Table 1.

To confirm the critical role of the SiO,@Cu core-shell
nanoparticles, control reactions were conducted under iden-
tical conditions using morpholine and acrylonitrile as model
substrates. The reaction using monodispersed silica nanopar-
ticles and amino-functionalized silica particles gave the
product in low yields (ca.30% ) whereas the reaction using
SiO,@Cu core-shell nanoparticles as catalyst gave the prod-
uct in excellent yields in very short reaction times. The pres-
ence of copper enhanced the yield of the product and also
reduced the reaction time, suggesting the superior activity of
SiO,@Cu core-shell nanoparticles. Further, to study the
scope and practical applicability of the catalyst, the reaction
was carried out on a larger scale (20 mmol) and the reaction
was complete in 15 min to afford the desired product in
95% vyield (Table 1, entry 1). After completion of the reac-
tion, the catalyst was quantitatively recovered by centrifuga-
tion and reused for five consecutive cycles with consistent
activity (Table 1, entry 1). The copper content in the catalyst
after the fifth cycle, as determined by ICP-AES analysis.
was found to be 2.07 %.

Simple and long-chain acrylates were equally reactive
with morpholine. Branched acrylates such as isobutyl and
tert-butyl acrylate required slightly longer reaction times
than n-butyl acrylate (Table 1, entries 3-5). The reaction of
morpholine with a,f-substituted Michael acceptors like
methyl methacrylate and cyclic o,f3-unsaturated ketones
such as cyclohexenone afforded the corresponding 1,4-ad-
ducts in moderate yield, which may be due to the steric ef-
fects of the side chain of the acceptors (Table 1, entries 6-8).
Different amines such as piperidine and sterically hindered
amines like dibenzyl amine, diisopropyl amine, and dibutyl
amine as substrates of this reaction gave the desired prod-
ucts in high yields in shorter reaction times (Table 1, en-
tries 9-14). When primary amines and piperazine were al-

Chem. Asian J. 2008, 3, 1163 -1169
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Table 1. Aza-Michael reaction of amines with a,B-unsaturated compounds using SiO,@Cu core-shell nanoparticles.!!

Entr Amine Acceptor t [min Product Yield [% ]!
Yy P
{ ) { NN o
1 o NH =-CN 4 g N 951l
95ldl
/N Vo COOM:
2 9 NH =x-COOMe 5 d n/ © 90
/N COOnB
3 g NH S%-COOnBu 5 d W~ u 90
Ve /N COooB
4 g NH ==-COO0iBu 15 d N 90
/N /7 N\ —COO0B
5 o NH =-COO!Bu 15 g N ! 88
/N
/ \ o] N
6 d  NH _ )=o 30 _/ 70
[¢]
{ N COOM />*
7 g NH ﬁ/ o 20 O\/—\/N COOMe %
S\ S\ -COM
8 9 NH ==-COMe 15 g N OV 80
CN
9 (W S_CN 1 N 95
~—~COOM
10 < NH *=-COOMe 5 € /N’J ¢ 90
Ph—\ - Ph—. CN
11 Ph _NH ==-CN 5 Ph—/Nj 90
Ph—\ Ph COOMe
1 oy NH S-COOMe 6 Pthf 88
nC4Hg., nCyHg—\ _/‘CN
NH =
13 nCHE N 5 N 90
iC3Hp iCsH—  /CN
NH =-CN N
14 e 5 oH— 90
15 Ph™NH, =-CN 5 Ph/\u/\/CN 90
PN pr N CN
16 Ph™ "NH, ==-CN 10 kVCN 95l
17 Ph™"NH, -COOMe 10 P CO0Me 90l
K/COOMe
A~y —~CN
18 nC4Hg—NH, =-CN 9 nCaHg™ N 90!
CN
Phe o~~~ ON
19 pr > NH: SCN 9 N 90t
/N /N /7CN
20 HN - NH =-CN 7 NCIN N gglel
/N 7\ CN
21 —N NH “==-CN 20 —N NJ 88
/ \ - / N\ _/_CN
22 ﬁN NH ==-CN 25 /_N N 38
- - —CN
23 Ny NH =-CN 30 N/;\NJ 90

