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shell hetero-nanostructure
catalysed chemo-selective synthesis of b-enamino
carbonyl compounds†

Sriparna Dutta,ab Prashant Kumar,c Shivani Sharma,ad Sneha Yadav,a Priyanka,a

Ranjana Dixit,ad Anju Srivastavaab and Rakesh Kumar Sharma *a

A core–shell hetero-nanostructure comprising a new in situ generated naphthoquinone cobalt complex

covalently immobilized on a silica coated magnetite nanosupport has been described for catalyzing the

enamination of b-carbonyl compounds. The newly developed catalyst works as a nanoreactor for

boosting this reaction and provides unprecedented chemoselective access to the targeted b-

enaminoesters as well as b-enaminones. The synergistic covalent incorporation of an organic entity (a

flexible spacer) onto an inorganic solid (surface modified support material) imparts a considerable

structural rigidity to the catalyst thereby preventing leaching of the active catalytic species as well

evidenced by the hot filtration experiment. Elemental survey and core level XPS spectra confirm the

presence of the +II oxidation state of cobalt which is the active catalytic species. This work throws light

on how catalytic activity can be tuned and “activity, selectivity and recyclability” the three desired

features of a green catalyst can be accomplished on a single platform through careful manipulation of

interaction between the support material and active metal complex.
Sustainability spotlight

In 2015, the entire world came to a common consensus when seventeen sustainable development goals were outlined by the various member countries of the UN
that carried a vision of rendering the planet safer for all. With a very few years le to accomplish these goals, tremendous efforts will be required to transform the
commitments into action. Catalysis the key principle of green chemistry provides one of the most promising and logistic routes for achieving most of the SDGs
such as zero hunger, good health & well being, clean water & sanitation, affordable & clean energy, industries, innovation & infrastructure, responsible
consumption & production and climate action. The present work discloses the design of a novel core–shell hetero nanostructure based catalyst comprising a new
in situ generated naphthoquinone cobalt complex covalently immobilized on a silica coated magnetite nanosupport that has unveiled promising outcomes in
catalyzing the enamination of b-carbonyl compounds (that synergistically integrate the nucleophilicity of the enamine and electrophilicity of the enone
functionalities, thereby serving as valuable synthons for the construction of essential pharmaceutical drugs). Although literature reports document the
development of several synthetic approaches involving homogeneous metal complexes that provide access to these compounds, yet appealing generality and the
scope of industrial utility of these catalytic protocols are vitiated by the fact that most of them rely on homogeneous metal salts as catalysts that are not only
difficult to recover from the reaction mixture but also major contributors to metal contamination. The present work is a sustainable attempt to overcome the
serious limitations of previous protocols via the establishment of a catalyst that offers “activity, selectivity and recyclability” the three desired features of a green
catalyst in a single platform through careful manipulation of interaction between the support material and active metal complex.
Introduction

The drive towards cleaner and sustainable chemical
manufacturing has led to a reassessment of many of the existing
catalytic technologies. Today, there is a renewed focus on the
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development of green catalytic systems that exhibit higher
activity as well as enhanced reusability as they provide a potent
solution to meet the current challenges of energy and sustain-
ability. In fact, with the booming of nanotechnology, it has been
possible to design such efficient catalysts as they allow the
precise engineering of ner structural details of catalysts such
as size, shape and surface properties.1–5 Although efforts in this
direction have enabled the successful generation of interesting
nanomaterials suited for various applications, magnetically
responsive nanomaterials have, in particular, shown great
promise in the eld of catalysis owing to their riveting physico-
chemical properties.6–12 Magnetic nanoparticles work as excel-
lent solid support materials for the design of superior and well-
RSC Sustainability, 2023, 1, 975–986 | 975
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tuned heterogeneous nanocatalysts that exhibit high activity
and selectivity similar to their homogeneous counterparts.13,14

Nanosized particles dramatically increase the net exposed
surface area of the active component of the catalyst, eventually
resulting in improved product yield. Besides, most importantly,
these catalysts show a rapid response towards an external
magnetic eld that ensures their ready separation from the
reaction mixture using an external magnetic device. Magnetic
eld assisted separation is green, economical and undoubtedly
an attractive alternative to tedious, time-consuming ltration
techniques. Thus, researchers have devoted an enormous
amount of attention towards the synthesis of these magnetically
recyclable nanocatalysts. However, an obvious deterioration in
their activity as a consequence of strong agglomeration
tendency of the magnetic nanoparticles has raised serious
concerns.15,16 In order to address this issue, core–shell magnetic
silica based nanomaterials comprising nanoparticles suitably
encapsulated within a layer of silica have been developed as
they uniquely combine the characteristic features of the
magnetic core as well as the silica shell that screens the dipolar
attraction between the individual particles, thereby preventing
their aggregation.17–20 In addition, the silanaceous coat also
allows free access to various chemical species from outside,
rendering them suitable for catalytic applications. The efficacy
of silica encapsulated magnetic nanoparticle supported cata-
lytic systems has prompted us to come up with a new core–shell
structured magnetic silica supported cobalt nanocatalyst for the
synthesis of unsaturated b-carbonyl moieties such as b-enami-
nones and b-enaminoesters.

b-Enaminones and b-enaminoesters represent well docu-
mented scaffolds that have fuelled the research interest of
several organic chemists worldwide as they synergistically
integrate the nucleophilicity of the enamine and electrophilicity
of the enone functionalities, thereby serving as valuable syn-
thons for the construction of essential pharmaceutical
drugs.21–24 Besides, they constitute prevalent structural motifs of
biologically signicant natural products that are endowed with
a broad spectrum of interesting pharmacological properties
such as antibacterial, anticonvulsant, anti-inammatory, anti-
tumour etc.25–31 Thus, over the past few decades a number of
captivating strategies have been reported for obtaining these
heterocyclic moieties which include reactions of b-enami-
noesters with organolithium reagents,32 addition of amide
enolates or metallic esters to imidoyl halides,33–36 nitriles,37–39

and tosylimines40,41 and addition of enamines or ketamines to
activated carboxylic acid derivatives.42–44 However, despite the
existence/prevalence of a large number of intriguing protocols
in the literature, the classical approach involving the direct
condensation of amines with 1,3-dicarbonyls still continues to
be one of the most widely pursued pathways for the synthesis of
b-enamino ketones and esters because of its operational
simplicity and higher atom economy.45 Consequently, a wide
array of catalysts such as Sc(OTf)3,46 Zn(OAc)2$6H2O,47 ZrOCl2-
$8H2O,48 Ca(CF3COO)2,49 CoCl2,50 InBr3,51 I2,52 silica gel,53

