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Selective functionalization of highly inert and ubiquitous C—H bonds that would provide a ready access to
synthetically valuable motifs has perplexed the chemists since long. Also, environmental benignity and economic
viability have been the prime factors driving tremendous interest in C—H functionalization. This has led to many
inspiring discoveries infuriating the development of potent catalytic systems that enable the facile replacement of
the C—H bonds with conventional functional groups, allowing the construction of C-C, C-N, C-O, C-S, C-B and C-
halogen bonds at both sp? as well as sp® centres. In fact, catalytic C—H functionalization strategies integrating
the benefits of magnetic recovery have emerged as sustainable gateway for affording a diverse array of trans-
formations. This review sheds light on the remarkable advancements witnessed in this area as a consequence of
integrating the inherent magnetism of catalysts with the cutting-edge direct C—H functionalization strategy.
Also, the promising future perspectives comprehensively covered in this review is anticipated to motivate the
academic and industrial researchers, arousing their creativity for designing competent sustainable strategies to
generate a plethora of pharmaceutically active molecules.

1. Introduction interest amongst researchers. Notably, with the introduction of mag-

netic nanocatalysts that offer bright prospects of facile recovery via

Catalysis has emerged as a pinnacle technology for engineering a
more sustainable world [1]. It is undeniably the virtual force behind all
the chemicals we use today. Capturing a snapshot of the events and
developments that took place in this field, we find that most of the in-
novations have been accredited with noble prizes that have indeed
changed the entire landscape of organic synthesis. The constant urge to
meet the challenges of energy and sustainability have paved the
pathway for green catalysis; key goals of a green catalyst have been
outlined which include high activity, facile recovery and excellent
selectivity [2]. Thus, the search for such a kind of ideal catalyst that can
display the inherent capability to control the synthesis of architecturally
complex molecules has continued to infuriate immense enthusiasm and

attraction with an external magnet, whilst offering exceptional activity
in terms of catalyst performance, a myriad of organic reactions have
already been benefitted [3]. Amongst these, the C—H activation and
functionalization that allows the direct activation of highly inert/
unreactive C—H bonds and formation of new C-X bond (where X=0, N,
S, C, B or halogen) leading to the synthesis of industrially significant
molecules has witnessed a rapid economic and environmental boost
with the utilization of magnetically recoverable nanocatalysts [4]. This
novel reactivity concept has given promising direction to researchers for
accomplishing the straightforward derivatization of diverse organic
molecules with improved selectivity. Indeed the historical developments
of the catalytic C—H functionalization have truly enthused both
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academia and industries. Despite the unquestionable significance,
initially most of these protocols invariably suffered from limitations of
requirement of high boiling point organic solvents, poor regioselectivity,
longer reaction times, etc; however, with time and discovery of novel
catalysts, these challenges have also been combatted [5]. Also, there has
been an expansion from functionalization of simple hydrocarbons to
complex molecules and today it has matured to a point where it can be
contemplated as a viable strategy for synthesis of a broad spectrum of
targets; leading to the publication of more than 400 papers in renowned
journals. The idea of utilizing magnetic separation of catalysts has
further added to the credentials of this category of reaction from a green
chemistry perspective. Also, one of the most magical facts associated
with these nanocatalysts is that they allow the fine tuning/tailoring of
their catalytic activity and help in meeting the unresolved challenges of
C—H functionalization [6].

Henceforth, the cocktail of C—H functionalization with magnetic
recovery is being perceived as the most promising tool to generate
pharmaceuticals and natural products, replacing many of the classical
waste generating processes. Till date, a variety of such catalysts have
been employed for efficient catalytic conversion of C(sp>)-H and C(sp?)—
H bonds which have laid the foundation of sustainable industrial ap-
plications [7]. This review attempts to assimilate the literature reports
wherein use of magnetic nanocatalysts have been wondrously integrated
with C—H activation/functionalization for drawing utmost monetary as
well as environmental benefits. A diverse set of C—H functionalization is
chosen encompassing the C-C, C-N, C-O, C-S and C-halogen bonds. Also,
the latest innovative techniques such as photochemistry and flow
chemistry are being highlighted with special coverage being given to
their futuristic aspects/perspectives that would open the doors for
further research in this area. In addition, the future challenges have also
been outlined that indicate the need to develop catalytic materials for
the regioselective and enantioselective synthesis of drug moieties. Due
attention has also been devoted towards critical analysis on the use of
the MNPs based catalysts by shedding light on their toxicological aspects
and the inferences drawn clearly signify that these NPs are not haz-
ardous for human health and environment and lie under the umbrella of
green chemistry.

2. Scope of review

C-H activation was given top priority in the list of aspirational re-
actions by the ACS GCI Pharmaceutical Roundtable way back in 2005,
fueling the research interest of the scientific community [8]. Consid-
ering the immense significance, massive efforts have been directed to-
wards profitably exploiting this strategy which has been covered in a
few review articles published earlier. However, none of reviews focused
on the impressive breakthroughs achieved in this field with the intro-
duction of magnetic nanocatalysts. This review article attempts to
comprehensively summarize the remarkable advancements encountered
in the design and development of novel potent magnetically retrievable
nanocatalysts for expediting the direct formation of C-X bonds via C—H
activation, leading to sustainable synthesis and selective functionaliza-
tion of industrially significant organic molecules including therapeutic
agents. It is anticipated that it will serve as a guide to inspire both ac-
ademic as well as industrial researchers to push the boundaries of the
classic C—H functionalization.

3. Fabrication of magnetically recoverable nanocatalysts
3.1. Latest innovative synthetic methodologies for magnetic NPs

Magnetic nanoparticles have entranced the fields of science and
technology spanning the biotechnology sector, medical imaging, drug
delivery, data storage, catalysis, environmental remediation, etc. with
their revolutionary properties such as controllable size and shape,
robustness, high surface area to volume ratio, high dispersability, etc.
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[9]. But most importantly, it is their riveting superparamagnetic prop-
erties which assist in ready separation, adding a sustainable feature to
their potential [10]. Also, they offer exceptional recyclability which is
the bottleneck for any industrial application. Although there are wide
range of MNPs including pure metal based (Fe, Co), alloys, spinels
(AB204 where A=Co, Mg, Fe, Mn and B= Fe) however Fe3O4 NPs which
are commonly known as magnetite or ferrite have particularly acquired
paramount importance due to their high saturation magnetization (Ms)
value [11]. It has an inverse spinel structure wherein Fe (II) and Fe(III)
ions occupy octahedral sites while half of the Fe (III) ions occupy the
tetrahedral holes. Owing to their significance, a plethora of reports have
been documented on the synthesis of Fe3O4 NPs. Conventionally, co-
precipitation, thermal decomposition, microemulsion and sol-
vothermal techniques have been employed extensively for synthesizing
the magnetite NPs with a variable size range which have been given due
coverage in reviews [12]. However, these principle preparative methods
suffer from a few setbacks which limit their large scale industrial
applicability including poor crystallinity, problems of aggregation,
requirement of longer reaction time, high temperature and pressure,
larger volumes of solvents, low yield and poor reproducibility. Apart
from these, a number of other approaches/pathways have been utilized
for fabricating these NPs, some of which offer great prospects of con-
trolling their size, uniformity and crystallinity and durability. The pos-
sibility to tune their size and shape by bringing a notable change in the
reaction conditions has particularly proven highly useful for the cata-
lytic sector. Polshettiwar et. al had demonstrated the possibility of
producing six diverse, captivating morphologies by altering the iron
precursor and synthetic conditions [13]. Table 1 summarizes the latest
techniques adopted for their synthesis:

3.2. Surface modification/functionalization of FesO4 NPs

Despite proving its widespread utility in a myriad of organic trans-
formations, bare Fe3O4 NPs suffer from critical issues of agglomeration
occurring due to high surface energies associated with their large surface
area to volume ratio, resulting in loss of their magnetism and catalytic
activity [22] Also, they are highly susceptible to oxidation and get
readily oxidized in the physiological environment that hampers their
dispersibility as well as magnetic properties. Henceforth, it is important
to incorporate effective surface modification strategies to impart pro-
tection and restore the stability of the MNPs. This is usually accom-
plished via the use of an appropriate coating strategy wherein the
surface of the naked MNPs are coated with either organic molecules such
as surfactants, polymers and biomolecules or inorganic layers such as
silica [23,24] carbon [25,26]. precious metals (Ag, Au) [27,28], metal
oxide [29], metal sulphides [30] metal hydroxides [31,32]. Successful
coating (protective layer around MNPs) not only prevents the aggrega-
tion and oxidation of the NPs, but also offers prospects of further func-
tionalization which is a key step followed for improvement in their
physicochemical properties such as wetting, adhesion and friction. In
this way surface modification (coating and functionalization) can aid in
engineering of the iron oxide NPs suited for the desired catalytic
application (Fig. 1).

3.2.1. Coating of MNPs

Synthesis of MNPs while maintaining the long term stability has been
a real challenge for the chemists. Thankfully, with the help of effective
coating strategies, this problem has been resolved to a great extent [33].
The non-magnetic protective shell formed around the surface of the
naked MNPs suppresses the magnetic bipolar interactions, preventing
them from aggregating. In the list of the various coating agents
employed, silica (SiO3) has proven to be the material of choice as it has a
high binding strength with the iron oxide core, possesses exceptional
thermal stability, exhibits chemical inertness showing resistance to
various organic solvents and does not affect the redox reaction at the
core which is the reason for the naked MNPs maintaining a high
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Table 1
Recent synthetic approaches for formation of Fe;04 NPs.
S. Method adopted Description Examples Reaction Morphology obtained Advantages
No temperature (Size Distribution and
and Time Shape Control)
Period
1. Template Mediated Involves the use of a sacrificial ~ The template solvothermal strategy 80-180°C Nanorods, nanohusks, Leads to the fabrication of
Synthesis template of chemical, was adopted by Polshettiwar et al. distorted cubes, nanomaterials with well-
biological or polymeric origin  for obtaining six distinct shaped iron nanocubes, porous defined morphologies
to enable shaping of the initial ~ oxide NPs by altering the iron spheres and self-oriented
structure. After use, the precursor employed [13]. flowers.
template is removed using an
acid or base.
2. Sonochemical Ultrasonic irradiation leads to ~ -Wang and co-workers synthesized Very high -NPs of smaller size and Provides
Method the creation of extremely high ~ Fe304 NPs using a sonochemical co-  temperature narrow size distribution precise control over size,
temperature and pressure precipitation method [14]. could be synthesized. morphology,
conditions within a very short ~ -Abu Much et al. accomplished the -Extreme conditions composition, magnetic
time period that cannot be synthesis of Fe304 NPs using this resulted in the formation  and surface properties of
realized by other traditional method [15]. of rod shaped particles, the developed
energy sources. instead of spheres. nanostructures
3. Continuous Flow Use of continuous flow Togashi and team achieved the Very high Particle morphology was  -Aligns the goals of Green
Synthesis reactors involve an array of synthesis of water dispersable Fe;04  temperature spherical for all reaction =~ Chemistry
chemical processes that are NPs with the aid of a continuous and residence temperatures employed -Enhanced thermal
performed in continuous tubular flow reactor under time of 1.8 s during synthesis. management, improved
flowing streams within micro-  conditions of high temperature and mass transfer, mixing
reactors. pressure using 3,4-dihydroxyhydro- control, scalability, rapid
cinnamic acid [16]. chemical reactions and
ability to withstand harsh
reaction conditions.
4. Microwave assisted Microwave irradiation Using the microwave assisted Very high Nanospheres, -Uniform heating, fast
synthesis incorporates the concepts of oxidation technique, Fe304 temperature nanocubes, nanorods, reaction under a
dipolar polarization and ionic ~ nanocrystals possessing five nano-octahedrons and controlled environment,
conduction effects. different morphologies were nanoplates products with high purity,
prepared by Yu and team [17]. yield
- Leads to the formation of
nanostructures that
possess a narrow size
distribution and a higher
degree of crystallinity.
5. Bio-inspired co- Emulating nature’s best Lenders and co-workers elucidated rt.and 2-12h -Small crystals with As compared to the
precipitation biological ideas the synthesis of Fe304 NPs by using a superparamagnetic conventional co-
Method (biomineralization strategies) biologically derived properties. precipitation
and integrating it with the co- ~ M6A peptide additive that worked as -17 + 8 nm in size (as methodology, this
precipitation technique. nucleation and growth controller determined via the TEM strategy allows the fine
[18]. The inspiration was drawn analysis). tuning of crystal size via
from the mineralization strategy manipulation in the iron
adopted by the magnetotactic concentration and NHj3
bacteria. influx.
Initially a slow co-precipitation
using Fe(II)/Fe(IlII) salts in presence
of ammonia is effectuated during
which ferrihydrate gets precipitated
at low pH and there is an eventual
conversion to Fe304 crystals on
increasing the pH.
6. Green Sustainable Eco-friendly synthesis of Yew et al. reported the rapid Ambient TEM images revealed the ~ -Greener approach; no
Method MNPs using plant extracts sustainable synthesis of Fe3O4 NPs temperature formation of requirement of addition
which work as reducing and using seaweed (kappaphycus forlh agglomerated NPs size of external reducing

7. Controllable self-
assembly involving
the combination of
Pickering emulsions
approach and
polymer grafting

capping agents

Pickering emulsions are those
which are stabilized by solid
particles that adsorb onto the
interface between the two
phases named after S.U.
Pickering.

ARGET ATRP are activators
that are generated via the
electron transfer process
leading to the formation of
reducing agents for the
regeneration of a metal (I).

alvarezii) extract [19]. The synthesis
was initiated by taking a solution of
Fe®* and Fe?* in a 2:1 M ratio and
adding it into the seaweed extract
for the formation of a yellowish
solution. To this, 1.0 M of NaOH was
added drop-wise.

Ampiphillic Fe304 NPs were
fabricated by Wu et al. using the
cocktail of pickering emulsions
approach and activators regenerated
by electron transfer for atom transfer
radical polymerization (ARGET-
ATRP) [20].

The hydrophilic Fe;04 NPs were
prepared using polyol method,
followed by preparation of Fe304/
wax composite microspheres
wherein paraffin wax and ultrapure

70 °C for 12 h

ranging between 11.0
and 20.0 nm.

The synthesized NPs had
a size ranging between
30 nm-150 nm in water.

agent.
-Mild conditions

-High saturation
magnetization

-Exhibits highly
controllable self-assembly
behaviour in different
solvents

(continued on next page)
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Table 1 (continued)
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S. Method adopted Description Examples Reaction Morphology obtained Advantages
No temperature (Size Distribution and
and Time Shape Control)
Period
water were added to Fe304
suspension under stirring. The
composite was dispersed in ethanol
and reacted with bromoacetic acid.
Finally ARGET-ATRP process lead to
the synthesis of the desired NPs.
8. Solution based Oleic acid crowned Fez04 Ultra large scale synthesis of Fe304 70 °C for 4 h Formation of irregular Facile synthetic

dehydration process nanoparticles were
synthesized on an ultra-large

—scale.

NPs was accomplished by Su and
team using a solution based
dehydration process in autoclave
reactor [21] Oleic acid and NaOH
were dissolved in toluene, ethanol
and water under vigorous stirring
conditions to which Fe (II) and Fe

cubic shape particles

with the size range of 50-

200 nm

procedure that can be
upscaled easily for
industrial applications.

(III) salts were added and refluxed at
70 °C for 4 h under vigorous stirring

conditions.