[a] Reaction conditions as exemplified in the Experimental Section. [b] Yield of isolated product. [c] Yield of isolated product after fifth cycle. [d] Reac-

tion on 20-mmol scale. [e] Two equivalents of acceptor used.

lowed to react with an excess of Michael acceptor, bis-addi-
tion products were observed (Table 1, entries 16-20). Substi-
tuted piperazines on reaction with acrylonitrile gave the
products in high yields (Table 1, entries 21 and 22). Similar-
ly, imidazole on reaction with acrylonitrile afforded the cor-
responding N-substituted imidazole in excellent yield
(Table 1, entry 23).

To explore the feasibility of the catalyst for aza-Michael
addition of diamines, we studied the tandem bis-aza-Michael
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addition of ethylene diamine and acrylonitrile by varying
their relative molar ratios (Scheme 4). One equivalent of di-
amine with two equivalents of acrylonitrile gave the disub-
stituted diamine in 70 % yield, whereas four equivalents of
acrylonitrile gave tetrasubstituted diamine product in 75%
yield.

Encouraged by the versatility and effectiveness of the cat-
alyst for the aza-Michael reactions, we attempted to study
the hetero-Michael addition of a,f-unsaturated esters with

www.chemasianj.org 1167
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Scheme 4. Tandem bis-aza-Michael addition of ethylene diamine and
acrylonitrile

thiols (Scheme 5). At room temperature, thiophenol was in-
troduced at the B-position of different acrylates with ease to
afford the corresponding Michael adducts in good yields

e

Scheme 5. Hetero-Michael addition of thiols to a,p-unsaturated com-
pounds

SH
=\ Si0,@Cu core-shell nanoparticles
+ ~ =
COOR R
water, 15 min, room temp.

R= CHj, C,Hs, iC3H,, 1C,H,

(Table 2). Simple and branched acrylates were equally effec-
tive for the reaction with thiophenol, and the reactions were
completed in shorter reaction times. Furthermore, the cata-
lyst was reused for five cycles with consistent activity
(Table 2, entry 1).

Table 2. Michael reaction of thiophenol with a,B-unsaturated esters using
Si0,@Cu core-shell nanoparticles.!!

Entry Acceptor Product Yield [%]®!
S .
Sy7P"coome 95
~ M
1 =x-COOMe © 9Qle!
S,
2 ==-COOEt ©/ COOEt 92
S coonsu
3 ==-COOnBu i:r 90
P
Ay S o, ;
4 =-CO0iBu U COOBu 85
=
S
N
5 -COOfBuU O/ CooBu 88

[a] Reaction conditions as exemplified in the Experimental Section.
[b] Yield of isolated product. [c] Yield of isolated product after fifth
cycle.

Conclusions

SiO,@Cu core-shell nanoparticles were synthesized, well
characterized, and employed as catalyst for the conjugate
addition of amines, diamines, and thiols to a,f-unsaturated
compounds to afford the corresponding products in excel-
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lent yields in shorter reaction times. It is remarkable that
the reaction in water makes the procedure quite simple, en-
vironmentally benign, and allows easy recyclability of the
catalyst. Furthermore, catalytic applications of SiO,@Cu
core—shell nanoparticles for addition reactions with complex
structures of biological significance are currently under in-
vestigation.