CeCl3$7H2O54 and NaAuCl4 55 have been employed prociently
to afford this transformation. Unfortunately, the appealing
generality and the scope of industrial utility of these catalytic
976 | RSC Sustainability, 2023, 1, 975–986
protocols are vitiated by the fact that most of them rely on
homogeneous metal salts as catalysts that are not only difficult
to recover from the reactionmixture but alsomajor contributors
to metal contamination. Thus, in consideration of growing
economic and industrial concerns, it is extremely imperative to
develop other alternative environmentally benign, heteroge-
neous recyclable catalytic systems that can efficiently conquer
the challenges of b-enaminone and b-enaminoester synthesis.

In a quest to design a supreme catalytic route for obtaining
these industrially and biologically signicant b-enamine based
moieties and engaged in the development of organic–inorganic
hybrid catalysts for various organic transformations, we herein
report the fabrication, characterization and application of
a promising core–shell magnetic silica based cobalt nano-
catalyst (Co-NQ@Am-SiO2@Fe3O4). The newly developed cata-
lytic system enables the generation of a diverse range of b-
enaminones and b-enaminoesters with excellent turnover
numbers and high product selectivity under neat reaction
conditions at room temperature. Apart from this, the ease of
catalytic retrievability via magnetic attraction and outstanding
recycling efficiency (observable up to eight consecutive runs)
render the present protocol a practical alternative to all previ-
ously established methodologies for the synthesis of b-enamine
ketones and esters. To the best of our knowledge, this is the rst
report wherein a magnetically retrievable nanocatalyst has been
designed and subsequently utilized for the enamination of b-
ketoesters and b-ketones.
Experimental
Materials and reagents

1,2-Naphthoquinone (1,2-NQ) (97%), tetra-ethyl orthosilicate
(TEOS) (99.9%) and 3-aminopropyltriethoxysilane (APTES)
(98%) were purchased from Alfa Aesar, Sigma Aldrich and
Fluka, respectively. Ferrous sulphate, ferric sulphate and cobalt
chloride hexahydrate salts were commercially acquired from
Sisco Research Laboratory (SRL). The rest of the synthetic
reagents were procured from Spectrochem Pvt Ltd and were
used as received without further purication.
Characterization techniques

The crystallographic structure and phase of the synthesized
nanomaterials were analyzed well with the help of the powder X-
ray diffraction (PXRD) technique which was performed using
a Bruker, D8 Advance (Karlsruhe, Bundesland, Germany)
diffractometer with Cu/Ka radiation at a scanning rate of
4° min−1 in the 2q range of 5–80° (l = 0.15405 nm, 40 kV, 40
mA). Electron microscopic techniques such as transmission
electron microscopy (TEM) and eld emission scanning elec-
tron microscopy (FE-SEM) were carried out in order to deter-
mine the size, shape and purity of the nanocomposites. TEM
was conducted using a JEOL 2100F, and FE-SEM images were
obtained with the aid of a Tescan Mira 3 FE-SEM instrument.
The energy-dispersive X-ray spectroscopic technique (equipped
with the SEM instrument) was utilized for the detailed compo-
sitional analysis of the nanocomposites. Coloured elemental
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mapping images were also obtained using the same instrument.
The XPS survey spectrum of the catalyst and the core-level
spectra of Fe 2p and Co 2p were procured with the help of
a K-Alpha™+ X-ray photoelectron spectrometer system. The
tting of the core level spectra was performed by adjusting the
baseline relative to the signal background. The chemically
distinct species were resolved using a Gaussian distribution
tting procedure with peak positions, and areas were deter-
mined. The stepwise modications of the magnetite nano-
particles were identied by Fourier transform infrared (FT-IR)
spectroscopy. The FT-IR spectra of the various stages of the
nanocatalyst were acquired through a PerkinElmer Spectrum
2000 FT-IR spectrometer that utilized the KBr pellet method and
was operative in the range of 4000–400 cm−1 under atmospheric
conditions with a resolution of 1 cm−1. In order to extract
information about the magnetic properties of the nano-
composites, a vibrating sample magnetometer (EV-9, Micro-
sense, ADE) was used. The presence of cobalt in the nal
nanocatalyst was affirmed through energy dispersive X-ray
uorescence (ED-XRF) spectroscopy using a Fischerscope X-
ray XAN-FAD BC. Thereaer, the amount of cobalt loaded
onto surface modied magnetite nanoparticles was estimated
via ame atomic absorption spectroscopy (FAAS) on a Labindia
AA 7000 atomic absorption spectrometer. Prior to AAS analysis,
the microwave assisted digestion of the catalyst was performed
in an Anton Paar Multiwave 3000 microwave reaction system
equipped with a temperature and pressure sensor. A sonicator
(Tekmar Sonic Disruptor model TM300) was utilized for
dispersing the nanoparticle aggregates in ethanol. The GC-MS
analysis of the synthesized products was carried out on an
Agilent gas chromatograph (6850 GC) with an HP-5MS 5%
phenyl methyl siloxane capillary column (30.0 m × 250 mm ×

0.25 mm) and a quadrupole mass lter equipped 5975 mass
Scheme 1 Schematic illustration of the synthesis of Co-NQ@Am-SiO2@

© 2023 The Author(s). Published by the Royal Society of Chemistry
selective detector (MSD) using helium as carrier gas (rate 0.9
mL min−1).