Imparts durability to MNPs

—

Improves the dispersion of MNPs

B2

Enhances the surface reactivity of MNPs

r Improves the physicochemical properties

111

r Enhances the biocompatibility of MNPs

Fig. 1. Advantages of surface modification of MNPs.

saturation magnetization value [34]. In addition to this, silica also has
terminal silanol groups present on its surface which can be utilized for
further attachment of functionalities. Sol gel, micro-emulsion and silicic
acid solution mediated approaches have been commonly employed for
the silica coating of MNPs using sodium silicate or TEOS (Tetraethy-
lorthosilicate) as silica precursors. These strategies have integrated the
desirable advantages of coating (i) stability and (ii) providing sites for
covalent linkage of functional groups. On the other hand, for the carbon
coating of the MNPs, hydrothermal, sonochemical and flame spray py-
rolysis based methods have been incorporated using glucose and cellu-
lose as carbon precursors. The carbon coated MNPs have displayed good
chemical and thermal stability as well as excellent biocompatibility
[35]. Polymers have also been employed as coating agents and to
accomplish the polymeric coating, inversion microemulsion and oxida-
tive polymerization techniques have been adopted with the use of
polyesters, polyaniline and polyethylene glycol as reaction precursors
[36]. Polymers have helped in enhancing colloidal stability of the MNPs.
Recently, Neamtu et al. encapsulated nano magnetite within an eco-
friendly polymeric matrix (PEG) and used it for the purpose of photo-
degradation of Bisphenol-A (BPA) [37]. Metal, metal oxide and metal
hydroxides have been also utilized for the purpose of coating by using
micro-emulsion, redox metalation, iterative hydroxylamine seeding,
sonochemical, sol-gel, homogeneous co-precipitation and seed assisted
hydrothermal methods.

3.2.2. Functionalization of MNPs

The prime objective of functionalization is to introduce functional-
ities on the surface of the MNPs which allow binding of other metals,
polymers or biomolecules so that they can lead to the fabrication of

advanced catalytic systems. The strategy adopted for the process of
functionalization varies depending on the interaction of the linker with
the MNPs. Fig. 2 highlights the two prime approaches commonly
employed for functionalizing the MNPs.

The functional group may be directly introduced onto the surface of
bare MNPs or silica coated magnetic nanoparticles (SMNPs) which
comprise of abundant hydroxyl groups. These can be covalently
attached to organic molecules that work as functionalizing agents (FA).
Popular examples of functionalizing agents include silane agents such as
3-amino-propyltriethoxysilane (APTES), p-aminophenyltrimethylsilane
(APTS), mercaptopropyltriethoxysilane (MPTES) [38]. The reaction
between MNPs and silanes leads to the formation of Si-O bonds. For
instance: Sharma et al. utilized APTES for the purpose of incorporating
amine groups onto the surface of SMNPs which lead to the formation of
ASMNPs [39]. Thereafter, a suitable ligand was grafted onto the surface
of the amine functionalized NPs via a Schiff’s base condensation process
and finally the ligand grafted ASMNPs were metallated using a desired
metal salt. Apart from silanes, phosphonates, carboxylates, sulphonates,
sulfamates etc. have also been used for the purpose of functionalization
[40] In the application part, there is an extensive focus on illustration of
how functionalization has been achieved for the purpose of fabricating
robust catalysts that have boosted various C—H functionalization/acti-
vation reactions.

3.3. Approaches for catalyst design

The beauty of C—H functionalization process lies in the controlled
functionalization of specific C-H bonds even in the presence of appar-
ently more reactive functional moiety. With the advent of nano-
magnetite based catalytic systems, new opportunities have been

[ Strategies for surface functionalization of magnetic nanoparticles

Covalent approach that leads
to the formation of a
relatively  stable  linker
between hydroxyl groups on
the nanoparticle surface and
the anchoring agents

Surfactants, polymers and
bifunctional molecules are
adsorbed onto the surface
of MNPs via weak physical
forces.

Covalent
Attachment

Non-Covalent
Adsorption 1

Fig. 2. Prime approaches for functionalization of MNPs.
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unravelled in achieving site selective C—H functionalization. Thus,
catalyst designing stands as a crucial step for affording this trans-
formation. The previous subsections have described how the MNPs can
be synthesized and functionalized. For the purpose of catalyst design,
four prime approaches have been utilized: (i) Dispersion of metal NPs
onto the surface of MNPs using wet impregnation approach [41] (ii)
Covalent immobilization approach wherein a ligand is chosen which is
grafted onto the surface of functionalized MNPs and thereafter metal-
ation is done [42] (iii) Functionalization of MNPs wherein the func-
tionalized MNPs are used as catalysts [43] (iv) Direct one-pot synthesis
of metal loaded MNPs [44]. Ensuing subsections would help readers in
gaining an insight into these incorporation of these approaches for
designing a magnetic nanocatalyst.

3.3.1. Dispersion of metal NPs onto the surface of MNPs using wet
impregnation approach

Wet impregnation is one of the most well-known techniques used for
the fabrication of heterogeneous catalysts [45]. It involves the dissolu-
tion of active metal precursor in aqueous or organic solution followed by
addition of the metal solution to catalyst support comprising of same
pore volume as the volume of the solution that was added. The solution
gets drawn into the pores via capillary action, while the excess of the
solution then causes the transport of solvent to get transformed from the
capillary action to a slow diffusion process. Finally, the catalyst is dried
and calcined to remove any volatile component if present in the solu-
tion. The method has been named as wet impregnation because the
impregnated substance maintains a dry nature at a macroscopic scale
[46]. Lately, this approach has gained an increasing momentum in the
synthesis of Fe304 supported catalysts (Scheme 1). There are several
examples wherein such catalysts have been fabricated by adopting the
wet impregnation methodology enlisted in Table 2. Apart from Fe3Oy,
other magnetic nanoparticles based catalysts have also been projected.

3.3.2. Covalent immobilization approach

Covalent immobilization approach has emerged as one of the best
synthetic methods for fabricating active and durable catalysts. This is
based on a heterogenization approach wherein a homogeneous metal
complex/enzymatic complex is covalently tethered/anchored onto the
surface of a solid support material [52,53]. Owing to covalent bond
formation between the support matrix and complex, the final catalyst is
stable and does not suffer from any leaching/sintering issues. This
approach has been exploited over the years for designing MNPs sup-
ported catalyst that have proven to be highly promising in their action
towards diverse industrially significant reactions. For instance: Sharma
et al. accomplished the covalent immobilization of a quinoline-2-
carboimine copper complex onto the surface of amine functionalized
silica encapsulated Fe3O4 nanoparticles which was utilized as a catalyst
for expediting the C—H activation of formamides [6a]. This catalyst
offered notable advantages of high activity (in terms of conversion
percentage and TON), facile recovery and outstanding recyclability. The
detailed description (schematic illustration as well as other details) has
been provided in the application section. Table 3 projects examples of
catalysts fabricated using this approach that has shown unparalleled
activity in various reactions of industrial significance.

Metal Salt

NaOH
r.t.
pH=12

Fe;0,@M nanocatalyst
O =M where M=Cu, Ag, Pd etc.

Scheme 1. Wet impregnation method for synthesis of magnetic nanocatalysts.

Table 2

Examples of wet impregnation strategy
Fe304@M nanocatalyst.

Catalysis Communications 175 (2023) 106615

employed for the fabrication of

SL Catalyst Morphology Advantages Ref
No  Prepared
1. Nanocat-Fe- -Spherical NPs -Facile and sustainable [47]
CuO with size ranging preparative method
between 20—30 -Use of inexpensive
nm precursors
-Uniform -Excellent catalytic activity
distribution of Cu, in the synthesis of 4-
Fe, and O on the methoxyaniline, pyrazole
surface of derivatives, and Ullmann-
magnetite type condensation.
(evidenced by -Appreciable catalytic
elemental mapping  recyclability upto six runs
images)
2. Nano- -Spherical -Good catalytic performance ~ [48]
Fe304—Co0y morphology with for the conversion of 5-
nanosized hydroxymethylfurfural into
dimensions 2,5-furandicarboxylic acid
-Some aggregates (FDCA)
of individual
Fe304,—Co0Ox NPs
were observed
3. Cu/CuFe,04 - TEM analysis -Displays high selectivity [49]
@cC revealed the (100%) in the
presence of black hydrodeoxygenation (HDO)
colored mixed of biomass-derived furfural
oxide having (FFR) to 2-methyl furan
spherical (MF)
morphology with - Catalyst displayed high
size distribution of  stability upto 5™ run
6.3 £ 0.4 nm without any drastic loss of
(distributed well the active component (Cu).
over nanoporous
carbon support)
4. NiO/Co304 -Small clusters (ca. -High durability [50]
and Fe,03/ 5 nm) of Fe,03
Co0304 were found to wet
the surface of
Co304, whereas in
case of the nickel
nanocatalyst, NiO
grew as distinct
isolated particles
having big
diameter (35-45
nm).
5. Fe30,@Au/ -Fe304@Au NPs i. -High catalytic activity in [51]

TiO,, catalyst

e. the unsupported
NPs displayed size
distribution of 5.34
+ 0.71 nm (core of
about 4.9 nm and
shell thickness of
about 0.5 nm).

- Particle size of
final nanocatalyst
(TiO2-supported
Fe304@Au NPs)
was found to be
about 5.96 + 0.71
nm.

CO oxidation due to the
synergistic integration of Fe
and Au.

3.3.3. Functionalization of MNPs and use of Functionalized MNPs as
Catalysts

The functionalized MNPs can also be directly used as catalyst for
some of the reactions and has been given due coverage in the previous
surface modification section.

3.3.4. Direct one-pot synthesis of metal loaded MNPs

In this technique, the metal precursor as well as the key ingredients
required for preparation of MNPs are taken in one pot and reacted
together, leading to the in situ generation of MNPs and deposition of
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metal over the MNPs. An example illustrating this process was provided
by Park and co-workers who prepared hybrid nanocomposites of Cu-
doped Pd-Fe304 using a controlled thermal decomposition approach
[63]. For this, firstly sodium oleate (0.3 g) and 1-octadecene (ODE) (10
mL) were reacted in a three necked flask at 200 °C under Ar and
continuous stirring. To the same reaction vessel, PA(OAc),, oleylamine
and Fe(CO)s were added sequentially. Finally, Cu(acac); was added

Catalysis Communications 175 (2023) 106615

drop-wise into the resulting mixture and allowed to undergo heating at
240 °C (Scheme 2). Finally the product precipitated via the addition of
ethanol and hexane, and separated by centrifugation. The catalyst
proves its efficacy in the tandem synthesis of 2-phenylbenzofurans.
Another one pot procedure was reported for the fabrication of Pd/
Fe304/charcoal nanocatalyst using the combination of solid state
grinding and thermal decomposition [64]. The catalyst showed good

Table 3
Magnetic nanoparticles supported catalysts fabricated using covalent immobilization methodology.

SL Catalyst Structure of catalyst Preparative Method and Reaction Catalytic Activity and ~ Ref.

No Conditions Recyclability

1. Second-generation Commercially available MNP High activity for both ~ [54]
Hoveyda-Grubbs catalyst Y support was reacted with second self- and cross-
immobilized over MNPs generation Grubb's catalyst followed  metathesis of methyl
(MNPs were coated with by metallation with Ru catalyst. oleate (MO)
orthoisopropoxystyrene
ligands by covalent bonds)

2. Magnetically retrievable = Fe304 nanoparticles were prepared High efficiency for [55]
ruthenium-arene-PTA H using a co-precipitation method the hydration of
(RAPTA) complex ~ followed by coatinf of the MNPs with  nitriles and various

silica using a sol-gel approach. isomerization
Thereafter, silica coated MNPS were reactions in aqueous
cl functionalized with PTA media
g\\\ functionalized magnetic nanoferrites
R~ Cl and finally metallated with Ru
\ complex.
PH
©
o I
o, N
N
o N~

3. Pd-NHC catalyst ) Emulsion polymerization approach More than 97% of Pd-  [56]
immobilized on core/shell was utilized and methylimidazole iron oxide NPs could
super paramagnetic NPs cl—FPd was loaded onto the surface of core/  usually be recovered.

0 /\ shell NPs by reacting MNPs with 1- - An average isolation
(consisted of a highly ——O> i N N— methylimidazole in a refluxing yield of biphenyl
crystalline y-Fe;O3 core and ) toluene solution Then, Na,CO3 was product (82%).
a very thin polymeric shell 0 \—/ used as a base for deprotonation of
wall) the imidazolium group to generate
N-heterocyclic carbenes (NHCs) that
could form strong complex with Pd
catalyst.

4. Magnetic nanoparticle- PhaP. Me Triethoxysilyl-functionalized High catalytic [57]
supported (B-oxoiminato) NG/ palladium complex immobilized on activity (upto 95%
(phosphanyl) palladium o} Pd the surface of core-shell SiO,/Fe304 yield) and excellent
catalyst @ —‘O‘>i /\/\N/ \O in refluxing toluene recyclability upto 10

runs
\O
5. Nano-FeDOPA Cu (B-oxoiminato)(phosphanyl) Microwave [58]
bimetallic catalyst O palladium complex was immobilized  irradiation
NH on the surface of silica coated Fe304
@ o \C nanoparticles.
O u
N Hz/
O
6. MoO;, salpr-immobilized Covalent binding of a Schiff base Activity and [59]

silica-coated nanocatalyst.

ligand (N,N’-bis(3-
salicylidenaminopropyl)amine)
(salpr) onto the surface of silica-
encapsulated magnetite
nanoparticles (Si-MNPs)

selectivity remained
persistent upto two
catalytic runs

(continued on next page)
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Table 3 (continued)

SL Catalyst Structure of catalyst Preparative Method and Reaction
No Conditions

Catalytic Activity and ~ Ref.
Recyclability

7. Fe304/Si0-NHo-M Covalent anchoring of cobalt(II) or Good catalytic [60]
(M=Cu or Co). / copper(Il) acetylacetonate activity as evident
| complexes ([Co(acac),] or [Cu through high styrene
o) (o) (acac),]) onto core-shell structured conversion upto 90%
o \,M/ Fe304/Si0, previously and reusability upto
o——-Si/\/\N'/ \O functionalized with 3-aminopropyl- four runs
o - l triethoxysilane (APTES)
/
M = Co or Cu
8. Fe304 magnetic + Prepared by sonicating nanoferrites Excellent Yield [61]
nanoparticle-supported / \ j with dipyridine (which acts as a
gold dipyridine complex robust anchor and avoids Au(IIl)) in
— absolute MeOH, followed by
o /\/\ \ a addition of sodium tetrachloroaurate
@ o—si o /A“ o (II1) hydrate.
o / N
A\
9. Cu-BPy@Am-SiO,@Fe304 Am-SiO,@Fe304 nanoparticles were -Catalyst reusable [39b]
Core—Shell Nanocatalyst / \ reacted with BPy (4 mmol, 0.736 g) upto 8 catalytic
in ethanol for 10 h for the covalent cycles, and highly
immobilization. durable.
-Excellent TON (upto
400)
10. Fe304@SiO,-supported acetate-based butylimidazolium Exhibited conversion [62]

acetate-based
butylimidazolium ionic
liquid nanocatalyst

ionic liquid immobilized silica-
coated magnetic nanoparticles (IL-
OAc@FSMNP)

and selectivity
(>99%) in reaction of
aniline and its
derivatives with
ethylene carbonate to
form bioactive N-aryl
oxazolidin-2-ones

. Without NaOL

Controlled thermal

Fe(CO —
(CO)s decomposition and

reduction Pd-Fe;04
+ Nanocomposites
.
Pd(OAc), NaOL

Cu-doped Pd-Fe;0,
Hybrid Nanocatalyst

Scheme 2. Synthetic strategy for one-pot synthesis of Cu-doped Pd-Fe3;0,4 nanocomposites. Adopted from ref. [63]
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activity in the Suzuki Miyaura coupling of substituted aryl halides and
aryl boronic acids. For synthesizing the catalyst, firstly a mixture of Pd
(NO3)322H,0 and Fe(NO3)39H,0 were concurrently melt-infiltrated into
mesoporous charcoal by grinding well at r.t. and subsequent kept in
oven for a day at 50 °C. Next, the infiltrated salt was decomposed into Pd
and Fe304 nanoparticles via thermal decomposition at 400 °C under N»
atmosphere.