Experimental Section
General

Powder X-ray diffraction (XRD) data of the samples were obtained
using a Siemens D 5000 X-ray diffractometer with Bragg—Brentano ge-
ometry having Cug, radiation (40 kV, 30 mA), fixed slits, and a graphite
secondary monochromator. The samples were scanned for 26 values
ranging from 2° to 65°. Nanosize and morphology of the Si@Cu core—
shell nanoparticles were observed with a Philips TECNAI-FE12 trans-
mission electron microscope (120 kV). The particles were dispersed in
methanol and a drop of it was placed on a formvar-coated copper grid
followed by air drying. Atomic force microscopy (AFM) was employed
to characterize the morphology of the nanoparticles using a Digital
Nanoscope IV (Veeco Instruments, Santa Barbara, CA).The microscope
was vibration damped. Commercial phosphorous (n-)doped silica tips on
an I-tape cantilever with a length of 115-135 um and resonance frequen-
cy of about 260 kHz were used. Tapping-mode AFM allows the imaging
of the soft samples at high resolution without damaging the sample. X-
ray photoelectron spectroscopy (XPS) measurements were obtained on a
KRATOS-AXIS 165 instrument equipped with dual aluminum-magnesi-
um anodes using Mgy, radiation. The X-ray power supply was run at
15kV and 5 mA. The pressure of the analysis chamber during the scan
was 10~ Torr. The peak positions were based on calibration with respect
to the Cls peak at 284.6 eV. The obtained XPS spectra were fitted using
a nonlinear square method with the convolution of Lorentzian and Gaus-
sian functions after the polynomial background subtraction from the raw
data. UV/Vis spectra were recorded on a GBC Cintra 10e ultraviolet/visi-
ble spectrometer with diffused reflectance spectra (DRS) accessory in
the wavelength range 200-800 nm at room temperature with a scan speed
of 200 nm and slit width 1.2 nm. Thermogravimetric (TG), differential
thermal analysis (DTA), and the mass of the gas evolved during the ther-
mal decomposition of the catalyst were studied on a TGA/SDTA Mettler
Toledo 851° system coupled to a MS Balzers GSD 300 T, using open alu-
mina crucibles containing samples weighing about 8-10 mg with a linear
heating rate of 10°Cmin'. Nitrogen was used as purge gas for all these
measurements.

Tetraethylorthosilicate (TEOS), 3-aminopropyl trimethoxysilane (APS),
Cu(NO,),.3H,0, methyl acrylate, acrylonitrile, methyl vinyl ketone, and
amines were purchased from Aldrich or Fluka and used without further
purification. ACME silica gel (100-200 mesh) was used for column chro-
matography, and thin-layer chromatography was performed on Merck-
precoated silica gel 60-F254 plates. All the other chemicals and solvents
were obtained from commercial sources and purified using standard
methods.

Synthesis of Functionalized Monodispersed Silica Core Nanoparticles

Monodispersed silica core nanoparticles were synthesized according to
the procedure reported by Stober etal.® Tetraethylorthosilicate
(TEOS), ethanol, water, and ammonium hydroxide were mixed in a
1:75:31:4 molar ratio and stirred for three hours. The silica particles were
collected by centrifugation and washed three times with water. All the
particles were redispersed in 150 mL water, and 107> mol of 3-amino-
propyl trimethoxysilane (APS) was added to it. The solution was stirred
at 80°C for one hour and allowed to cool. The surface-modified silica
nanoparticles were collected by centrifugation, washed three times with
water, and dried at room temperature in air.

Chem. Asian J. 2008, 3, 1163 -1169
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Synthesis of Silica—-Copper Core-Shell Nanoparticles

Surface modified silica particles (100 mg) were re-dispersed in water
(200 mL) by stirring for 30 min and sonicated for 15 min. Copper nitrate
(0.002m) followed by hydrazine hydrate (6 mL) were added and stirred
for 3 h. Finally, the particles were washed with water and dried under
vacuum. The copper content in the catalyst was found to be 2.08% by
ICP-AES analysis.

General Procedure for the Aza-Michael Reaction of Amines with a,f3-
Unsaturated Compounds

The mixture of catalyst (0.005 g, 1.08 mol %), amine (1 mmol), and a,f-
unsaturated compound (1 mmol) in water (3 mL) was stirred at room
temperature for the appropriate time (Table 1). After completion of the
reaction, as indicated by TLC, the product was extracted with ethyl ace-
tate (3x10mL). The combined organic extracts were concentrated in
vacuum, and the resulting product was purified by column chromatogra-
phy on silica gel with ethyl acetate and n-hexane (2:8) as eluent to afford
the pure f-amino adduct. Similarly, thiols were subjected to the reaction
under identical conditions (Table 2). The aqueous layer containing the
catalyst was preserved for the next run. The products were characterized
by comparison of their NMR and mass spectra with those of authentic
Samples'[IS,l‘).Zla.ZZb]
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