Catalyst preparation

Synthesis of amine functionalized silica encapsulated
magnetite nanoparticles. At rst, the synthesis of magnetite
(Fe3O4) nanoparticles was carried out in accordance with the
literature reported co-precipitation method.56 Typically, 6.0 g of
ferric sulphate and 4.2 g of ferrous sulphate salts were dissolved
in 250 mL double distilled water and stirred at 60 °C until
a yellowish orange coloured solution was obtained. Subse-
quently, 25% NH4OH was added to it dropwise so as to alter the
pH of the solution to 10 and the stirring was continued for
almost an hour. The crystalline black precipitate of Fe3O4

nanoparticles was isolated magnetically, washed well with
deionized water and ethanol and dried under vacuum. Once the
bare Fe3O4 nanoparticles were synthesized, a modied sol–gel
strategy was adopted for the silica encapsulation of the
magnetically responsive core material.57 This step involved the
ultrasonic dispersion of the magnetite nanoparticles (1.0 g) for
approximately 30 minutes, followed by the addition of
ammonia (6.0 mL) and TEOS (2.0 mL), respectively. The resul-
tant reaction mixture was stirred at room temperature contin-
uously for 24 h which resulted in the formation of a brownish
black precipitate of the silica coated magnetite nanoparticles
(SiO2@Fe3O4). These SiO2@Fe3O4 nanoparticles were segre-
gated via magnetic attraction, washed thoroughly with ethanol
several times and dried under vacuum. Thereaer, the surface
functionalization of the modied nanoparticles was carried out
by adding APTES (5.0 mL) to ultrasonically dispersed SiO2@-
Fe3O4 nanoparticles (1.0 g) in ethanol (200 mL). The obtained
amine functionalized silica encapsulated magnetite nano-
particles (Am-SiO2@Fe3O4) were separated again using an
Fe3O4 nanocatalyst.

RSC Sustainability, 2023, 1, 975–986 | 977
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Fig. 1 (a) TEM image of nano-Fe3O4; (b) HR-TEM image of nano-
Fe3O4; (c) SAED pattern of nano Fe3O4; (d) TEM image of the Co-
NQ@Am-SiO2@Fe3O4 nanocatalyst; (e) FE-SEM image of Fe3O4 and (f)
FE-SEM image of the Co-NQ@Am-SiO2@Fe3O4 nanocatalyst.

Fig. 2 XRD patterns of (a) Fe3O4 and (b) SiO2@Fe3O4.
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external magnet, washed repeatedly with ethanol to eliminate
any unreacted silylating agent and then dried under vacuum.

Synthesis of the Co-NQ@Am-SiO2@Fe3O4 nanocatalyst. The
synthesis of the nal nanocatalyst was achieved in two steps.
First, the ligand was immobilized onto the amine functional-
ized silica encapsulated magnetite nanosupport. For obtaining
ligand graed surface modied magnetite nanoparticles
(NQ@Am-SiO2@Fe3O4), a mixture of Am-SiO2@Fe3O4 (1.0 g)
and 1,2-naphthoquinone (2 mmol) was stirred in 250 mL
ethanol solution at room temperature for 24 hours.58 Next, the
NQ@Am-SiO2@Fe3O4 nanoparticles were metallated using
cobalt chloride hexahydrate. In this step, NQ@Am-SiO2@Fe3O4

(1.0 g) was stirred with a solution containing 2 mmol of cobalt
chloride hexahydrate dissolved in ethanol for 6 h. The synthe-
sized nanocomposites were carefully isolated with the help of
an external magnet, washed well with ethanol and nally dried
under vacuum (Scheme 1).

General procedure for the Co-NQ@Am-SiO2@Fe3O4 cata-
lyzed synthesis of b-enaminones and b-enaminoesters. To
a solution containing amine (1 mmol) and a b-dicarbonyl
compound (1mmol), the Co-NQ@Am-SiO2@Fe3O4 nanocatalyst
(20 mg) was added and the resultant reaction mixture was
subjected to stirring at room temperature (25 °C) under solvent
free conditions for an appropriate period of time. Upon
completion of the reaction as indicated by thin layer chroma-
tography (TLC), the catalyst was retrieved using a bar magnet.
Thereaer, the reaction contents were extracted several times
with ethyl acetate (3 × 10 mL) and dried over Na2SO4. Finally,
the synthesized heterocyclic products were conrmed and
analyzed by GC-MS.

Results and discussion
Catalyst characterization

Morphological attributes of the bare and surface modied
magnetite nanoparticles were investigated with the help of
electron microscopic tools such as Transmission Electron
Microscopy (TEM) and Scanning Electron Microscopy (SEM).
The representative TEM and SEM images of the synthesized
nanocomposites are depicted in Fig. 1. It is quite evident from
the TEMmicrograph of the core material (Fe3O4) that it consists
of tiny particles of nearly spherical morphology with an average
diameter lying between 8 and 12 nm. The selected area electron
diffraction (SAED) pattern of Fe3O4 reveals the high crystallinity
of these nanoparticles by showing the presence of a well
pronounced array of diffraction rings arising from the planes of
magnetite. For their detailed structural analysis, high resolu-
tion transmission electron microscopy (HR-TEM) was also
conducted. The HR-TEM image of the pristine Fe3O4 nano-
particles clearly illustrates the 2D lattice fringes that correspond
to the (220) plane of the inverse spinel structured magnetite
with an interplanar separation value of 0.28 nm. Besides
providing a signicant amount of knowledge about the size,
shape and crystallinity of the Fe3O4 nanoparticles, TEM and
SEM also work as powerful tools for identifying the differences
between the bare and modied magnetite nanoparticles. As
shown in Fig. S1†, these nanoparticles acquire core–shell
978 | RSC Sustainability, 2023, 1, 975–986
morphology aer being suitably coated with amorphous silica.
A closer examination of this image reveals that the core material
is embedded deep within the silane shell, whichmakes it a good
core–shell nanomaterial. Furthermore, the deposition of
various surface modifying species on these SiO2@Fe3O4 nano-
particles is veried from the obtained TEM micrograph of the
nal nanocatalyst. The FE-SEM images of the various nano-
composites procured at high magnication divulge a change in
the surface topography of the magnetic nanocore. On being
subjected to several synthetic modications, the smooth
surface of the naked Fe3O4 nanoparticles apparently gets
transformed into a rough one which may be attributed to the
deposition of silica in the core–shell structured nanomaterials.
However, the possibility of precipitation of primary silica
nanoparticles is certainly excluded as no separate colloidal
aggregates of silica can be found in the Fe-SEM images of
SiO2@Fe3O4 and Co-NQ@Am-SiO2@Fe3O4. Finally, in order to
elucidate that the catalyst maintains its efficiency even aer
being recycled for seven consecutive runs, the FE-SEM image of
the recovered nanocatalyst has also been provided (Fig. S2†).