4. Application of MNPs in C—H functionalization/activation

In an attempt to achieve completely green and sustainable organic
transformations, over the past decades, there has been an explosive
growth in the use of superparamagnetic MNPs based catalysts. Inter-
estingly, these magnetically driven catalysts have shown remarkable
efficacy in leveraging C—H functionalization/activation reactions
owing to advantages of ready recovery facilitated by their super-
paramagnetic properties, good recyclability, high yield and selectivity,
etc. [46,5b,65]. The size and shape of the NPs have been found to play a
significant role in influencing the efficacy, selectivity and reusability of
these catalysts. As expected, smaller NPs enhance the reactivity and
selectivity due to larger surface area to volume ratio, while the shapes of
the nanocatalysts favour the formation of catalytic active sites in specific
surface planes. In addition to this, the choice of the MNP support also
affects the catalytic performance via interaction with the other compo-
nents decorated on the surface of the MNPs. Careful manipulation of
these governing factors has permitted the design and development of
superior magnetic nanocatalysts for gaining a ready access to important
heterocyclic motifs, many of which form the core of marketed drug
molecules via the effective exploitation of C—H functionalization/acti-
vation strategy. This section of the review enlightens the readers about
the seminal studies focusing on synthesis of the magnetically retrievable
nanocatalysts employed for boosting a wide set of C—H functionaliza-
tion/activation reactions including C—H arylation, cyanation, alkyl-
ation, multicomponent reactions (MCRs) etc.

4.1. Direct C—H arylation of heteroarenes

Heterocyclic compounds constitute the largest and one of the most
vital classes of organic compounds used in many biological fields due to
their importance in the treatment of multiple illnesses and industries
[66,67]. They play a crucial role in almost all the fields of science such as
medicinal chemistry, biochemistry and synthetic chemistry, and are
widely distributed in natural products, biomolecules and other bioactive
molecules. Considering their multifaceted uses, pharmacists and organic
chemists have been devoting extensive efforts toward the construction
and functionalization of heterocyclic molecules using versatile, atom-
and step-economical efficient synthetic strategies.

Imidazo[1,2-a]pyridine scaffold is of high significance as it is widely
distributed in natural products, pharmaceuticals and an integral part of
many marketed drugs. Molecules bearing imidazo[1,2-a]pyridine moi-
ety display fascinating biological properties [68] and therefore contin-
uous efforts have been directed towards the synthesis of C-2 and C-3
functionalized imidazo[1,2-a]pyridine [69]. In order to develop a
greener approach for the direct C-3 C—H functionalization of imidazo
[1,2-alpyridine, Lee et al. designed a magnetically recoverable Pd-Fe304
bimetallic heterodimer nanocatalyst [70]. A two-step thermal decom-
position method was used to prepare Pd-Fe3O4 bimetallic nanocatalyst
by adding solid Pd(acac), and solid Fe(acac)s to a solution of oleylamine
and oleic acid. The synthesized nanoparticles were found to have 1:1
hybrid bimetallic system composed of a single Pd nanosphere with
diameter of ~6 nm and a faceted FesO4 nanocrystal of ~30 nm in
dimension. The application of this bimetallic hybrid nanocatalyst was
investigated in the C—H arylation of imidazo[1,2-a]pyridine using wide
range of aryl bromides. Aryl bromides bearing various functional groups
such as CN, CHO, COMe, Cl, Me, OMe participated well in the reaction to
give exclusively C-3 arylated product in moderate to excellent (42-95%)

Catalysis Communications 175 (2023) 106615

yield (Scheme 3). Electron rich aryl bromides provided inferior product
yields in comparison of electron poor aryl bromides. However, the po-
sitions of substituents had no significant effect on the reaction outcomes,
as comparable yields were obtained with para- and meta-substituted aryl
bromides. Hindered aryl bromides such as 1- and 2-bromonaphthalenes,
9-bromoanthracene were also suitable for this reaction, endowing 70%,
75% and 58% product yield, respectively. Wondrously, the catalyst
could be recovered readily with the aid of an external magnet and reused
for 10 consecutive catalytic runs.

Moghaddam et al. prepared three different mixed metal oxide ferrite
nanoparticles viz. NiFe;O4, CuFe;O4 and CoFeyO4 catalysts using co-
precipitation method and compared their catalytic activity towards
a-arylation of oxindoles with aryl halides [71]. The efficiency of these
catalysts was exploited by studying the scope of reactions between
various differently substituted aryl halides (iodo-, bromo- and chloro-
benzenes) and oxindole derivatives (Scheme 4). The reaction showed
good functional group tolerance in case of aryl halides by furnishing
monoarylated oxindole derivatives in high yield with good selectivity.
Similarly, the scope of several N-substituted oxindole (N-methyl, N-
ethyl, N-phenyl, N-benzyl etc.) was also investigated in presence of these
mixed metal oxide ferrite nanoparticles. Excellent product yields were
obtained in short reaction time. Although, nickel and copper ferrite
nanoparticles (NiFe,O4 and CuFe;04) displayed comparable yield and
selectivity towards monoarylated oxindole. However, in case of cobalt
ferrite nanoparticles (CoFe;O4) an increase in the probability of for-
mation of diarylated oxindoles were seen. To investigate the reusability
of catalysts, reactions were carried out between bromobenzene and N-
methyloxindole and deterioration in the catalytic efficacy of NiFesO4
and CuFe;04 NPs was found however, the catalytic activity of CoFexO4
decreased after the fifth run.

Moving a step further, Frank Glorius and his team impregnated
copper on magnetite to develop a reusable nanocatalyst (CuO/Fe304)
for the direct C—H arylation of heteroarenes such as thiophenes, in-
doles, benzofurans, etc. under mild reaction conditions [72]. The cata-
lyst was prepared by stirring the alkaline mixture of CuCly and Fe3gO4 at
room temperature for 24 h. Initially, the applicability of this catalyst was
examined for the scope of heteroarenes. It was found that electron-rich
as well as electron poor thiophenes provided good reaction outcomes
and 2-substituted thiophene resulted in regioselective C-5 arylation. 2,3-
Dimethulfuran gave the corresponding C-2 aryl product in low yield
with high regioselectivity (C5/C4> 99:1). Unprotected indole and N-
methylindole also reacted with high selectivity delivering the good
product yields. Afterwards, the scope of diaryliodonium salt was
exploited. Experimental results revealed that electronically diverse
diaryliodonium salt could react efficiently resulting in good to excellent
yields of arylated products (Scheme 5). The catalyst could be recovered
easily using a magnet and no loss in catalytic activity was seen even after
five consecutive runs.

Shariatipour et al. fabricated a modified magnetic reduced graphene
oxide supported palladium catalyst (MRGO@DAP-AO-Pd™) by a multi-
step approach and reported its applicability in selective C-5 arylation of

Ar
_ Cat.Pd-Fe30,4 P
N N
C@ © ar_p _ NaOAc,DMA :\g
X N 166 °C, 12h XN
11 examples

42-95% yield

Ar = 4-CNPh, 4-CHOPh, 4-COMePh. 4-CIPh,
4-MePh, 4-OMe, 3-CNPh, 3-CHOPA,
a-naphthyl, B-naphthyl, anthracenyl

Scheme 3. Pd-Fe;O, catalyzed selective C-3 arylation of imidazo[1,2-
a]pyridine.
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Ar Ar
R2 MFe;0, (5 mol%) R2 R? Ar
mo T oy 1,4-d|0Xane . 0 + O
N K,CO3, 70 °C N N
R1 R1 R1
Ar= Ph, 4-CHsPh, 4-OCHzPh, 4-CNPH, 4-CHOPh, | xamples M = Ni; traces yield

4-CH3COPh, Naphthyl
X=Cl,Br, |
R' = Me, Et, Ph, CH,Ph
R2=H, Me, OMe

M = Ni; 86-95% yield
M = Co; 82-95% yield
M = Cu; 86-95% yield

M = Co; traces-10% vyield
M = Cu; races-5% yield

Scheme 4. Mixed metal oxide ferrite nanoparticles catalyzed a-arylation of oxindoles.

imidazoles using alkaline deep eutectic solvent (potassium carbonate in
glycerol) under aerobic conditions [73]. During the preparation of
catalyst, initially magnetic reduced graphene oxide (MRGO) was formed
through in situ preparation of ferrite (Fe304) nanoparticles on the sur-
face of graphene oxide (GO) by chemical co-precipitation process fol-
lowed by subsequent reduction using 80% hydrazine hydrate. Then the
modification of MRGO was carried out to prepare MRGO@DAP by
treating MRGO with (3-chloropropyl)trimethoxysilane (CPTMS) and
subsequent reaction with 2,6-diaminopyridine (DAP). Next, MRGO@-
DAP was functionalized with 2-chloroacetonitrile to afford cyanomethyl
group which then converted into amidoxime to get MRGO@DAP-AO.
Lastly, MRGO@DAP-AO was treated with Pd(CH3CN),Cl, to accom-
plish MRGO@DAP-AO-PA" catalyst (Scheme 6a). The scope of the
catalyst was explored in C-5 arylation of the imidazole using 0.3 mol% of
MRGO@DAP-AO-Pd" and it was found that the reaction proceeds
smoothly to give good product yields. Aryl bromides either having
electron-releasing (OMe, Me) groups or electron-donating (CHO,
COsMe, F) groups resulted in better product yields. Sterically hindered
a—naphthylbromide and heteroaryl bromide such as 2-brompyridine
also afforded the desired products in good yields (Scheme 6b). The
recyclability test of catalyst revealed that it could be reused seven times
with no adequate loss in its catalytic activity, however drastic loss of
product yield was seen in 8™ run. The supremacy of MRGO@DAP-AO-Pd
(ID) catalyst was checked with previously reported catalysts in C—H
arylation of 1,2-dimethylimidazole using 4-bromobenzaldehdye
(Table 4). This catalyst was found to be more efficient in terms of low
reaction time, good yield and reusability.

Likewise, Wang and co-workers used the Click chemistry concept to
prepare a highly efficient and magnetically recoverable catalyst which
involved the immobilization of 1,2,3-triazole-Pd" complex on Fe3O4

magnetic nanoparticles that was subsequently utilized for the C-2 ary-
lation of indoles using arylboronic acid [74]. The preparation of catalyst
was done in a stepwise manner starting with the incorporation of thin
layer of silica over Fe3O4 to synthesize Fe304@SiOy nanoparticles via
sol-gel method. The Fe304@SiO; NPs were functionalized under
refluxing conditions with (4-(azidomethyl)phenethyl)trimethoxysilane
to introduce azide group on its surface. Afterwards, Click reaction was
carried out between azide functionalized magnetic core-shell and phe-
nylacetylene to generate triazole loaded MNPs. Finally, triazole func-
tionalized MNPs were metallated using Pd(OAc), solution (Scheme 7a).
The efficacy of developed catalyst was examined in the C-2 arylation
indoles with arylboronic acids. Both the substrates indoles and aryl-
boronic acids reacted well in presence of Fe304@SiO, immobilized
palladium catalyst to provide the corresponding products in good yields.
Indoles containing electron-withdrawing groups such as F, CN, CO,Me
afforded slightly lower product yields in comparison to the ones con-
taining electron-releasing Me and OMe groups. However, presence of
electron-releasing groups (Me, OMe, t-Bu, biphenyl) and electron-
withdrawing groups (F, Cl, CN, CO;Me) on arylboronic acid had no
considerable effect on product yield (Scheme 7b). Steric effect was seen
in case of ortho-, meta- and para-methoxy phenylboronic acid which
resulted in 65%, 82% and 71% yield of respective products. While
examining the scope of recovery and reusability of the catalyst, it was
found that the catalyst could be recycled and reused for 8 times without
any substantial loss in its catalytic activity and product yield.

4.2. Cyanation of amines

The bifunctional a-aminonitrile compounds constitute a versatile
class of intermediates used for the synthesis of several important organic

CUO/Fe304 NPs

(5.6 mol%)

R--- D +  AnRlY
Sy o7 TX
X =S, O, NH, NMe
Y = BF,, OTf, (TRIP)BF,

X
< IS
CH2C|2 \\:/ - X

50 to 70 °C, 22h

29 example
33-87% yield

X = 8 (thiophene); R = 2-Bu, 2-(4-OMe)Ph, 2-Me,
2-CH,CH,0Ac, 2-CH,CO,Me, 3-OMe, 2-COPh,

X= 0O (furan); R = 2-Bu, 2,3-Me

X = NMe (N-methylindole); R = H, 5-thiophenyl, 5-OMe, 5-I

X = NH (indole); R = H, 5-OBn, 3-Me

X = O (benzofuran); R = H, 2-Bu

Ar = Ph, 4-MePh, 4-OMePh, 4-FPh, 4-BrPh, 4-NO,Ph,

3-MePh, 1-naphthyl

Scheme 5. CuO/Fe304 NPs catalyzed arylation of thiophene, furan and indoles.
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16 examples
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Ar = Ph, 4-CHOPh, 4-COOMePh, 4-FPh,
4-OMePh, 4-MePh, 2-OMePh, 2-NH,Ph,
pyridinyl, a-naphthyl

Scheme 6. (a) Preparation of MRGO@DAP-AO-PA(II) catalyst; (b) C-5 arylation of imidazole using MRGO@DAP-AO-Pd(II). Adopted from ref. [73]

Table 4

Comparison of catalytic activity of MRGO@DAP-AO-Pd(II) with some literature reports for C—H arylation.
S. Catalyst (mol%) Solvent Base Temperature Time Yield
No. °0) (h) (%)
1 Pd(OAc); (0.5-0.1 mol%) DMA KOAc 150 17 77
2 Bis(imino)acenaphthene (BIAN)-supportedPd-PEPPSI (0.5-0.1 mol %), PivOH (30 mol % DMA K,CO3 130 12 99
3 Pd-PEPPSI-IPr (1 mol %), PivOH(30 mol %) DMA K5CO3 130 12 98
4 Palladium(II) Complexes of N-Heterocyclic Carbene Amidates Derived from Chalcogenated Acetamide- =~ DMA KoCO; 110 20 71

Functionalized 1H-Benzimidazolium Salts (0.5 mol %), PivOH (30 mol %)
5 Pd@PPy (0.5 mol %) DMA KOAc 150 17 93
6 Pd(OAc); (5 mol %), P(2-furyl)s (10 mol %) DMF K2COs3 110 24 80
7 Pd(OAc)2(5 mol%) PPh3(10 mol %) DMF K2COs3 140 48 93
8 MRGO@DAP- AO-Pd" (0.3mol %) K,CO3/ - 130 17 95
glycerol

molecules such as carbonyl compounds, a-amino acids, diamines, nat-
ural products and alkaloids, etc. [75]. Therefore, several synthetic
strategies have been developed for the synthesis of these a-aminonitrile
derivatives using stoichiometric amount of reagents [76] and lately
transition-metal-catalyzed via C—H activation has also been profitably
exploited for accomplishing these types of compounds [77]. To over-
come the limitations of these methods which include increased waste
generation, use of expensive and toxic metals, difficulty in recycling of
catalysts, etc. Varma and co-workers in 2015, synthesized an iron based

10

magnetically retrievable magnetic graphite carbon nitride (Fe@y-C3Ny4)
catalyst for a-cyanation of secondary and tertiary amines via C—H
activation using sodium cyanide as effective source of cyano group and
H0, as oxidant [78]. The synthesis of Fe@y-C3N4 catalyst started with
the preparation of graphitic carbon nitride (y- C3N4) by calcination of
urea, then dispersing in a 10% aqueous solution of PEG-400 followed by
further stirring with FeSO47H20 solution. Finally, iron sulfate was
reduced to magnetic ferrites using NaBHy as the reducing agent (Scheme
8a). Synthetic applicability of Fe@y-C3N4 was explored in selective
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Scheme 7. (a) Preparation of SiOy@Fe304-triazole-Pd nanocatalyst; (b) SiO;@Fe304-triazole-Pd catalysed C-2 C—H functionalization of indoles using boric acid.

a-cyanation of amines. Applied amines (secondary and tertiary) reacted
adequately to deliver the respective a-amino nitriles in good to excellent
yields. Electronic behaviour of substituents present on amines display a
crucial role in altering the reaction outcome, as the electron-releasing
group (Me) provided slightly higher yield in comparison to electron-
withdrawing groups (Br, NO2) (Scheme 8b). The prepared catalyst
could be recovered from the reaction mixture with the help of an
external magnetic force and recycled for five times without any loss in its
activity. The plausible reaction mechanism for this transformation is
depicted in scheme 8c. The mechanism shows that the reaction proceeds
through the formation of a reactive oxo-iron(IV) species which leads the
formation of iminium ion upon reaction with tertiary amine. The imi-
nium intermediate finally provided the a-aminonitrile product on re-
action with in-situ generated HCN.