In order to gain an insight into the crystallinity and phase
composition of the synthesized nanomaterials, wide angle
powder X-ray diffraction (PXRD) measurements were performed
and the typical XRD proles of Fe3O4 and SiO2@Fe3O4 are
presented in Fig. 2. Interestingly, both these diffractograms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 ED-XRF spectrum of the Co-NQ@Am-SiO2@Fe3O4

nanocatalyst.
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display six distinguishable Bragg's peaks at 2q = 30.1°, 35.4°,
43.1°, 53.4°, 57° and 62.6° that may be correctly assigned to the
(220), (311), (400), (422), (511) and (440) crystallographic faces of
the cubic inverse spinel structured magnetite. The peak posi-
tions as well as the relative intensities are in good agreement
with the standard Fe3O4 XRD data as evidenced by the Joint
Committee on Powder Diffraction Standards (JCPDS card: 19-
629). However, the XRD pattern of silica encapsulated magne-
tite nanoparticles differs slightly from that of the native
magnetite nanoparticles. Besides, exhibiting these well resolved
diffraction peaks, the XRD spectrum of SiO2@Fe3O4 shows the
appearance of a broad diffused hump centered at around 2q =

23° which is attributed to the presence of amorphous SiO2.57

One aspect that needs to be highlighted here is that although
the silica coating strategy efficiently leads to the generation of
a protective layer of silica around the magnetic core, it does not
affect the phase and purity of these crystalline nanoparticles, as
evident from the diffractogram which clearly shows the reten-
tion of the six characteristic Bragg's peaks in this core–shelled
nanomaterial. Furthermore, the mean crystallite size of the
Fe3O4 nanoparticles has been evaluated using the Debye
Scherrer relationship (Dhkl = kll/b cos q) where k is a constant
with a typical value of 0.89 for spherical particles, D is the
average diameter in A°, b is the broadening of the diffraction
line measured at half of its maximum intensity in radians, l is
the wavelength of the X-rays and q is the Bragg diffraction angle.
Choosing (311) as the reference peak, this value has been esti-
mated to be 11.9 nm which matches well with the TEM results.
Furthermore, the XRD spectra of the catalyst and the recovered
catalyst, exhibiting consistency with the native ferrite peaks
have been provided (Fig. S3†).

The elemental and compositional analyses of the bare and
modied nanoparticles were performed using energy-dispersive
X-ray spectroscopy (EDX), energy dispersive X-ray uorescence
spectroscopy (ED-XRF) and atomic absorption spectroscopy
(AAS). Fig. S4† provides the EDXmapping images of the isolated
particles of Fe3O4 and SiO2@Fe3O4. The well resolved peaks of
iron (Fe) and oxygen (O) atoms in the EDX spectrum of Fe3O4

affirm the presence of an iron oxide core. Besides the elemental
distribution of Fe and O, the occurrence of Si in the EDX
spectrum of SiO2@Fe3O4 authenticates the successful encap-
sulation of the core material by silica.
Fig. 3 SEM elemental mapping images of the Co-NQ@Am-SiO2@-
Fe3O4 nanocatalyst showing the presence of Fe, Si, O, C, N, and Co
elements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Apart from this, the SEM elemental coloured mapping image
of the Co-NQ@Am-SiO2@Fe3O4 nanocatalyst (Fig. 3) has been
provided which shows the presence of distinct elements – “Fe,
Si, O, C, N, and Co,” thus conrming the successful function-
alization, ligand graing and metallation of the silica coated
magnetite nanoparticles. In addition to the elemental mapping,
the ED-XRF spectrum of Co-NQ@Am-SiO2@Fe3O4 also provides
a concrete proof for the existence of the metal in the catalyst by
markedly showing the presence of a sharp and distinct peak of
cobalt (Fig. 4). Next, the quantitative estimation of cobalt in the
prepared catalyst was performed by digesting Co-NQ@Am-
SiO2@Fe3O4 in a microwave oven at 400 W for 15 minutes with
aqua regia and then subjecting the sample to AAS analysis. The
corresponding metal content was evaluated to be 0.14 mmol
g−1.

With the aim of clearly identifying the chemical composition
and acquiring information about the oxidation state of cobalt,
the surface structure of the nal nanocatalyst was further
characterized by X-ray photoelectron spectroscopy (XPS). Fig. 5
presents the XPS elemental survey scans and core level spectra
of Fe 2p and Co 2p of the magnetic silica based organic–inor-
ganic hybrid cobalt catalyst. The presence of elements C, O,
Si, N, Fe and Co is conrmed from the survey spectrum of Co-
Fig. 5 (a) Survey X-ray photoelectron spectrum (XPS) of Co-NQ@Am-
SiO2@Fe3O4, (b) XPS spectra (Co 2p region) of Co in the catalyst, (c)
core level XPS of Fe 2p of the sample and (d) core level XPS of Co 2p of
the sample.
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NQ@Am-SiO2@Fe3O4. Next, the core level spectrum of Fe 2p
was analyzed and it was found that two distinct bands appeared
at around 710 and 725 eV along with a satellite peak at 717.8 eV
(Fig. S5†). As these bands were broad, deconvolution of the
same was attempted and successfully achieved. In the decon-
voluted spectrum of Fe 2p, rst the presence of combined peaks
at binding energy values of 710.8 eV (Fe 2p3/2) and 725 eV (Fe
2p1/2) provided strong evidence of the presence of iron in the +II
oxidation state in the catalyst. Furthermore, the occurrence of
a satellite peak could be routinely ascribed to iron in the +II
oxidation state. Apart from this, the prominent peaks appearing
at binding energy values of 712 eV (Fe 2p3/2) and 725 eV (Fe 2p1/
2) characterized the simultaneous existence of iron in the +III
oxidation state in our sample. But since we are primarily
interested in evaluating the oxidation state of cobalt which is
the active catalytic species in our nal catalyst, the XPS spec-
trum of Co 2p was plotted and investigated thoroughly. The
deconvoluted spectrum revealed the existence of cobalt in the
+II oxidation state. In this case, the binding energies for the two
possible spin states 781.2 eV and 797.5 eV are responsible for
2p3/2 and 2p1/2 transitions, respectively and in addition, two
satellite peaks were observed which primarily arose from each
of the 2p transition.

For the structural conrmation of the various nano-
composites through functional group detection, Fourier trans-
form infrared (FT-IR) spectroscopic analysis was carried out at
room temperature. Fig. 6 depicts the FT-IR spectra of Fe3O4,
SiO2@Fe3O4, Am-SiO2@Fe3O4, NQ@Am-SiO2@Fe3O4 and Co-
NQ@Am-SiO2@Fe3O4.

The FT-IR spectrum of Fe3O4 exhibits a sharp and intense
absorption band at 595 cm−1 indicative of typical Fe–O
stretching vibrations and a relatively less intense broad band
centered at 3149 cm−1 corresponding to the vibrations of OH
groups present on the surface of the magnetite nanoparticles.59

These characteristic absorption bands collectively provide
strong evidence for the formation of the Fe3O4 nanocore. Next,
the existence of the silane shell around this core is affirmed
from the spectrum of SiO2@Fe3O4 which distinctly shows the
Fig. 6 FTIR spectra of (a) Fe3O4; (b) SiO2@Fe3O4; (c) Am-SiO2@Fe3O4;
(d) NQ@Am-SiO2@Fe3O4 and (e) Co-NQ@Am-SiO2@Fe3O4.
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presence of Si–O–Si symmetric, Si–O–Si asymmetric and Si–O
symmetric stretching modes appearing at 806, 954 and
1102 cm−1 respectively.60 Furthermore, the proof for the
successful integration of the functionalizing agent “APTES” into
the coated nanoparticles is provided by the appearance of two
new bands at 2930 cm−1 and 1625 cm−1 that can be assigned to
the CH2 and NH2 groups of the aminopropyl moiety. Onmoving
towards NQ@Am-SiO2@Fe3O4, a distinctive band of C]N
stretch is observed at 1646 cm−1 besides the expected absorp-
tion bands which suggests that the ligand has been successfully
immobilized over the surface of the amine functionalized silica
coated ferrite nanoparticles. Astonishingly, as a result of
complexation between the nitrogen atom and the metal, the
value of the C]N stretch is shied to a lower wavenumber
(1630 cm−1 from 1646 cm−1) in the case of the nal
nanocatalyst.

In order to examine the magnetic properties of the synthe-
sized nanocomposites, a vibrating sample magnetometer (VSM)
was employed and the resultant magnetization curves of Fe3O4,
SiO2@Fe3O4 and Co-NQ@Am-SiO2@Fe3O4 recorded within the
eld range of −20 000 to 20 000 Oe at 300 K are displayed in
Fig. 7. The hysteresis loops of these powdered nanomaterials
reveal the absence of any remanence or co-ercivity phenomena
which conrms their superparamagnetic properties at room
temperature. Besides, the inset also supports this observation
as the obtained plots clearly show that both the magnetization
and demagnetization curves pass through the origin. Further-
more, the value of saturation magnetization (Ms) of the
prepared Fe3O4 nanoparticles as estimated from the graph has
been found to be 60 emu g−1 which is much lower than that of
the bulk Fe3O4 nanoparticles. The signicant reduction in the
Ms value can be predominantly attributed to the presence of
disordered spins on the surface of the nanoparticles that
prevent the core spins from aligning along the eld direction,
thereby causing a net decrease in the saturation magnetization
of the small sized nanoparticles. Additionally, the VSM plots
show a gradual decrement in the Ms values on moving from the
bare Fe3O4 to the surface modied Fe3O4 (i.e. Fe3O4 >
Fig. 7 Magnetization curves obtained by VSM at room temperature for
(a) Fe3O4, (b) SiO2@Fe3O4, and (c) Co-NQ@Am-SiO2@Fe3O4 and (d)
inset: an enlarged image near the coercive field.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SiO2@Fe3O4 > Co-NQ@Am-SiO2@Fe3O4) which may be ascribed
to the existence of non-magnetic materials on the surface of the
core–shelled nanoparticles.61 However, it is worth mentioning
here that regardless of the lowering of the saturation magneti-
zations, the redispersibility and magnetic properties of the nal
nanocatalyst remain unaffected and the Co-NQ@Am-SiO2@-
Fe3O4 nanoparticles are easily retrieved from the reaction
mixture with the help of a bar magnet within a very short span
of time.
Investigation of catalytic activity of Co-NQ@Am-SiO2@Fe3O4

in the synthesis of b-enaminones and b-enaminoesters

The efficacy of the newly prepared magnetic silica-based cobalt
nanocatalyst was evaluated in the synthesis of industrially
signicant b-enaminone and b-enaminoester moieties. For
achieving the best catalytic results, the effects of some of the
crucial thermodynamic and kinetic reaction parameters such as
catalyst concentration, time, temperature, solvents and molar
substrate ratio were investigated in detail. We commenced our
study by choosing methyl acetoacetate and benzylamine as the
model substrates.