In the same year Panwar et al. developed PEG functionalized mag-
netic (PEG@Fe304) based nanocatalyst for the cyanation of tertiary
amines using NaCN as source of cyanide group and H05 as the oxidant
[65]. The catalyst (PEG@Fe304) was prepared in three steps: firstly,
Fe304 nanoparticles were prepared using co-precipitation method by
adding a mixture of acidic solution of Fe?", Fe>* in a weak alkaline
solution of NH4OH. In the second step, prepared ferrite (Fe304) nano-
particles were functionalized with succinic acid and then finally
PEG@Fe304 nanocatalyst was obtained by treating succinic acid modi-
fied ferrite nanoparticles with polyethylene glycol (PEG3qo) in presence
of N-(3-dimethylaminopropyl)-N-ethylcarbodiimidehydrochloride
(EDC) and an ion-exchanger (Indion 130) (Scheme 9a).

The efficacy of the catalyst was explored in the selective oxidative
cyanation of tertiary amines that involved the C—H activation
approach. The amines bearing both electron-releasing groups as well as
electron-withdrawing groups could be selectively converted into corre-
sponding cyanation products in good to excellent yields in the presence
of PEG@Fe304 as the catalyst. Cyclic amines such as tetrahy-
droisoquinolines and piperidine also afforded the targeted products in
good yields, however aliphatic amines could not furnish fruitful results
(Scheme 9b). The recyclability of this catalyst was explored in the
cyanation of N,N-dimethylaniline; the nanocatalyst could be recovered
after completion of reaction using an external magnetic and recycled six

11

times without significant deactivation.

4.3. Alkynylation of aryl halides

Alkynes are known as versatile key building units in organic syn-
thesis as they work as efficient pharmaceuticals, agrochemicals, poly-
mers, feedstock commodity chemicals and material science [79]. Since
the last few years, alkynylation of aryl halides have gained wider
attention as Ar-X serves as a great substrate to produce a variety of
products with acetylenic moiety which finds extensive application in
industries. In this regard, a lot of studies have been conducted to explore
the substrate scope of aryl halides towards alkynylation [80,81]. Within
this context, Liu et al. reported iron-copper co-catalysis, i.e. the use of
[Cu(acac),] (acac = acetylacetonate) catalyst along with Fe,Og3 to yield
the desired heterocyclic alkyne derivatives in good to excellent yields
(Scheme 10) [82]. A broad range of substrates (aliphatic alkynes,
substituted aryl alkynes, heterocyclic alkynes, and aryl or heterocyclic
aryl iodides) effectively participated in this process to afford the tar-
geted products under the optimized reaction conditions. Further, the
developed protocol was highly efficient, cost-effective, environment
friendly, displayed good versatility and practibility to create the C(sp)-C
(sp?) bond for the coupling of terminal alkynes with aryl iodides.

Panda et al. reported a heterogeneous magnetic catalytic system
without ligand for the reaction between terminal alkynes and aryl ha-
lides. The system contained Fe304 and various MFe504 type substituted
ferrite nanoparticles where, M could be Cu (II), Co (II) & Ni (I).
Amongst all the tested materials, CuFe;O4 nanoparticles were found to
catalyze the alkynylation of aryl halides with 70% yield at 110 °Cin 1,4-
dioxane and Cs3COs3 (Scheme 11). The synergistic effects of Cu and Fe in
CoFey04 nanoparticles played a key role towards enhancing the overall
catalytic performance in the alkynylation reaction. Moreover, the
magnetic characteristics of cobalt ferrite nanoparticles not only facili-
tated their easy and expedient separation but also permitted quantita-
tive catalyst recovery as negligible leaching of Cu and Fe was observed
[83].

Firouzabadi et al. [84] reported the use of superparamagnetic
nanoparticles, magnetite (Fe3O4) (<30 nm) as an efficient catalyst for C-
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Scheme 8. (a) Preparation of magnetic graphitic carbon nitride-nano-ferrite; (b) a-cyanation of secondary and tertiary amines using magnetic graphitic carbon

nitride-nano-ferrite; (c) Plausible reaction mechanism. Adopted from ref. [78]

C bond formation via ligand free Sonogashira-Hagihara reaction using
K2COs3 as a base and ethylene glycol (EG) as a solvent (Scheme 12). By
taking phenylacetylene and 4-iodotoluene as representative substrates,
authors studied different ratios of Pd and Cu impurities along with Fe304
nanocatalyst as catalytic entities for the cross-coupling reaction. A
change in amount of Pd and Cu impurities in absence of catalyst to the
reaction mixture, did not considerably affect the product yield. The
addition of Pd resulted in 35-42% desired product while, the extra
amount of Cu resulted 10-12% yield only, thereby signifying the crucial
role of magnetite nanoparticles. Further, a broad range of substituted
aryl iodides and activated heteroaryl bromides efficiently reacted with
substituted alkynes under the optimized reaction parameters to furnish
the anticipated arylalkynes in good to excellent yields.

Gholinejad et al. [85] synthesized Pd@bisindole@SiO>@Fe304
catalyst (Scheme 13a) and utilized it for catalysing a reaction between
aryl halides and terminal alkynes (Scheme 13b). The presence of uni-
form and small sized Pd NPs possessing size 2 nm was revealed through
the high resolution transmission electron microscopy (HTEM) images
(Fig. 3). The reactants i.e. aryl halides and terminal alkynes were taken
in an equivalent molar ratio of 1.0 to 1.5 respectively; along with 0.18
mmol/ 20 mg of Pd@bisindole@SiO,@Fe304, DABCO and 2 mL DMA.
The resulting mixture was stirred at 60 °C (in case of aryl bromides and
aryl iodides) or 120 °C (in case of aryl chlorides along with 1 mmol

TBAB). Pd@bisindole@SiO2@Fe304 was found to catalyse the alkyny-
lation of diverse aryl halides under air, copper and phosphane free
environment with high turnover numbers and reproducibility, i.e.
showing recyclability upto seven cycles with negligible decrease in
catalytic efficiency. Further, the developed Pd@bisindole@SiO;@Fe304
was also explored for large scale industrial applicability and it was
observed that it could be scaled upto 10 mmol under the optimized re-
action conditions.

In another report, magnetic nanoparticles supported palladium
'catalyst i.e. CPS-MNPs-NNN-Pd [86] was fabricated (Scheme 14a) and
applied in the Sonogashira coupling reaction for the alkynylation of aryl
halide with phenylacetylene.

A step by step assembly strategy was employed to synthesize the
desired catalyst wherein Fe3O4 nanoparticles prepared via co-
precipitation route were coated with silica and further functionalized
with (3-chloropropyl)-trimethoxysilane (CPTMS) to render chloro-
functionalized magnetic nanoparticles (CPS-MNPs). Simultaneously,
NNN Schiff base ligand was synthesized which underwent substitution
reaction with CPS-MNPs to form CPS-MNPs-NNN ligand. Finally palla-
dium species were immobilized onto CPS-MNPs-NNN to produce the
anticipated CPS-MNPs-NNN-Pd nanocatalyst. Microscopy techniques
revealed the presence of palladium in the range of 8-15 nm in the
catalyst. The Sonogashira coupling was also explored using various aryl
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Scheme 9. (a) Synthesis of PEGylated magnetic nanoparticles (PEG@Fe30,) catalyst; (b) PEG@Fe304 catalysed cyanation of tertiary amines.

halides with phenylacetylenes and desired diarylethyneproducts were
obtained in good to excellent yields (Scheme 14b).

Comparative account of some reported Pd catalysts with proposed
CPS-MNPs-NNN-Pd catalyst for Heck coupling reaction of iodobenzene
with n-butyl acrylate has been summarized in Table 5. The CPS-MNPs- Fe304/Si05/P(GMA-co-EGDMA)  composite
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NNN-Pd has more efficiency than the other Pd catalyst in terms of
time, percent yield and reaction conditions.

On similar grounds, Zhang et al. demonstrated the applicability of Pd
NPs supported on branched/linear polyethylenimine-grafted magnetic

(Scheme 15a) for
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Scheme 10. Cu-Fe catalysed alkynylation of aryl iodides with terminal alkynes
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Scheme 11. CuFe,O4 catalysed alkynylation of aryl halides with termi-
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Scheme 12. Alkynylation of aryl halide via nano Fe3O4.

alkynylation of aryl halides with aryl acetylenes (Scheme 15b) [87]. A
series of aryl halides such as iodobenzene, bromobenzene, chloroben-
zene, 4-chloroacetophenone, 4-nitrochlorobenzene and 4-chlorotoluene
effectively cross coupled with phenylacetylene, 3-aminophenylacety-
lene and 4-(ethynyl)phthalic anhydride to generate desired products
in excellent yields. The observed product yields revealed high activity of
iodobenzene in comparison to bromobenzene followed by chloroben-
zene. High stability, superior catalytic performance (inhibiting forma-
tion of 1,3-diyne as by-product), magnetic retrievability, good
recyclability for eight runs without any significant loss in its catalytic
efficiency were some of the additional noteworthy attributes of the
developed nanocomposite. The mechanism for Fe304,5102/P(GMA-co-
EGDMA)-PEI-Pd (0) catalysed Sonogashira reaction is depicted in
Scheme 15c. The superiority of catalyst lies in zero valent Pd to escape
unnecessary addition of Cul as co-catalyst and hence formation of 1, 3-
diyne as by-product can be significantly averted to a considerable
extent.

Phan et al. reported the synthesis of CoFe;O4 NPs [88] through a
microemulsion approach and functionalized it further with 2-acetyl
pyridine to generate immobilized Schiff base bidentate ligand which
then underwent complexation with palladium (Scheme 16a). The cata-
lytic efficacy of resulting nanomaterial was investigated in the alkyny-
lation of aryl halides and phenylacetylene in presence of Cul as the co-
catalyst, K3sPO4 as the base and DMF as the solvent. Experimental re-
sults revealed that electron withdrawing functionalities on aryl halides
favored the Sonogashira coupling reaction and furnished the targeted
moieties in high yields as compared to the electron donating function-
alities that rather slowed down the rate of coupling reaction (Scheme
16b). Besides, the prepared nanocatalyst could be reused and recovered
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for at least 10 cycles without showing any significant reduction in its
catalytic efficiency.

Ali Elhampour et al. synthesized tetrazole functionalized palladium
catalyst supported on magnetic nanoparticle (Fe304@SiO2-T/Pd)
through a (2+3) cycloaddition pathway (Scheme 17a) and successfully
evaluated its catalytic activity for alkynylation of aryl halides in the
presence of EtsN and DMF at 120 °C [89]. It was found that substituted
phenylacetylenes and aliphatic alkynes successfully underwent reaction
with halobenzenes (iodo-, bromo- and chloro-benzene) to afford corre-
sponding products in remarkable yields (Scheme 17b). Further, the
palladium based catalyst being magnetic in nature permitted easy re-
covery and reusability of palladium thereby eliminating the chances of
palladium contamination of the isolated product.

The dominance of present protocol in comparison to other literature
reports can be seen in Table 6. This Fe304@SiO2-T/Pd catalyst is su-
perior being reusable, lesser time to synthesize the target entity and
easily separable.

Likewise, another research group reported the fabrication of a Schiff
base complex of Pd (II) supported on Fe304@SiO; nanoparticles
(Scheme 18a) and subsequently utilized it in the copper and phosphine
ligand free coupling of aryl halides with phenylacetylene [90]. In
addition to Pd** complex of Fe304@Si04/Schiff base, various complex
of metal ions such as Fe?*, Ni**, Cu®*, Co®*, Cd**, Mn?" and Zn?* were
synthesized and their potential was tested in the coupling of iodo-
benzene with pehnylacetylene (Scheme 18b). It was concluded that
though metal complexes of iron, copper, nickel and cobalt displayed
promising activity, but it was the palladium catalyst which exhibited
highest catalytic activity in the concerned coupling reaction. Additional
notable advantages of the designed protocol included true heteroge-
neous nature of the catalyst, excellent yield of products, facile catalyst
separation using external magnet, easy work up, shorter reaction times
and reusability up to six cycles.

Sobhani et al. reported the synthesis and application of Pd-BIP-
v-Feo03@8Si0; (a Pd complex of bis(imino)pyridine as an NNN pincer
ligand supported on y-Fe;O3@SiO2 magnetic nanoparticles) (Scheme
19a) towards alkynylation of aryl halides which generated the targeted
products in good yields (71-96%) (Scheme 19b) [91]. The heteroge-
neous nature of the Pd nanocatalyst was further affirmed through the
hot filtration test which demonstrated that the Pd-BIP-y-Fe,O3@SiO>
could be reused for ten consecutive runs without showing any appre-
ciable reduction in its catalytic activity, thus making it an attractive
potential material for large scale coupling reactions in industrial
settings.

Owing to the noteworthy catalytic activities and great significance
for transformation of aryl halides for alkynylated products, it can be
concluded that magnetic nanoparticles are highly valuable for organic
synthesis especially when recovery is concerned. However, still broader
applicability based catalytic systems which provide better yields with
aryl chloride as a substrate are needed to be explored as greener, low
cost and environmentally benign tools.

4.4. Synthesis of carbamates via C—H activation of formamides

Organic carbamates are highly significant structural elements of
many marketed drugs used for the treatment of various diseases such as
asthma, AIDS, seizures, arrhythmias, etc. [92]. Therefore, several
traditional methods have been developed for the construction of
carbamate skeleton of bioactive molecules using toxic starting materials
which includes chloroformate, isocyanates, and phosgene [93]. Other
methods have also been developed to overcome the issues associated
with previously used toxic reaction substrates, which include cross
coupling reactions using transition metals [94], carbonylation of amines
[95], use of COy [96], rearrangement reactions [97]. In 2015 Sharma
et al. disclosed a method for the synthesis of organic carbamates via C—H
activation of formamides under solvent free conditions using magneti-
cally retrievable Cu-2QC@Am-SiOo@Fe304 catalyst [6a]. The
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Scheme 13. (a) Synthesis of Pd@bisindole@SiO>@Fe304; (b) Alkynylation of aryl halide via Pd@bisindole@SiO,@Fe304.

Fig. 3. HTEM images of Pd@bisindole@SiO,@Fe304. Adopted from ref [85]

preparation of nanocatalyst initiated with the synthesis of ferrite (Fe304) to obtained amine functionalized silica coated magnetite (Am-SiO»@-
nanoparticles using co-precipitation method followed by sol-gel encap- Fe304) nanoparticles. Finally Cu-2QC@Am-SiO,@Fe304 catalyst was
sulation of Fe3O4 over silica to achieve SiO;@Fe304 and then treated prepared through the immobilization of quinoline-2-carboimine on
with APTES to introduce amine groups over the surface of SiO;@Fe304 amine functionalized silica coated magnetite nanoparticles and
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Scheme 14. (a) Preparation of CPS-MNPs-NNN-Pd catalyst; (b) Sonogashira coupling reaction for the alkynylation of aryl halide with phenylacetylene. Adopted

from ref. [86]

subsequent treatment with copper acetate (Scheme 20a). The catalytic
activities of the developed nanocatalysts were evaluated in the reaction
between p-ketoesters/ortho-carbonyl substituted phenols and formam-
ides to synthesize carbamates via C—H activation of formamides
(Scheme 20b). All the substrates reacted effectively to give the desired
carbamates with good to excellent conversion percentages and very high
turnover numbers (TONs). The recyclability test of the catalyst was done
in the phenol carbamate synthesis and observed that the catalyst can be
reused eight times without any appropriate loss in its activity. A plau-
sible free radical mechanism for the synthesis of targeted carbamates
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was proposed as shown in scheme 20c, which was also ascertained by
the addition of a radical scavenger (TEMPO).

The effectiveness of the present methodology was established by
comparing the results obtained with those of the previously reported
protocols. The Cu-2QC@Am-SiO,@Fe304 nanocatalyst showed prom-
ising results in terms of product yield and reaction time in comparison to
the literature precedents (Table 7).
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Table 5
Comparison of CPS-MNPs-NNN-Pd catalyst with other reported catalysts for the
coupling reaction of iodobenzene and n-butyl acrylate.

S. Catalyst Reaction Time Yield® TON" TOF*
No. conditions (h) (%) (™M
1 CPS-MNPs- K2CO3, HyO/ 0.4 95 190 475
NNN-Pd DMF, 90° C, 0.5
mol% Pd
2 Pd-dendr BusN, THF, 60 24 96 48 2
°C, 2 mol% Pd
3 PdCl, K5CO3, H50O, 80- 8 92 61.3 7.7
100 °C, 1.5 mol
% Pd
4 Tetraimine K2CO3, H30, 90 1 94 235 235
Pd(0) °C, 0.4 mol% Pd
5  Pd/Fe;04 K2COs, NMP, 5 99 198 4
130 °C, 5 mol%
Pd
6 TiO,@Pd Et3N, DMF, 140 10 92 92 9.2
NPs °C, 1 mol% Pd
7 Pd-SiO, Et3N, MeCN, 130 3 97 48.5 16
°C, 2 mol% Pd
8 Pd-SMTU- Na,COs, PEG, 0.3 97 37.9 114.8
boehmite 120 °C, 2.56 mol
% Pd
9 Pd-Zn Fe,04 EtsN, DMF, 120 3 920 19.5 6.5

MNP °C, 4.62 mol%

Pd

2 Isolated yield.
> TON = mol product per mol cat.
¢ TOF = (mol product per mol cat) per h.

4.5. Multicomponent reactions for propargylamines synthesis

Propargylamines belong to a highly substantial class of organic
compounds and have versatile applications in several fields of chemis-
try. Due to unique structure of propargylamines because of the presence
of amine group in p-position of alkyne bond, they haveenzy been
extensively used as synthetic precursors for the production of important
pharmaceutically active organic molecules, natural products and drugs.
Therefore significant advancements have been made in past several
years in the synthesis of propargylamines using transition metal cata-
lysts, biocatalysts and also using metal-free conditions [98].

In 2013 Huo et al. reported a three-component coupling reaction for
the synthesis of propargylic amines using magnetically separable
graphene-ferrite (graphene@Fe304) nanoparticles as catalyst [99]. The
magnetite nanocatalyst (graphene@Fe304) was prepared by carrying
out the thermal decomposition reaction of Fe(CO)s in a graphene oxide
(GO) dispersion system. The effectiveness of the catalyst was explored in
A3 coupling reaction between various aldehydes, amines and alkynes for
the synthesis of propargylic amines. All used aliphatic aldehydes
smoothly participated in coupling reactions affording the high yield of
the desired products. Unfortunately, in case of aromatic aldehyde
(benzaldehyde), only traces of product could be observed by NMR.
Several cyclic dialkylamines and phenylacetylenes were also coupled
effectively to give the respective propargylamines in good yields
(Scheme 21). The recyclability test of catalyst revealed that the catalyst
can be reused 8 times without substantial loss of catalytic activity.

Nguyen et al. synthesized superparamagnetic CuFe;04 nanoparticles
for the aldehyde free synthesis of propargylic amines through sequential
methylation and C—H activation approach [100]. CuFeyO4 nano-
particles were prepared by stirring a mixture of CuCl,.2H20 and Fe
(acac)s in triethylene glycol at room temperature for 60 min followed by
ultrasonication and subjected to stirring for another 30 min. Finally,
after heating the obtained dark red mixture at 270 °C for 8 h desirable
superparamagnetic CuFe;O4 nanoparticles were formed. Then the cat-
alytic performance of CuFe;O4 nanoparticles was tested through a
sequential methylation and C-C coupling reaction between N-
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methylanilines and phenylacetylenes in TBHP (tert-butyl hydroperox-
ide). Good yields of propargylic amines were obtained by treating
substituted phenylacetylenes with N-methylaniline derivatives (Scheme
22a). Electron-releasing groups such as Me, OMe were well tolerated on
phenylacetylene. N-methylaniline bearing electron-withdrawing group
Cl provided highest product yield. The recovery and reusability test for
superparamagnetic CuFepO4 nanoparticles suggested that it can be
reused several times without any significant decrease in catalytic ac-
tivity. The proposed mechanism for this tranfomation is given in Scheme
22b. Oxidant TBHP in presence of copper catalyst produced a tert-butyl
radical which on decomposition in unimolecular fashion generated
methyl radical. Methyl radical on raction with N-methylaniline over Cu-
catalyst delivered N,N-dimethylaniline or an iminium in presence of
TBHP oxidant. Finally, the nucleophilic attack of phenylacetylide to
iminium reseulted the desired product.

In 2015 Tajbaksh et al. reported the magnetite supported 2,2’-bii-
midazole complex of metal ions (Cu(I), Cu(Il), Ni(II), Co(II))
(MNP@BiimM) as catalysts for the synthesis of propargylic amines by
three-component coupling between aldehyde, amine and alkyne in
water [101]. Authors prepared the nanocatalyst by a multi-step
approach; initially magnetite (Fe3O4) nanoparticles were prepared by
co-precipitation method and then coated with layer of silica (SiO2) to
form Fe304@SiO, nanoparticles. Afterwards, Fe304@SiOy (MNP)
nanoparticles were functionalized by CPTES (3-(chloropropyDtriethox-
ysilane) to prepare CPTES coated MNPs, which then reacted with bii-
midazole and subsequently with metal salts to furnish magnetically
separable MNP@BiimM nanoparticle catalyst (Scheme 23a). Finally, the
catalyst was used in A coupling reaction of aldehydes (aromatic,
aliphatic and heterocyclic), amines and phenylacetylene, and corre-
sponding propargyl amines were obtained in good to excellent yields
(Scheme 23b). The recoverability test suggested that catalysts could be
easily separated with the help of external magnet and can be reused
several times without any substantial loss in catalytic activities. The
proposed reaction mechanism for the formation of propargyl amines in
presence of MNP@BiimM nanoparticle catalyst has also been given
scheme 23c.

Moreover, to show the importance of this newly developed catalyst
for the A% coupling reaction, the results obtained were also compared
with some literature reports using other catalysts (Table 8). Interest-
ingly, the results of present protocol were found to better in terms of
reaction yield, separation of catalyst from reaction mixture, reaction
time and sustainability.

With the similar objective in mind, Nemati and co-workers in 2016
synthesized Ag-doped nano magnetic y-Fe;O3@DA core shell hollow
spheres to accomplish A% and KA coupling reactions for the construc-
tion of propargylic amines [102]. The catalyst was prepared in a sys-
tematic way starting with hydrothermal synthesis of Fe;Os hollow
sphere followed by functionalization with dopamine to form Fe,O3@DA
hollow sphere and finally Ag(NH3)2NO3 was supported on the surface of
magnetic Fe;O3@DA to accomplish the synthesis of Ag-doped nano
magnetic y-Fe;O3@DA core shell hollow spheres (Scheme 24a). After
successful synthesis of the nanocatalyst, its applicability in C—H acti-
vation was evaluated through A% (coupling among aldehyde, amine and
alkyne) and KA2 (coupling among ketone, amine and alkyne) coupling
reactions. Investigation of A® coupling reaction of aromatic aldehydes,
cyclic amines and aryl acetylenes using the synthesized magnetite
nanocatalyst revealed that aromatic aldehydes and aryl acetylenes
having either electron-releasing groups or electron-withdrawing groups
delivered the desired products in very good yields (Scheme 24b). KA2
coupling reactions between cyclic ketones, secondary amines and aryl
acetylenes also furnished high product yield of targeted propargylic
amines (Scheme 24c). Authors could recover the catalyst after comple-
tion of reaction using an external magnet and reused 5 times without
effective loss in yields.

The proposed mechanism revealed that Ag nanoparticles acted as
Lewis acid catalyst in this conversion. The immobilized Ag nanoparticles
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insert in terminal alkyne and form the Ag acetylide intermediate
through C—H activation process. In the meantime, an iminium ion get
generated by the nucleophilic addition of amine to aldehyde. Finally, the
attack of acetylide intermediate on iminium ion resulted the corre-
sponding propargylamine (Scheme 24d).

On similar grounds, Zarei and Akhlaghinia reported magnetically
recoverable Zn"/HAP/Fe;04 nanocatalyst for a one-pot three-compo-
nent coupling reaction of aldehydes, secondary amines and terminal
alkynes for the synthesis of propargylamines under solvent free condi-
tions [103]. For the fabrication of ZnH/HAP/Fe304 nanocatalyst, firstly
natural hydroxyapatite (HAP) was extracted from cow bones and then
added to acidic solution of FeCl3.6H,0 and FeCl,.6H20 for the synthesis
of magnetic HAP/Fe304 nanoparticles. Finally, synthesized HAP/Fe304
nanoparticles were added to alcoholic solution of Zn(OAc)>2H,0 to
accomplish the preparation of Zn"/HAP/Fe304 nanoparticles (Scheme
25a). The catalytic performance of newly developed magnetite Zn'/
HAP/Fe304 nanocatalyst was evaluated in preparation of propargylic
amines. For this purpose various aldehydes, secondary amines (mor-
pholine and pyrrolidine) and aryl alkynes were coupled using Zn"/HAP/
Fe304 nanocatalyst under optimized reaction conditions. The corre-
sponding products could be obtained in good to excellent yields. Benz-
aldehydes bearing electron-releasing groups afforded slightly higher
product yields in shorter reaction time in comparison to benzaldehydes
having electron-withdrawing groups. Almost similar results were ob-
tained in case of substituted phenylacetylenes (Scheme 25b). The
recyclability test of catalyst revealed that the catalytic activity of Zn"/
HAP/Fe304 nanocatalyst remained intact showing no remarkable loss
upto 7 successive runs. The mechanism for this reaction is shown in
scheme 25c, which depicts the formation of desired propargylamine
through the nucleophilic addition of generated zinc acetylide interme-
diate on iminium ion.

The proficiency of Zn''/HAP/Fe;0, for the synthesis of 4-(1,3-
diphenylprop-2-yn-1-yl)morpholine was checked by comparing with
various literature reported catalysts and found to be more efficient and
green magnetic nano-catalyst (Table 9).

In a quest to develop recyclable nanocatalyst, Munshi et al. disclosed
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the effectiveness of magnetically recoverable Fe304@Au-coated nano-
particles in A® coupling reaction [104]. Fes04@Au-coated nanoparticles
were synthesized using a multistep approach. Initially Fe3O4-PEI nano-
particles were prepared and subsequent coating with Au seeds delivered
fabricated Fe304-PEI-Au seeds nanoparticles. Finally, Fe304@Au-coated
nanoparticles were prepared by mixing Fe3O4-PEI-Au seeds nano-
particles in 0.01 M NaOH solution with stirring followed by addition of
HAuCly and 0.2 M NHy;OHHCI. After successful preparation of nano-
catalyst, it was used in A% coupling reaction of aldehydes (aliphatic,
aromatic and heterocyclic), piperidine and phenylacetylene and resul-
ted in the poor to good conversion of substrates into corresponding
products (Scheme 26). Formaldehyde exhibited maximum 95% con-
version and minimum conversion (7%) was obtained in case of 3-
nitrobenzaldehyde.

Heravi and co-workers in 2017 synthesized Ag-doped nano magnetic
h-FeaO3@SiO2-CD core shell hollow spheres (h-FeaO3@SiO2-CD/Ag)
and utilized it further in ultrasonication assisted A® and KA2 coupling for
the synthesis of propargylic amines [105] The preparation of catalyst
was started with the hydrothermal synthesis of Fe2O3 hollow sphere
followed by coating with SiO5 to achieve hollow FeyO3@SiO2 (h-
Fe;03@Si0O2) nanoparticles. Subsequent treatment of hollow Fe,Os3@-
SiO5 nanoparticles with 3-N-(2-(trimethoxysilyl)ethyl)methanediamine
delivered amine functionalized Fe,O3@SiOy nanoparticles, which on
reaction with tosylated cyclodextrin resulted h-Fe,O3@SiO5-CD. Finally,
h-Fes03@Si0,-CD/Ag nanoparticles were obtained after doping h-
Fey03@SiO2-CD with Ag(0) nanoparticles using hollyhock flower
extract as a reducing agent (Scheme 27a). The catalyst was then used in
A3 coupling reactions using various aldehydes containing different
functional groups, amines and phenylacetylene, and high yields of
propargylic amines were obtained (Scheme 27b). Benzaldehydes having
electron-releasing as well as electron-withdrawing substituents deliv-
ered excellent yields of the products. Also, the scope of catalyst was
explored in KA? coupling by replacing aldehyde with ketone and high
yields of desired products could be obtained. The recyclability experi-
ments showed that catalyst can be recovered easily with the help of
magnet and can be reused four times without any effective loss in
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Scheme 17. (a) Preparation of Fe30,@SiO5-T/Pd catalyst; (b) alkynylation of aryl halides using Fe304@SiO,-T/Pd catalyst. Adopted from ref. [89]

activity. However, in the fifth run slight loss of catalytic activity was
observed and in sixth run with 10% loss in catalytic activity low product
yield was obtained.

The comparison for the catalytic efficiency of this newly synthesized

Table 6
Comparison to check the supremacy of Fe;0,@SiO>-T/Pd catalyst over other
reported catalysts

5. Catalyst Condition (base, Time  Yield nano-catalyst with previously reported catalyst was also determined. h-
No. solvent, (h) (%) . . .
temperature) FesO3@SiO,-CD/Ag nanoparticles catalyst was found better in several
aspects such as high yield, shorter reaction time, mild reaction condi-
1 Pd@bisindole@SiO,@ Fe;0,  DABCO, DMA, 90°C 24 94 - 1 bl
(4 mg 0.18 mol%) tions, greener solvent, etc. (Table 10).
2 Pd-Cu Fe;04@Si05 (10 mg, DABCO, DMA, 50°C 24 80 In 2019 Shahamat et al. reported magnetic mesoporous polymel-
0.3 mol% Pd) amine formaldehyde/zinc oxide (Fe304-mPMF/ZnO) nanocomposite for
3 CS/MMT/Pd (0.3 mol%) KOAc, DMSO, 110 5 94 one-pot three component propargylic amine synthesis [106]. During the
c preparation of catalyst, initially Fe304-mPMF nanoparticles were pre-
4 PA@PANI (0.005 mol%) Et3N, MeCN, 80 °C 48 86 d bv heati . ¢ melami P ldehvd d
5 Nano Pd@Fe;0; (1 mol%Pd)  DMF, piperidine, 24 88 pared by heating a mixture o melamine, paraformaldehyde an
110 °C ethylene glycol followed by the addition of FeCl3.6H20 and NaOAc, and
6  Pd°- Mont (0.07 mol%) EtsN, CHaCN, 82°C 3 90 heating the resulting reaction mixture in stainless steel autoclave at 200
7 PdNPs/DNA (8 mg, 0.5mol%)  Cs;COs MeOH, 65 24 85 °C for 48 h. Finally, to synthesize Fe304-mPMF/ZnO nanocomposite
°C - ] . . .
s Fes04@Si05-T/Pd (20 mg) Et,N, DMF, 120 °C - o Fe3O4-mPMF nanoparticles were dispersed in alcoholic solution of Zn

(OAc)»2H0 and subjected to sonication(Scheme 28a). Then synthe-
sized nanocomposite was used for the synthesis of propargylamines by
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Scheme 18. (a) Preparation of Fe304@SiO, supported Schiff base complex of Pd (II); (b) Sonogashira coupling between aryl halides and phenylacetylene using

Fe304@Si0,/Schiffbase/Pd(1l) catalyst. Adopted from ref. [90]

coupling various aromatic and aliphatic alkynes, secondary amines and
aldehydes (aromatic and aliphatic) under solvent free conditions and
corresponding products could be obtained in good to excellent yield
(Scheme 28b). The mechanism for the Fe304-mPMF/ZnO nano-
composite catalysed propargylamine synthesis is depicted in scheme

21

2.8c. The authors proposed that ZnO nanoparticles embedded on the core
Fe304 nanoparticles activate terminal C-H bond of phenylacetylene
which is converted into the metal/acetylide intermediate. Thereafter,
the nucleophilic addition of the amine moiety to the activate aldehyde
led to the generation of iminium ion which was attacked by the metal/
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Scheme 19. (a) Synthesis of Fe304@SiO, superparamagnetic nanoparticle; (b) Sonogashira coupling between aryl halides and phenylacetylene using Pd-BIP-

v-Fe;03@8Si0,, catalyst. Adopted from ref. [91]

acetylide intermediate, generating the corresponding propargylamine.