The quest for establishing optimal reaction conditions
began by performing the catalytic screening test. However, at
the outset, to truly assess the signicance of a catalyst in the
enamination reaction, a control experiment was conducted with
the test substrates in the absence of a catalyst. A careful evalu-
ation of the outcome divulged that only traces of the expected
product could be detected under such experimental conditions
(Table 1, entry 1). Next, a wide range of cobalt based catalysts
were screened sequentially for the generation of the desired b-
enaminoester scaffold with a high conversion percentage.
Gratifyingly, as shown in Table 1, amongst all the tested cobalt
Table 1 Catalyst screening test for the Co-NQ@Am-SiO2@Fe3O4 cataly

Entry Catalyst Yieldb (

1 No catalyst —
2 SiO2@Fe3O4 —
3 CoSO4 35
4 Co(OAc)2 37
5 CoBr2 40
6 CoCl2 82
7 Co-NQ complex 94
8 Co-NQ@Am-SiO2@Fe3O4 (5 mg) 30
9 Co-NQ@Am-SiO2@Fe3O4 (10 mg) 55
10 Co-NQ@Am-SiO2@Fe3O4 (15 mg) 88
11 Co-NQ@Am-SiO2@Fe3O4 (20 mg) 95

a Reaction conditions: benzylamine (1 mmol), methylacetoacetate (1 mm
b Isolated Yield. c Conversion (%) determined by GC-MS. d TON is the nu
hours).

© 2023 The Author(s). Published by the Royal Society of Chemistry
sources, the developed Co-NQ@Am-SiO2@Fe3O4 and Co-based
catalysts formed by the coordination of CoCl2 with 1,2-naph-
thoquinone (Co-NQ complex) prove to be the most procient
ones, exhibiting the best catalytic activity by causing a 100%
conversion of the employed reactants. In comparison to the
precursor CoCl2 salt utilized for the reaction which gave 95%
conversion and the other salts such as CoSO4 and CoBr2 that
showed very low activity (42% and 45%, respectively) the Co-NQ
complex gave a higher conversion that could be ascribed to the
coordinating effect of 1,2-naphthoquinone with CoCl2, leading
to a robust and active complex. Furthermore, although Co-NQ
and Co-NQ@Am-SiO2@Fe3O4 showed similar conversions, yet
the fabricated catalyst “Co-NQ@Am-SiO2@Fe3O4” emerged as
the material of choice owing to the exceptional magnetism
conferred by the material which enhanced the catalytic recov-
erability and reusability properties. Subsequently, in order to
analyse the effect of catalyst concentration, the reactions were
performed by varying the amount of catalyst from 5 to 20 mg
and the results have been demonstrated in Table 1. It was found
that an increase in the catalyst loading caused a substantial
improvement in the conversion percentage of the product from
39% to 100% which could be attributed to the simultaneous
increase in the active catalytic sites. Thus, for the rest of the
studies, the amount of the catalyst was xed at 20 mg.

Aer optimization of the amount of catalyst, our next
investigation was focussed on addressing the inuence of the
substrate molar ratio on the reaction conversions. For an
accurate assessment, three different sets of reactions were
performed with 1 : 0.5, 1 : 0.75 and 1 : 1 molar ratios of methyl-
acetoacetate and benzylamine, respectively in the presence of
the Co-NQ@Am-SiO2@Fe3O4 nanocatalyst (Fig. S6†). Appar-
ently, the results indicated that the enamination reaction
utilizing a reagent molar ratio of 1 : 0.5 could afford
zed enamination reactiona

%) Conversionc (%) TONd TOFe

Traces — —
Traces — —
42 150 300
48 171 342
45 161 322
95 339 678
100 357 714
39 139 278
68 243 486
95 339 678
100 357 714

ol), catalyst (20 mg unless specied), stirring at r.t. (25 °C), no solvent.
mber of moles of product per mole of catalyst. e TOF = TON/time (in
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a conversion of only 70% even aer a prolonged stirring (up to 6
h) period. However, with a further increase in the molar ratio of
the substrates to 1 : 1, a complete 100% conversion of the sub-
jected reactants could be accomplished within a shorter time
(30 minutes) interval. Hence, a 1 : 1 substrate molar ratio was
the optimum requirement for the efficient synthesis of b-
enaminones and b-enaminoesters with a good conversion
percentage.

The selection of an appropriate solvent is a matter of
increasing importance in the eld of catalytic science and
research as solvents play a key role in either facilitating or
hindering a reaction through their interaction with the catalyst
and the solute molecules. Thus, a scrupulous examination of
the solvent effect on the enamination reaction was carried out
by stirring the model reactants in the presence of solvents of
variable polarities. Additionally, in consideration of the current
emphasis on green, waste free synthesis, solvent free conditions
were also tested, while keeping the rest of the parameters xed.
Fig. S7† illustrates the inuence of solvents on the conversion
Table 2 Synthesis of different b-enaminoesters and b-enaminones
conditionsa

Entry R1 R2 R3

1 CH3 OCH3 CH2Ph
2 CH3 OCH3 Ph
3 CH3 OCH3 4-CH3Ph
4 CH3 OCH3 4-OCH3Ph
5 CH3 OCH3 2-OCH3Ph
6 CH3 OCH3 4-FPh
7 CH3 OCH2CH3 CH2Ph
8 CH3 OCH2CH3 Ph
9 CH3 OCH2CH3 4-CH3Ph
10 CH3 OCH2CH3 4-ClPh
11 CH3 OCH2CH3 4-OCH3Ph
12 CH3 OCH2CH3 2-OCH3Ph
13 Ph OCH2CH3 PhCH2

14 Ph OCH2CH3 Ph
15 Ph OCH2CH3 4-CH3Ph
16 Ph OCH2CH3 4-OCH3Ph
17 Ph OCH2CH3 2-OCH3Ph
18 CH3 OC(CH3)3 PhCH2

19 CH3 OCH2Ph PhCH2

20 CH3 OCH(CH3)2 PhCH2

21 ClCH2 OCH2CH3 PhCH2

22 CF3 OCH2CH3 PhCH2

23 CH3 CH3 PhCH2

24 CH3 CH3 4-ClPhCH2

25 CH3 CH3 4-CH3PhCH2

a Reaction conditions: amine (1 mmol), b-ketoester (1 mmol), Co-NQ@
percentages determined via GC-MS have been given in parentheses. c Iso
the catalyst. e TOF = TON/time (in Hours).