5. Recent breakthroughs and future perspectives in C—H
activation using innovative tools/techniques

5.1. Photocatalysis

Faced with the world-wide challenges of increasing energy crisis,
environmental contamination and global warming, present-day scenario
demands the development of efficient environmentally friendly greener
routes that could directly harness solar energy into energy of usable
form. The scientific community has great desire of developing reaction
systems that resourcefully harvest visible light as the energy source for
driving industrially noteworthy chemical transformations. Photo-
catalysis is one such process that encompasses direct transformation of
light energy into chemical energy through photoactive materials and has
gained incredible attention in the recent years [107]. Further, inclusion
of magnetic components imparts numerous excellent features such as
immense chemical and thermal stability, ease of recoverability via
external magnetic forces to the overall photocatalytic system [108].
Within this context, Sharma et al. [109] delineated the synthesis of a
magnetically retrievable ruthenium based photoredox catalyst for the
cross-dehydrogenative coupling approach involving transformation of
sp°> C—H bond adjacent to tertiary amines. The catalyst was fabricated
by adopting surface functionalization strategy wherein Fe3O4 nano-
particles prepared via co-precipitation approach were coated with silica
and further modified with APTES as the functionalizing agent to afford
ASMNPs. A Schiff base condensation approach was further employed for
grafting 4,5-diazafluoren-9-one (DAFO) onto ASMNPs which was finally
metalated using RuCls to form the desired RU@DAFO@ASMNPs pho-
tocatalyst (Scheme 29a).
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Catalytic potential of the designed photoresponsive Ru@DA-
FO@ASMNPs was thereafter investigated in the photooxidative Man-
nich reaction using N-phenyl-tetrahydroisoquinoline and acetone as
representative substrates in the presence of L-proline as Lewis base and
air as an oxidant under visible light irradiations (Scheme 29b). The
synthesized photocatalyst successfully catalyzed the C—H activation
between numerous N-aryl-tetrahydroisoquinolines based tertiary
amines and ketones as carbon nucleophiles to furnish C-C coupled
products in remarkable yields along with great regioselectivity.
Impressed by the efficiency of the developed photocatalyst, the protocol
was further extended to the cross dehydrogenative coupling reaction of
tertiary amines with nitroalkanes (Scheme 29c).

A probable mechanistic route (Scheme 29d) was also proposed by the
authors which commenced with the photoexcitation of Ru@DA-
FO@ASMNPs and the photoexcited Ru*"*@DAFO@ASMNPs further
oxidize tertiary amines to radical cationic species and gets reduced itself
to Rut*@DAFO@ASMNPs. The reduced Ru™*@DAFO@ASMNPs then
gets oxidized by reducing O to O3. The deprotonation of radical cation
by O3 led to the generation of reactive iminium ion which then reacts
with the activated nucleophile species to furnish the anticipated cross
coupling product.

Bhalla and co-workers reported the synthesis of a hetero-
oligophenylene derivative attached with thiophene moieties which
formed spherical aggregates in aqueous media and further served as a
reactor for preparing bimetallic Au-Fe304 hybrid in THF/H,0 media
[110]. Interestingly, during the synthetic process, aggregate derivatives
were oxidized to polythiophene moieties possessing fibrous morphology
and underwent self-assembly to generate polythiophene-encapsulated
bimetallic Au-Fe3O4 nanohybrid. The judiciously designed material
was then evaluated as a recyclable catalytic entity for C(sp%)-H bond
activation of electron rich anilines with electron deficient alkynes under
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Scheme 20. (a) Preparation of Cu-2QC@Am-SiO,@Fe304; (b) Synthesis of carbamates using Cu-2QC@Am-SiO,@Fe304; (c) Plausible reaction mechanism.
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Table 7
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Comparison of the catalytic activity of the Cu-2QC@Am-SiO,@Fe30,4 nano-catalyst with other catalysts reported in

literature for the synthesis of carbamates.

Entry Formamide Phenols/B-ketoesters Reaction Conditions Yield (%)
v o o CuBr2 (5 mol %) / TBHP 69
1 1.5 equiv) /80 °C/3 h
A
o H
Ny v 0 Cu(OAc)2 (5 mol %)/ 81
2 TBHP (1.5 equiv) / 80
CHa °C/3 h
o H
3 ~y 2 0 CuCl (1 mol %) / TBHP/ 85
70 °C/ 15-30 mi
JU,
o H
\N e OH o
4 CuClI(1 mol %) /TBHP/ 99
CHs 70 °C/ 15-30 min
o H
~ OH o
5 CuCl(1-2mol%)/TBHP/ 96
H 80 °C/ 15 min
o H
Ny OH 0
6 Cu2(BPDC)2(BPY)/TBH 88
" P/ 100 °C/ 120 min
o H .
(n-hexane as an internal
standard)
7 ~y o o Cu-2QC@Am-
)J\/U\ SiO2@Fe304 98
o " o/ nanocatalyst/TBHP/
reflux at 70 °C/ 15 min
N oH o
Cu-2QC@Am- 97
8 o " CHa SiO2@Fe304
nanocatalyst/TBHP/
reflux at 70 °C/ 15 min
~yv OH o
Cu-2QC@Am- 99
9 o " " SiO2@Fe304
nanocatalyst/ TBHP/

reflux at 70 °C/ 12 min

(o) N X
R1JJ\H 4 [ ] N RZ% Graphene@Fe;0, [ j
X N
R1\
X =CH,, O R?
R' = H, cyclohexyl, i-Pr, pentyl, n-hexyl 15 examples

-029 i
ethylcyclohexanyl, Ph 65:92%yleld

R2 = Ph, 4-MePh, 4-OMePh, 3-OMePh, 4-CIPh
B-naphthyl, benzo[d][1,3]dioxolenyl

Scheme 21. Graphene@Fe30, catalyzed A3-Coupling reaction for the synthesis
of propargylic amines.

visible light irradiations for rendering synthetically demanding quino-
line carboxylates (Scheme 30a).

For accomplishing desired synthesis, substituted anilines reacted
with methyl propiolate in the presence of paraformaldehyde and Au-
Fe304 nanohybrid as the carbonyl source and catalyst respectively to
furnish 3-substituted quinolines in good to excellent yields. Further in-
vestigations divulged that switching of the alkyne from methyl propio-
late to ethyl propiolate also demonstrated satisfactory results in terms of
reaction rates and yields of the desired products. In order to elucidate
the exact mechanism of quinoline formation, the reaction was also
performed in the presence of radical scavenger 2,2,6,6-tetramethyl-1-
piperidinoxyl (TEMPO). The obtained results revealed that existence
of TEMPO inhibited the reaction thereby validating the formation of free
radical. On the basis of results obtained, a probable radical/single
electron transfer mechanism has been outlined in Scheme 31a.
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DFT calculations and possible transition states were also carried out
(Scheme 31b) in gas phase through B3LYP functional and 6-31G(d)/
LANL2DZ basis sets in Gaussian 09 program. For this Au system
(modeled as gold clusters) was chosen for monitoring the reaction
mechanism. DFT calculations were conducted on transient electron
transfer from light excited Au NPs surface to aniline molecules. The
interaction between Au NPs and ortho C(spz)—H bond of aniline makes
the bond cleavage easier. The energy of photoexcited electrons on Au
NPs activates the C—H bond which then furnishes the formation of
AuNP stabilized aniline radical intermediate. The subsequent step in-
volves the interaction of m-electron cloud of alkyne and finally in-
termediates react to construct C-C bond. The next step involves CO
insertion and finally annulation leads to the formation of desired quin-
oline carboxylate. These studies revealed that Au is the main reactive
species and catalytic transformation occurs through C—H activation,
carbonylation and consequent annulation processes.

Photocatalytic potency of synthesized materials was further assessed
in the three component reaction between anilines, benzaldeydes and
methyl propiolate to generate quinoline derivatives via C—H activation
(Scheme 30b). In order to further recognize the mechanism (Scheme
31c), aniline, methyl propiolate and benzaldehyde were reacted in
presence of polymer-encapsulated 4:Au-Fe3O4 nanohybrid materials
and studied using 'H NMR spectroscopy. The 'H NMR spectrum
revealed the formation of an alkynylated intermediate (iii) through C
(spz)-H activation. It is further anticipated that the imine intermediate
(i) formed interacted with the alkynes to form alkynylated intermediate
(iii) and this imine linkage interacted with Au NPs and behaves as
directing group to assist the ortho C(spz)-H activation. In the final step,
intramolecular hydroarylation resulted in the quinoline generation.

The same research group designed fluorescent assemblies of penta-
cenequinone derivative with 3-theinyl groups for the subsequent for-
mation of Ag@Fe304 nanoclusters (NCs) [111]. The synthesized
polythiophene supported Ag@Fe3z04 NCs (1:2) hybrid assembly was
then utilized as a recyclable photocatalyst in the dehydrogenative
coupling reaction of benzophenone phenylhydrazones for the produc-
tion of indazole motifs under ambient reaction conditions i.e. visible
light and room temperature (Scheme 32a). Authors further highlighted
that quinone assemblies in conjunction with Ag@Fe304 NCs acted as
internal oxidant for the conversion of C—H to C-N bond. It was further
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Scheme 22. (a) Superparamagnetic CuFe;O4 catalysed synthesis of propargylamines; (b) Plausible reaction mechanism.
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revealed that in the composite material, Fe304 NCs shell acts as active
catalytic center while Ag core and polythiophene served the role of
visible light antenna and support material respectively to work effec-
tively under photocatalytic conditions.

A probable mechanism of visible light mediated dehydrogenative
coupling of benzophenone phenyl hydrazones has been outlined on the
basis of experimental results obtained (Scheme 32b). The photocatalytic
mechanism initiates with the generation of superoxide anions by the
photoexcited electrons present in polythiophene supported Ag@Fe304
NCs through decomposition of dissolved O,. The superoxide anions
abstract proton from the reactant to form anionic intermediate (A)
which then goes through single electron transfer process to form radical
B. This intermediate B then undergoes radical addition to the aryl ring
followed by subsequent oxidation, deprotonation and elimination of
hydrogen peroxide to form the desired product.

The supremacy of present protocol was recognized by comparing the
results of the developed catalyst with those already documented in
literature (Table 11). It was further validated that the developed pho-
tocatalyst exhibited good results in terms of reaction conditions and
product yield.

Working on similar lines, another supramolecular porous ensemble
of hetero-oligophenylene derivative possessing amino/thiophene
groups was synthesized and utilized as template for the subsequent
growth of Au-Fe304 nanodots (size in range of 1.5-2.0 nm) to yield PTh-
co-PANI-6:Au-Fe304 [112]. The developed material was then investi-
gated in the photocatalytic C(sp?)-H activation of anilines with terminal
alkynes to produce quinoline carboxylates under visible light irradiation
and eco-friendly conditions. The obtained results proved that the smaller
size and morphology of the synthesized catalytic entity delivered su-
perior results in terms of product yield and reaction parameters. Further,
diverse substituted aryl amines possessing electron rich/electron with-
drawing functionalities and electron deficient alkynes effectively reac-
ted under the optimized conditions to furnish desired products in
moderate to excellent yields via C—H activation strategy.

5.2. Use of micro and macro reactors

The last two decades have seen an increasing popularity in the use of
continuous-flow microreactors due to their inherent advantages over
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Table 8
Comparison of catalytic activity of MNP@BiimCu(I) with some literature reports
for A® coupling reactions.

S. Catalyst (mol%) Solvent Temperature Time Yield
No. °0) (] (%)
1 Ag-graphene (0.1 CHCl, 60 24 86
mol%)
2 Graphene-Fe304 (5 CH3CN 80 24 Traces
mol%)
3 Fe304 (20 mol%) Toluene 110 16 75
4 Cu(0)-MM clay Toluene 110 3 94
(0.05 mol%)
5 Cu(OH)x- Fe304 (0.1 Solvent- 120 3 99
mol%) free
6 Au-SBA (0.04 mol%) Solvent- 100 8 95
free
7 Au/CeO5 (0.127 mol H,0 100 6 99
%)
8 MNP@BiimCu(I) H,0 reflux 1.5 99

(1.7 mol%)

traditional reactor configurations [113]. The most significant benefit of
reactor minimisation is the increase in surface area-to-volume ratio,
which provides a large interfacial area for multi-phase heterogeneous
catalytic reactions. Additionally, small channel diameter (10-100pm)
allow for better mass and heat transfer properties [114]. This reduces
the formation of hot spots within the reactor (for exothermic reactions)
and increases the selectivity of the desired product due to narrow resi-
dence time distribution. Heterogeneous catalysis in continuous-flow
microreactors offers advantages like higher reaction efficiency, less
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waste production, better safety, continuous product formation and easy
catalyst separation and re-use [115]. Traditionally, heterogeneous
catalysis in microreactors are carried out using three configurations: (i)
packed bed, (ii) monolithic and (iii) wall coated [112]. However, there
are limitations associated with high pressure drop, clogging of micro-
channels and catalyst de-activation with these configurations. The
advent of magnetic nanoparticles as catalysts and catalyst support has
provided vast improvements for the traditional approach to heteroge-
neous catalysis. One major advantage is the ease of separation of the
catalysts from the reaction mixture, reducing the number of downstream
processing steps and improving the energy and cost efficiency of the
process [116]. In microreactors, an external magnetic field can be used
with magnetic nanoparticle catalysts to provide better mixing and carry
out in-situ separation of the catalyst from the product stream. From the
preceding sections, it is quite evident that the reactions involving the
creation of carbon-carbon and carbon-heteroatom bonds have played a
crucial role in the synthesis of pharmaceutical and biologically active
compounds. However, these reactions are often limited by poor product
selectivity in conventional batch technologies. Continuous flow pro-
cessing has shown potential to improve selectivity through improved
mixing and better control over temperature through reducing the pos-
sibility of overreaction [113]. Additionally, flow processing allows for
lower catalyst loading in some cases due to improved reaction kinetics,
which is a common challenge for C—H functionalisation mechanisms
[117]. The synergistic potential of continuous-flow microreactors for
C—H activation/functionalisation chemistry has been investigated and
found to be successful on a lab scale.

Varma et al. [118] have demonstrated a rapid protocol for oxidative
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Scheme 24. (a) Synthesis of Ag-doped nanomagnetic Fe;O3@DA core shell hollow sphere catalyst; (b) H-Fe,O3@DA/Ag catalysed A3—coupling reactions; (c¢) H-
Fe,03@DA/Ag catalyzed KA2-coupling reactions; (d) Proposed reaction mechanism. Adopted from ref. [102]

27



S. Dutta et al.

(a)

Catalysis Communications 175 (2023) 106615

¥ 2%
ni 1) FeCl.6H,0 + FeCl,.4H,0
450 utn i o /acelic acid (2%), 1t, 12 h
[ 4 » |
12 2) NaOH (5%), Ar, rt, 12 h
HAP (II)
OAc
AR l
\,i_'d /OAc
Ho OH OH OH og" Z%\ OAc
I / HO OH OH OH oH
HO —OH ) Zn(OAc),.2H,0 |/
/' / , - HO —OH
o HO po QH OH OH EtOH, reflux, 24 h /
e | {7 HO H(,) OH OH OH
T
OAc /‘ZF{
AcO OAc
Zn'"YHAP/Fe;0, (IV) HAP/Fe;0, (IIT)
Q = Fe;04
G - HAP
0 R
(b) JJ\ R2_H // ZnII/HAP/Fe3O4 1
R > T T R - A
solvent-free, 110 °C R3
24 examples

60-97% yield

R'= Ph, 4-FPh, 4-CIPh, 2-CIPh, 4-BrPh, 3-BrPh,
4-MePh, 3-MePh, 4-OMePh, 2-OHPh,
a-naphthyl, 2-thienyl

R? = morpholine, pyrrolidine

R3 = Ph, 4-CIPh, 4-t-BuPh

Scheme 25. (a) Preparation of Zn"/HAP/Fe;0,4 nanocatalyst; (b) Zn"/HAP/Fe;0, nanocatalyst catalyzed solvent free synthesis of propargylic amines; (c) Plausible

reaction mechanism. Adopted from ref. [103]

cyanation of secondary and tertiary amines via C—H activation under
flow conditions using single phase magnetic nano-ferrites as a catalyst
(Scheme 33).

The coiled tube flow reactor used in this study enabled the produc-
tion of thin film of the reaction mixture resulting in superior heat and
mass transfer and reducing the reaction time to less than 10 minutes
(Fig. 4). The catalyst was easily separated at the end of the reaction
through the application of an external magnetic field, while maintaining
the catalytic activity on re-use.

Reactions involving powdered and catalysts in microreactors are met
with challenges associated with high pressure drop due to clogging of
microchannels. To provide deep insights into reactor designing, a few
other reactions involving C-C and C-hetero bond formation are also
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being discussed. The knowledge acquired can be fruitful in leveraging a
plethora of diverse C—H functionalizations conducted using suitable
micro as well as macro reactors, as ample scope remains in this field.
Rehm et al. [119] have reported a novel mechanism to circumvent this
challenge. Palladium nanoparticle catalyst was embedded within a
dendron shell of a magnetic nanoparticle. The whole catalyst system was
immobilised on the walls of a glass and a stainless steel microchannel
reactor using external magnetic forces. This provides flexibility to the
reactor system as the immobilisation is reversible, allowing for a range
of catalysts to be immobilised on the microchannel walls. The two re-
actors were used to investigate Suzuki cross-coupling of 4-bromoanisole
with phenyl boronic acid under continuous flow condition. The single
pass reaction conversion from both reactors was found to be 5-fold lower
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Scheme 25. (continued).

in comparison to the batch system. This was mainly due to lower resi-
dence time in the microreactor and loss of active catalyst surface area
due to immobilisation.

Supported catalytic reactions in microreactors are met with chal-
lenges associated with catalyst immobilisation and loss of active catalyst
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surface area. In-situ separation of catalyst immobilised magnetic parti-
cles in flowing fluid from the reaction stream ensures a continuous
recirculation of the catalyst stream. Park et al. [120] have developed a
microchip type separator coupled with a microtube reactor to enable a
coaxial flow of the product stream carrying the catalyst immobilised
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Table 9

Comparison between proficiency of Zn"/HAP/Fe30, and other reported catalysts.
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S. No. Catalyst (mol%) Molar ratio Solvent Temperature (°C) Time (h) Yield (%)

1 Au/CeO,, Au/ZrO, (0.10 g) 1/1.2/1.3 Hy0 100 12 83
2 Au@GO (1) 1/1.2/1.3 H,0 100 18 90
3 Fe304 NPs/GO-CuONPs (0.02 g) 1/2/3 EtOH 90 24 87
4 Fe304@SBA-15 (5) 1/1.2/1.5 Toluene 110 8 72
5 Cu(OH)-Fe304 (3) Toluene 120 3 99
6 CuFey04 (6.5) 1/1.2/1.3 Toluene 80 4 85
7 Cu(I)-N2Ss-salen (3) 1/1.1/1.2 Toluene 80 4 92
8 Cu-Mont (0.05) 1/1/1.2 Toluene 110 3 90
9 CuO (10) 1/1.3/1.5 Toluene 90 8 65
10 [Cu(N3S2)1Cl@Y-zeolite (0.68 g) 1/1.1/1.2 DCE 70 12 90
11 CuHAP (0.10 g) 1/1.2/1.3 CH,CN reflux 6 70
12 NiCl, (10) 1/1.2/1.5 Toluene 111 8 88
13 Zn(0Ac),.H,0 (15) 1/1.3/1.5 Toluene reflux 7 96
14 CuCN (2) 1/1.2/1.5 [bmim]PF 120 2 95
15 Cul (10) 1/1.2/1.5 PEG 100 12 92
16 Cul (3) 1/1.2/1.5 Toluene 100 6 98
17 [AQ2Cu(ID)] (5) 1/1.1/1.1 Solvent-free 100 70 96
18 Cu[(CH3CN),(PPh3)]Br (5) 1/1/1 Toluene 80 85 44
19 CuPy»Cl, (1) 1/1.5/1.5 Solvent-Free 95 40 90
20 Cu(salen) (3) 1/1.2/1.5 Solvent-Free 80 2.5 85
21 ZnO0 (10) 1/1/1 Solvent-Free 100 2 95
22 Cu0/ZnO (0.01 g) 1/1.2/1.5 Solvent-Free 100 1 95
23 CuNPs/TiO (0.50) 1/1/1 Solvent-Free 70 7 91
24 Zn"/HAP/Fe30, (8) 1/1/1 Solvent-Free 110 3 95

reaction. The PMS-NP catalysts showed a selectivity of 94-95% towards

| | O the product, which was higher in comparison with two commercially

H N available catalyst systems. The catalyst was easily recovered after the

j\ N FesO4-Au , reaction using an external magnet with a significant retention of catalyst

RVOH T Q * o RO ™ activity. This study is an example of a general approach to synthesise

fotiienes 100G and incorporate magnetic nanoparticle catalysts in a microreactor and

has potential to be applied for a wide range of catalyst/reaction systems.

13 examples In addition to supporting metal catalyst, magnetic nanoparticles can

R'=H, Ph, 4-FPh, 4-CIPh, 4-MePh, 4-OMePh,
3-NO,Ph, a-naphthyl, 2-furfuryl, 2-thiophenyl,
2-pyridenyl, 3-pyridenyl, 4-pyridenyl

7-95% conversion

Scheme 26. Fe;0,@Au-coated nanoparticles catalyzed synthesis of prop-
argylic amines.

magnetic particles along with the fresh reactant stream (Fig. 3). This
ensures a complete separation of the two streams as they are directed
into the reactor capillaries. External magnetic forces are applied to the
separator channel, leading the product stream out of the reactor while
also separating the catalyst particles from the product stream. This is the
first example of a self-regulated, continuous microchannel system for
supported, magnetic catalytic reactions. Palladium tridentate complex
was immobilised on commercially available magnetic nanoparticles
functionalised with amine groups and the catalyst system was used to
investigate the dioxygenation of alkenes in the microchannel system
described above. Dioxygenated product yield of 89% were achieved for
a residence time of 14 minutes and was found to be comparable to the
product yield from a batch system for a reaction time of 5 hours. The
reaction was also carried out for an extended time period of 10 hours to
test the robustness of the catalyst activity and separation efficiency in
the microchannel reactor system. There was no significant loss in the
product yield and no catalyst leaching was observed indicating excellent
catalyst re-use properties. The microchannel reactor system can be used
for a range of reactions due to easy cleaning in between reaction mini-
mising the reactor downtime.

Lee et al. [121] have successfully used the microfluidic technology
for fabricating platinum decorated magnetic silica nanoparticles (PMS-
NP) and utilizing it furtherfor the oxidation of 4-isopropylbenzaldehyde.
The PMS-NPs were then aggregated into microparticles known as PMS-
supraballs with a hierarchal pore structure providing a better access to
the active sites of the metal catalyst. PMS-supraballs (1 mg) and glass
beads were incorporated into a packed bed microreactor for the

be utilised as an inductive source to heat the reaction mixture.
Kirschning et al. [122] were able to generate thermal energy in the
reactor by exposing the magnetic nanoparticles to a constantly changing
magnetic field, resulting production of heat due to magnetic inductive
hyperthermia. This requires a much simpler technical setup compared to
microwave reactors and also offers uniform heating of the reagents.
Magnetic nanoparticles with a silica shell coating were used in a
microfluidic fixed bed reactor for transesterification and condensation
reactions. Further, palladium particles were functionalised on the silica
shell to enable Heck and Suzuki-Miyaura cross-coupling reactions. Both
catalysts could be re-used over three consecutive cycles without any
decrease in the activity.

Miao et al. [123] demonstrated for the first time the use of nickel
coated ferrite nanoparticles as magnetic self-stirring catalysts for
microreactions. The resulting catalyst was easy to fabricate with good
size distribution and adaptable to any microreactor configuration. The
self-stirring property of the catalyst enabled movement of reactants
along narrow channels (using an external magnetic field), thus
improving mixing within the microchannels. The catalyst system was
tested for reduction of 4-nitrophenol in a microtube reactor. The reac-
tion was found to follow pseudo-first order kinetics and the rate was
comparable to that obtained using commercial noble metal nano-
catalysts. The catalyst was successfully reused for up to five cycles
without any significant loss in catalytic activity.

Schatz et al. [124] have successfully immobilised a transition metal
complex on carbon coated cobalt nanoparticles through a tagging
method involving copper catalysed azide/alkyne cycloaddition reaction.
The resulting catalyst system was used to study the asymmetric ben-
zoylation of 1,2-diols in batch and continuous flow conditions. A glass
column packed with the catalyst was placed between two adjacent
magnetic stir motors which ensured containment and agitation of the
magnetic nanocatalyst in difference to the traditional fixed bed reactors
which require a membrane to achieve this (Fig. 5). Reaction yields
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Scheme 27. (A) Synthesis of h-Fe;03@Si0s-CD/Ag nanoparticles; (B) h-Fe;03@SiO,-CD/Ag nanoparticles catalyzed synthesis of propargylic amines. Reproduced
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Table 10
Comparison of catalytic activity of h-Fe;O3@SiO»-CD/Ag with other reported
catalysts.

S. Catalyst Amount Reaction Time Yield
No. Conditions (min) (%)
1 Cul 15 mg H,O/r.t./U.S. 45 98
2 h-Fey03@Si0,-CD/Ag 20 mg H,0/r.t./70 7 97
W
3 h- Fe;O3@DA/Ag 10 mg S.F./90 °C 60 96
4 Gold nanocrystals 20 mg Reflux/ 180 91
stabilized on toluene
montmorillonite
5 ZnO nanoparticles 10 mol Stirrer/ 90 °C 120 89
%
6 Immobolized silver on 10 mol Reflux/H,0 240 89
surface-modified %
ZnONPs
7 Cuz0-ZnO 10 mg S.F./100 °C 60 95
8 CuCN 2 mol% [bmim]PF¢/S. 120 95
F./120 °C
9 CuNPs/TiO, 0.5 mol Neat/70 °C 420 91
%
10 Naflon-NR50 350 mg CH3CN/70-80 300 85
°C/ N, atm
11 ZnS 10 mol Reflux/ 270 89
% CH3CN

between 43-47% were achieved with >99% enantioselectivity under
flow conditions using a lower catalyst loading in difference to the batch
system. This study demonstrates the versatility, thermal stability and
chemical inertness of the carbon coated cobalt nanoparticles as scaffold
for metal catalysts for future applications of organic transformations in
continuous flow reactor systems.

Zhang et al. [125] have successfully demonstrated the synergistic
catalytic effect of MOFs and magnetic nanoparticles for fast reactions in
a microreactor. The Fe304 magnetic core was first pre-treated with a
polyelectrolyte to modify the surface charge to enable the absorption of
zinc cations, resulting in the formation of a thin film of ZIF-8 on the
magnetic core shell microsphere. The Fe3O4@ZIF-8 catalyst was used to
catalyse Knoevenagel condensation reaction in a microreactor. The
catalyst was filled in the microcapillaries using an external magnetic
field and the catalyst loading could be easily controlled by changing the
catalyst concentration in the solvent feed. Also, the magnetic property of
the catalyst ensured the microspheres remained well dispersed in the
liquid feed, reducing mass transfer limitations. Under the same experi-
mental conditions, the conversion in the microreactor was found to be
50% higher in the microreactor compared to the batch reactor for a
residence time of 25 minutes. The superior reaction efficiency was
attributed to the ZIF-8 nanocrystals on the shell and the microreactor
configuration enhancing the reaction rate.

Environmentally benign catalysts are fast gaining importance due to
increased need for sustainability in organic transformations. Nafion-H
catalysts have shown superior catalytic activity while being ecologi-
cally friendly for organic transformations. Narei et al [126] have
developed a new catalyst system by immobilising Nafion-H on super-
paramagnetic iron oxide nanoparticles (SPIONs) encapsulated within a
silica shell. The Nafion-H/Spion catalyst system was used in the Dakin-
West reaction for the synthesis of p-Acetamido ketones in a microtube
reactor. In a typical experiment, a T-shaped micromixer, microtube
reactor was pumped with the feed containing the reactants and the
catalyst dispersed in the reaction solvent. After a residence time of 10
minutes in the reactor, the outlet stream was collected and the catalyst
was separated using an external magnet. The product yield in the
microreactor was found to be 5% higher compared to the conventional
stirred tank reactor under the same experimental conditions. Further,
the catalyst could be re-used for up to seven times without any signifi-
cant loss in the catalyst activity.

Obermayer et al. [127] have reported the combination of iron oxide
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nanoparticle catalyst encapsulated within a mesoporous aluminosilicate
support and a TEMPO co-catalyst for aerobic oxidation of benzyl alcohol
in continuous flow conditions. A fixed bed catalyst cartridge was
employed in an automated flow set-up. Initial experiments from this
configuration were accompanied by high pressure drop along the cata-
lyst bed and low product yields. The catalyst was diluted with silica gel
to circumvent the pressure drop problem, but this resulted in reduction
of the active catalyst sites and hence a lower substrate: catalyst ratio and
a further reduction in product yield. Further experiments were carried
out by operating the reactor in a semi-batch mode and complete con-
versions were observed for the reaction. This indicates that the reaction
can be carried under flow conditions, by increasing the length of the
catalyst bed, to increase the residence time of the reaction mixture. The
catalyst bed was found to deactivate due to the deposition of reaction by-
products, which was overcome by increasing the concentration of the
co-catalyst to shift the reaction equilibrium towards the desired product.
Overall, the low reaction volumes and low oxygen gas pressures greatly
improved the safety of the otherwise dangerous reaction scheme.

5.3. Membrane reactors

Membrane reactors are one of the earliest examples of achieving
process intensification by combining reaction and separation steps in a
single unit. The membrane reactor can be operated in three configura-
tions: (i) selective removal of products from the reactor, (ii) controlled
addition of reactants to the reaction mixture and (iii) improve contact
between the reactant and catalyst (catalytic membranes) [114b,128]
Flow through catalytic membrane reactor is a popular configuration for
heterogeneous catalytic transformations due to high catalyst activity.
The catalyst is present inside the membrane pores resulting in convec-
tive flow of reactants intensifying the contact between the catalyst and
the reactants [128,129]. In traditional fixed bed reactor, the reaction
rate is often limited by pore diffusion resistance. In addition to providing
high product selectivity and yield, they also minimise catalyst losses
compared to traditional homogeneous catalyst systems [129]

Bahadorikhalili et al. [129a] have developed a flow through catalytic
membrane reactor to overcome the challenges associated with separa-
tion of reactant feed and mass transfer limitations with conventional
membrane reactors (Scheme 34). The catalyst system consisted of
palladium immobilised on a silica coated iron oxide core shell nano-
particles. The catalyst was used as an active filler for the preparation of
polyethersulfone/palladium nanoparticle catalytic membrane through
phase inversion method. This catalyst was incorporated in a flow
through membrane reactor to investigate Heck and Sonogashira
coupling reactions. Excellent reaction yield were obtained, which was
comparable to reports from flow processes and even higher in some
cases. The study also demonstrated the reusability of the catalytic
membrane with no fouling for ten consecutive runs. In difference to the
traditional methods for the two reaction schemes, this study used water
as a solvent and milder reaction conditions, hence reducing the negative
environmental impacts. The PES/NP membrane could be tuned easily to
increase the surface hydrophilicity, resulting in improved reaction
yields.