982 | RSC Sustainability, 2023, 1, 975–986
percentages of the reactants. In comparison to all the non-polar
solvents employed, polar solvents such as ethanol, isopropanol,
acetonitrile and dimethylformamide (DMF) led to a superior
reaction conversion owing to the higher solubility of the
substrates in them. Notably, the best results were obtained
under solvent less conditions as complete (100%) conversion of
the subjected reactants was achieved in this case.

Considering the signicance of temperature in altering the
outcome of a reaction, we decided to investigate its effect on the
one pot synthesis of b-enaminones and b-enaminoesters. As
a step towards accomplishing this task, at rst, the enamination
reaction was performed at 25 °C using 20 mg of the synthesized
Co-NQ@Am-SiO2@Fe3O4 nanocatalyst. Thereaer, the temper-
ature of the reaction was increased progressively at intervals of
10 °C and its simultaneous inuence on the product conversion
and selectivity was studied. The results presented in Table S1†
unambiguously revealed that among all the temperatures eval-
uated, 25 °C was found to be the most ideal one as it afforded
the desired product with 100% conversion and selectivity.
using Co-NQ@Am-SiO2@Fe3O4 as the catalyst under solvent-free

Conversionb (%) Yieldc (%) TONd TOFe

100 95 357 714
96 87 343 686
95 90 339 678
86 82 307 614
80 80 286 572
47 40 168 336
98 91 350 700
98 93 350 700
95 86 339 678
61 55 218 436
88 81 314 628
67 59 239 478
89 80 318 636
80 74 286 572
84 77 300 600
78 69 279 558
72 62 257 514
91 79 325 650
65 59 232 464
93 88 332 664
85 79 304 608
73 62 261 522

100 95 357 714
72 72 257 514
87 85 311 622

Am-SiO2@Fe3O4 catalyst (20 mg), stirring at r.t. (25 °C). b Conversion
lated yield. d TON is the number of moles of the product per mole of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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However, higher reaction temperatures (35 °C, 45 °C, 55 °C, and
65 °C) showed a noticeable decrease in the product selectivity
which could be attributed to the formation of the di-substituted
product.

Finally, the effect of reaction time on the percentage
conversion of the model reactants was monitored by varying the
time interval from 5 minutes to 30 minutes at 25 °C. The
experimental results are displayed in Fig. S8.†

It is well apparent from the plot that the reaction conversion
increases signicantly with increasing the reaction time which
is due to the fact that a longer time period favours the formation
of the reactive intermediate species (substrate + catalyst) that
eventually facilitates the formation of the desired product. A
close inspection of the results showed that a reaction time of 30
minutes was the optimal period for the complete conversion of
the model substrates.

Substrate scope and versatility

Pleased by the optimization results, we set out to challenge the
capabilities of the Co-NQ@Am-SiO2@Fe3O4 nanocatalyst in the
synthesis of b-enaminones and b-enaminoesters (Table 2). In an
endeavour towards envisaging the scope of this methodology,
a wide array of b-ketoesters and b-diketones were reacted with
several aromatic amines bearing electron rich as well as elec-
tron decient substituents under the optimized reaction
conditions. It was found that in general, the enamination
reaction proceeded smoothly in the presence of the nano-
structured cobalt catalyst via nucleophilic addition of amines to
carbonyl compounds to afford the desired products with good
to excellent conversion. However, the electronic factor played
a key role in regulating the product conversion as evident from
the results summarized in Table 2. The presence of electron
withdrawing substituents such as F and Cl at the para-position
of the benzene ring of the aromatic amines, in particular,
resulted in a detrimental effect on the reaction conversion
(Table 2, entries 6, 10, and 24). Also, in the case of aryl
substituted b-ketoesters such as ethyl benzoylacetate,
a moderate conversion was achieved despite continuing the
reaction for a prolonged time period (Table 2, entries 13–17).
Surprisingly, the rest of the b-ketoesters showed good reactivity
and furnished the targeted product within a relatively shorter
time. Notably, it is worth mentioning that although the
Scheme 2 Chemoselectivity test for the synthesis of b-
enaminoesters.

© 2023 The Author(s). Published by the Royal Society of Chemistry
conversion percentage varied drastically depending on the
nature of the substrate employed, all the reactions displayed
excellent chemoselectivity.

In order to investigate the chemoselectivity of the process, we
carried out a simple test (Scheme 2). First, we reacted a primary
amine (n-butylamine) with b-ketoester (methylacetoacetate)
under the optimized reaction conditions. We obtained the
desired product with 70% reaction conversion. Next, we reacted
a secondary amine (morpholine) with the same substrate (i.e.
methylacetoacetate) and found that no morpholine derived
product was formed even aer prolonged stirring of the reaction
contents.

Hot ltration test

For organic transformations involving a supported heteroge-
neous catalyst, an important issue that should be taken into
account is the possibility of migration of the catalytically active
species from the surface of the support material into the liquid
phase during the course of the reaction. In order to exclude any
catalytic contribution from the leached species, a standard hot
ltration experiment was performed by subjecting the model
reactants to vigorous stirring at room temperature in the pres-
ence of Co-NQ@Am-SiO2@Fe3O4 (20 mg). At about half the
reaction time (15 minutes), the catalyst was retrieved via
magnetic decantation when the conversion percentage had
reached 60% as estimated through GC-MS analysis. The resul-
tant supernatant was allowed to react further for a prolonged
time period under similar experimental conditions and the
reaction progress was monitored continuously. No enhance-
ment in the reaction conversion occurred even at extended
times indicating that the active cobalt species remained tightly
bound to the heterogeneous support. Additionally, atomic
absorption and UV-visible spectroscopic analyses of the post
reaction mixture were also carried out which showed the
absence of cobalt in the supernatant as anticipated. The nd-
ings from all these studies synchronically provided concrete
evidence for the heterogeneous nature of the catalyst.

Recyclability test

In green chemistry approaches for catalytic transformations,
recovery and reusability are the two most signicant attributes
of a heterogeneous catalyst that lead to its large-scale industrial
applicability. To assess the long-term stability and reusability of
the synthesized nanostructured catalyst, we established a set of
recycling experiments for the enamination reaction which were
performed sequentially under the optimized reaction condi-
tions using the test substrates. Aer completion of the rst
cycle, the solid catalyst was separated from the reaction vessel
via magnetic attraction, washed with acetone several times to
remove traces of the previous reaction mixture, dried under
reduced pressure and thereaer subjected to a fresh run.
Strikingly, it was found that the recovered nanocatalyst did not
require the addition of any external reagent for getting reac-
tivated. The results of the recycling test as demonstrated in
Fig. 8 unveiled that Co-NQ@Am-SiO2@Fe3O4 could be effi-
ciently reused for eight consecutive trials without any
RSC Sustainability, 2023, 1, 975–986 | 983
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Table 3 Comparison of the catalytic activity of Co-NQ@Am-SiO2@Fe
enamination reaction

Entry b-Ketoester/b-ketone Amine Catalytic sy

1

[Cu(Hnbta
Metal–orga
Recyclabili

2

SiW/c-Al2O
Supported
Recyclabili

3

Cu nanopa
Recyclabili

4

Silica sulfu
Recyclabili

5

ZnO nanop
Recyclabili

6

NiO
Recyclabili

7

Ag nanopa
mesoporou
Recyclabili

8

Silver nano
Recyclabili

9

Naphthoqu
supported
nanopartic
Recyclabili

10
Naphthoqu
supported
nanopartic

Fig. 8 Recycling experiment for the enamination reaction [reaction
conditions: benzylamine (1 mmol), methylacetoacetate (1 mmol), Co-
NQ@Am-SiO2@Fe3O4 catalyst (20 mg), stirring at r.t. (25 °C)].
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substantial loss in its activity. Besides, the TEM micrograph of
the recovered catalyst (obtained aer the 8th run) provided key
evidence for the structural durability of Co-NQ@Am-SiO2@-
Fe3O4. It was found that its morphological characteristics
remained largely preserved during the course of the reaction,
signifying that the employed reaction conditions did not have
any detrimental effect on its catalytic activity.
Comparison of the catalytic activity of Co-NQ@Am-
SiO2@Fe3O4 with that of the other reported heterogeneous
catalysts

A comparison of the catalytic performance of Co-NQ@Am-
SiO2@Fe3O4 with the literature reported heterogeneous
3O4 with that of previously reported heterogeneous catalysts for the

stem Reaction conditions Yield (%) Ref.

)(1,3-btp)]$2H2O

Solvent free r.t. 93 62
nic-framework
ty: three runs

3

Acetonitrile r.t. 94 63
heteropolyacid
ty: four runs

rticles

Methanol 45–50 °C
under a N2 atmosphere

92 64
ty: not evaluated

ric acid

Solvent-free 80 °C 89 65
ty: three runs

articles

Solvent-free 80 °C 94 66
ty: four runs

Ultrasound sonication
30 °C

90 67
ty: three runs

rticles in hollow
s spheres

Methanol 60 °C 84 68ty: ve runs

particles

Methanol 60 °C 70 69
ty: three runs

inone cobalt complex
on SiO2@Fe3O4

les Solvent free r.t. 98
Present
work

ty: eight runs

inone cobalt complex
on SiO2@Fe3O4

les
Solvent free r.t. 99

Present
work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalysts for the synthesis of biologically signicant b-enami-
nones and b-enaminoesters is presented in Table 3. The results
clearly demonstrate that the activity of Co-NQ@Am-SiO2@Fe3O4

is far superior to that of the different heterogeneous catalytic
systems reported so far62–69 in terms of product yield, reaction
conditions, durability and reusability. The reason behind the
remarkable efficiency of the silica encapsulated magnetically
retrievable cobalt catalyst can be attributed to the nanometer
size of the support material which ensures greater binding of
the substrates eventually leading to higher product yield.
Furthermore, the ease of catalyst separation via simple
magnetic attraction renders the protocol an attractive alterna-
tive for catalyzing the enamination of b-ketoesters and b-
ketones as the magnetic eld assisted separation prevents
catalyst loss, reduces energy consumption and saves time in
achieving catalyst recovery.

Conclusions

This work throws light on the synthesis of a new, versatile core–
shell structured magnetically recoverable cobalt nanocatalyst
that has been applied for the rst time in the enamination of b-
dicarbonyl compounds. The synthetic strategy adopted for
preparing the catalyst is operationally simple and leads to the
fabrication of a well congured nanostructure consisting of
a naphthoquinone cobalt complex robustly anchored onto an
amine functionalized silica encapsulated magnetite nano-
support. The as-synthesized nanocatalyst has been character-
ized well with the help of different spectroscopic and
microscopic tools. XPS survey and core-level spectra of the ob-
tained catalyst provide thorough evidence of the nature of the
metal, showing that cobalt primarily existed in the +II oxidation
state. This protocol impressively allows the generation of an
appreciable range of the targeted molecules using the Co-
NQ@Am-SiO2@Fe3O4 nanocatalyst with excellent conversion
(up to 100%) and a high turnover number (up to 357) at room
temperature under solvent free conditions. In contrast to liter-
ature precedents for the enamination reaction, the present
methodology offers a magnetically separable nanocatalyst that
can be easily recovered from the reaction mixture with the help
of an external magnet and reused further for several runs
without any distinct loss in its activity. Besides, some of the
other factors that worked towards enhancing the economic
attractiveness of the protocol were its high atom economy, use
of environmentally benign and inexpensive reagents, simple
work up procedure, and mild reaction conditions. We strongly
believe that the design of this high performance magnetically
retrievable catalytic system would pave the pathway for future
research aiming at development of new organic compounds of
biological and industrial signicance.
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