5.4. Enzymatic catalysis

Enzymes are macromolecules which are advantageous due to their
high specificity, selectivity and stability towards organic and biochem-
ical reactions and that too under mild conditions. Enzymes are popularly
used in processes, such as redox reactions, (trans)-esterification pro-
cesses, hydrolysis and enantioselective synthesis but their high cost,
difficulty in reuse, recycling and availability restricts their usage. With
the progress of magnetic nano particle as substrate for enzymes, facili-
tated the use of enzymes for catalytic applications. Enzymes are very
active biomolecules, which can serve as highly specific and efficient
catalysts. Many enzyme nanomimics which have been produced from
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Scheme 30. Polythiophene encapsulated Au-FezO4 NPs (0.5 mol%, i.e. 300 pL of 4:Au-Fe304 in Water/THF, 7/3) under Photocatalytic conditions (Irradiation of 60
W Tungsten Filament Bulb) assisted (a) photocatalytic C(spz)-H activation reaction between anilines, methyl propiolate and paraformaldehyde; (b) photocatalytic C
(sp?)-H activation reaction between anilines, methyl propiolate and substituted benzaldehydes.

nanoparticles showed specific catalytic activities [130]. Enzymes can be
attached to the surface of magnetic nanoparticles or beads through the
use of EDC coupling [131] and these nanocomposites can then be used
for a range of reactions for the production of useful pharmaceuticals and
organic materials [132] as well as other applications in fields such as
sensing [133] for proteomic sample preparation and peptidomic anal-
ysis [134].

Magnetic nanoparticle supported catalysis has shown tremendous
success in last few years. Many studies have been reported for utilisation
of MNP supported enzymes for production at industrial level. In one
recent work magnetic nanoparticles by Huizhou et al. were produced in
the presence of gum Arabic through precipitation [135] then Lipase
derived from Candida rugosa was bound on it. The resultant enzyme
supported on MNP was utilized for the multi-step synthesis of ethyl-
isovalerate with 80% conversion rate. p- fructanfuranosidase immobi-
lised over chitosan stabilised MNP were used for the production of
fructo-oligosaccarides from sucrose [136]. Peijun et al. [137] utilised
nanocomposites supported on functionalized magnetic iron oxides
[138] bound with lipase extracted from Yarrowia lipolytica on carbon
nanotubes for highly effective chiral resolution of (R,S)-1-Phenyl
ethanol in heptane.

A lot of researches have been focussed on utilization of MNP sup-
ported enzymatic catalysis for organic transformations such as hydro-
lysis reactions and enzymatic esterification [139]. MNPs coated with an
inorganic oxide, such as silica for example Fe304@SiO; serves a strong
substrate to immobilize enzymes and is reported for production of bio-
diesel with excellent yields [140]. Feg04@SiO; also served as covalent
substrate for lipase extracted from Candida antarctica (CALB) and is
utilized for catalytic synthesis of biodiesel from cooking oil with almost
100% conversion [141]. In another study magnetic nanoparticles were
used for immobilization of lipase from cephalosporin Pseudomonas for
catalytic synthesis of biodiesel from waste edible oil [142]. Wang et al.
[143] have thoroughly discussed the catalytic importance of MNPs for
green synthesis of biodiesel. The effort will be definitely instructive for
the future research avenues in the field of all emerging areas involving
magnetic nanoparticle catalyzed synthesis. Trichoderma reesei cellulase
was covalently immobilized on chitosan-coated magnetic nanoparticles
using glutaraldehyde as a coupling agent and was utilized for hydrolysis
of carboxymethylcellulose [144]. N-methylglucamine based calix [4]
arene magnetic nanoparticles enhanced the enantioselective synthesis of
S-Naproxen with yield greater than 98% when used with Candida rugosa
lipase (CRL) encapsulated within a chemically inert sol-gel support
(Scheme 35) [145].

A number of studies on enzymes for C—H bonds functionalization
has also been reported [146]. Davies et al. [147] briefly reviewed the

35

catalytic methods for C—H functionalization in organic transformations
such as hydroxylation to hydroalkylation. They specified the role of
dehydratases to convert glycerol to 3-hydroxypropionaldehyde, FAD-
dependent hydroxylases and halogenases for aromatic hydroxylation,
xylene monooxygenases (TMO and XMO) catalysed aromatic and
benzylic hydroxylation and haem enzymes for aliphatic hydroxylation.
Zhang et al [148] evaluated the activity of amine-functionalized
SiO2@Fe304 NPs supported a-amylase in the hydrolysis of starch.
Bovine Carbonic anhydrase (CA) immobilized on (octa(aminophenyl)-
silsesquioxane)-modified Fe304/SiO2 NPs [149] via covalent bonding
have shown satisfactory sequestration of CO,. Other magnetic substrates
like alpha chymotrypsin-coated Fe3O4, gum Arabic (a surfactant) coated
Fe304 NPs, p-cyclodextrin@SiO, were also reported [150]. A magneti-
cally separable nano biocatalyst composing of a covalently immobilized
enzyme (chloroperoxidase, CPO) on iron oxides MNP and core shell of
polymer has been reported for enantioselective sulfoxidation of thio-
anisole to result into (R)-methyl phenyl sulfoxide [151]. Chen et al
[152] have shown activity of immobilized lipases on zirconia modified
by a carboxylic surfactant and found significant improvement towards
asymmetric reactions in organic media.

In lieu of the above researches carried out in field of enzymatic
catalysis, it is noteworthy that the in-spite of an extensive research re-
ports utilizing potential of enzymes and of magnetic nano particle to-
wards greener synthesis, biosensing, biofuel production and organic
transformation leading to cleaner derivatives; to the best of our
knowledge, researches focussing on potential of enzymes immobilized
MNPs are not significantly reported so far for CH bond functionalization.
CH bond activation either via enzymatic catalysis on various substrates
or magnetic nano particle catalysed are reported. Thus, looking into the
potential of MNPs and enzymes towards C—H bond functionalization;
there is need to explore MNP based enzymatic catalysis. Coating or
encapsulation of active MNPs and utilizing them as substrate for enzyme
could result into considerable potentialities for further research and
could also minimize the toxicity of MNPs.

5.5. Regioselective synthesis

The C—H functionalization or activation by transition metals are of
significant importance in organic chemistry due to their highly versatile
applications for the synthesis of polymers, pharmaceuticals, feedstock
chemicals and natural products [153]. Regioselectivity is an important
concern in organic synthesis for development of desired product in good
yields. Magnetically recoverable nanoparticles have recently attracted
considerable attention in this regard due to their good catalytic effi-
ciency to produce products selectively. Numerous magnetic
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Scheme 31. (a) Probable reaction mechanism for syn-
thesis of Quinoline through C(sp?-H activation between
substituted anilines, alkynes and paraformaldehyde (R=
substituents and R’= Me/Et) catalyzed by Polythiophene
Encapsulated Au-Fe3O4 NPs (0.5 mol%, i.e. 300 pL of 4:
Au-Fe304 in Water/THF, 7/3) under Photocatalytic con-
ditions (Irradiation of 60 W Tungsten Filament Bulb). (b)
Plausible reaction mechanism for the synthesis of Quino-
lines derivatives via C(sp?)-H activation reaction between
anilines, alkynes and paraformaldehyde catalyzed by 4:
Au-Fe304 NPs and (c) Plausible reaction mechanism of
Quinoline synthesis through C(spz)—H activation reactions
between anilines, alkynes and substituted aromatic alde-
hydes (R=substituents) catalyzed by Polythiophene
encapsulated Au-Fe304 NPs (0.5 mol%, i.e., 300 L of 4:Au-
Fe30, in water/THF, 7/3) under photocatalytic conditions
(Irradiation of 60 W Tungsten filament bulb). Reproduced

with permission from ref [110], American Chemical
Society.
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a)

Polythiophene supported
Ag@Fe3;04 NCs, hv

H,O:toluene (1:1)
7-10 h, r.t.

R'=H, F, Cl, Me, OMe
R2=H, F, Cl, Me, OMe

10 examples
64-90% yields

(b)

Scheme 32. (a) Polythiophene supported Ag@Fe304 NCs mediated photo-
catalytic dehydrogenative coupling of phenylhydrazones and (b) Probable re-
action mechanism of dehydrogenative coupling of phenylhydrazones via
polythiophene supported Ag@Fe304 NCs as photocatalyst. Reproduced with
permission from ref [111], American Chemical Society.

nanoparticles have been employed for regioselective synthesis of various
organic compounds. Magnetic iron oxide nanoparticles, especially
magnetite (Fe3O4) and maghemite (y-FepOs), have attracted much
attention because of their unique properties and potentials.

A group of chemists have synthesized Fe304 [154] and then surface
modification with SiO5 was achieved by reaction of tetra ethyl orthosi-
licate (TEOS) followed by refluxing in an inert atmosphere of nitrogen
with urea-based ligand in dry toluene for 24 h. The synthesized MNPs
(Fe3O4@SiO,@ (CHj)s-Urea-Triazole) [155] were then separated,
washed with n-hexane and air-dried and finally, CoCl,6H20 was added
to a mixture of the prepared MNPs. C—H functionalization (sulfenyla-
tion of ortho phenols/naphthols) was then performed stirring a mixture
of phenol, pivalic anhydride, K2CO3 in DMSO at room temperature for
around 20 to 120 min followed by stirring at 90 °C for one day with
further addition of MNPs, Cs3CO3, PPhg, K3S20s, thiophenol and DMSO
(Scheme 36). The composite showed regioselective ortho-sulfenylation
of free phenols and naphthols by employing pivalic anhydride as a
directing group (DG), K3S20g and PPh3 as an oxidant and additive,
respectively

Scheme 36b elucidates plausible mechanistic pathway for the
Fe304@Si05-UT@Co" catalysed reaction of thiols with phenols and
naphthols wherein pivalic anhydride acts as the directing group. The
cobalt coordinates with the oxygen atom (II) and paves the way towards
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radical mediated directed ortho-metalation leading to the formation of
intermediate III. Intermediate III then affords IV through aromatization
and reduction of cobalt in the presence of K3S20g. Intermediate IV then
reacts with thiols to form V which further undergoes reductive elimi-
nation followed by RS immigration to yield VI which finally produces
the anticipated product along with the regeneration of the catalyst.

In summary, it could be concluded that regioselectivity is of para-
mount importance in organic synthesis which go hand in hand with
green synthesis and magnetic nanoparticles significantly influences both
avenues. Thus, regioselective synthesis must be explored with magnet-
ically recyclable nanoparticles for more substrate to obtain a variety of
desired products.

5.6. Enantioselective synthesis

Since the last decade, asymmetric catalysis has garnered immense
recognition for synthesizing optically active pharmaceutical as well as
biologically significant motifs with high efficiency [156]. Nevertheless,
the difficulty in recovering the metal catalyst poses a serious challenge
to the chemists working in this direction. Within this context, the utili-
zation of magnetic nanoparticles as solid support for mediating asym-
metric catalysis has proven to be a more rational solution that permits
facile separation and recyclability [157].

The direct asymmetric aldol reaction between ketones and aldehydes
renders a facile access to chiral organic compounds of great significance
in synthetic organic chemistry. In this perspective, Yin and co-workers
judiciously grafted L-proline on imidazolium based ionic liquid modi-
fied magnetic nanoparticles (catalyst 1) (Scheme 37a) and further
employed it as a catalytic entity in asymmetric aldol reaction of cyclo-
alkanones and aliphatic ketones (such as acetone) with aromatic alde-
hydes in water [158]. The synthesized catalyst demonstrated high
activity in terms of product yield (upto 96%), diastereoselectivity (dr;
88/12) and enantioselectivity (ee; 85%) (Scheme 37b). Alternatively,
authors also prepared ionic liquid free proline immobilized on magnetic
silica (catalyst 2) (Scheme 37c) and compared its catalytic efficacy in the
concerned reaction which was found to be very slow and further no
chiral induction was observed. The high catalytic performance in case of
PILMC catalyst was further attributed to the ionic liquid moiety that
promoted superior diffusion of hydrophobic reagents toward the active
catalytic sites and simultaneously worked as a stabilizing agent for the
enamine intermediate formed during the reaction. Further, the catalyst
possessing magnetic characteristics could be reused for multiple cycles
and without any appreciable decline in its activity.

Pericas and co-workers designed and reported the immobilization of
a second-generation MacMillan imidazolidin-4-one based organo-
catalyst onto 1% DVB Merrifield resin (PS) (termed as catalyst A) and
Fe30O4 nanoparticles (catalyst B) [159]. The catalytic efficacy of the
developed material was further investigated in the asymmetric Friedal-
Crafts alkylation of indoles with a,p-unsaturated aldehydes (Scheme
38). Though both the fabricated materials exhibited facile recoverability
and recyclability, the polystyrene based catalyst exhibited superior ac-
tivity and stereoselectivity which was further attributed to the poly-
meric nature of PS that delivered favorable microenvironment to the
active sites thereby resulting in enhanced reactivity and
enantioselectivity.

On similar grounds, Dash et al. utilized copper assisted Huisgen
cycloaddition for immobilizing enantiopure butyl-imidazolidin-4-one
onto magnetic nanosupport (MNP-A, MNP-B) at two distinct
anchoring sites and Merrifield resin support (PS) [160]. The synthesized
catalysts were employed as catalytic entities in the alkylation of indoles
with a,f-unsaturated aldehydes furnishing desired organic products in
high yields along with good enantioselectivities (Scheme 39). The
magnetic nanosupport with functionalization at the O-aryl residue
demonstrated comparatively higher catalytic performance than the
magnetic nanosupport with functionalization at the amide nitrogen.
Further, the PS supported catalyst showed highest catalytic activity in
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Table 11
Comparison of catalytic activity of polythiophene supported Ag@Fe304 nanoclusters with other catalysts documented in literature for C—H functionalization/C-N
bond formation.
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S. Catalyst Catalyst Ligand/base Solvent Temperature Time Yield
No. loading /oxidant
1. Polythiophene supported 0.01 mol - H,0:Toluene Visible light 7-10 64-
Ag@Fe304 NCs h 90%
2. Acr” - Mes ClOy, Co(dmgH),PyCl 3 mol% - CH3CN Blue LED (3W) under nitrogen 24 h 35-
atmosphere 89%
3. Pd(OAc), 0.89 mmol Di(2-pyridyl)ketone, H05 CH5CN, MeOH, THFor ~ 60°-80°C 3-12 82-
AcOH h 98%
4. [RhCp*Cl,]2 5 mol% 2-methylquinoline, PhCOONa, Toluene 90°C under nitrogen atmosphere 16 h 44-
Ag2CO3 88%
5. Cul or Cu(OTf), 10 mol% PhI(OTFA), DCE 100 °C 10h 32-
85%
6. Pd(CH3CN),Cl, 10 mol% Chloranil 1,4-dioxane 80 °C 24 h 27-
98%
7. Ru(bpy)3Cly.6H,0 2 mol% TEMPO, K,CO3 CHCl3 Blue LED (3W) 5-24 51-
h 86%
8. Pd/bis-sulfoxide, Co(salophen) 2.5-5 mol% DHBQ, TBAA, O, TBME 45 °C 72h 52-
96%
9. Pd(OAc), 10 mol% (02 DMSO/toluene 80 °C-120 °C 24 h 36-
95%
10. Pd(OAc)» 20 mol% Cu(OAc),, Oy DMSO 120 °C 8-10 63-
h 87%
11. Ir(ppy)2 (dtbbpy)PFe 2 mol% NaClO 1,4-dioxane White LED (5W) 1h 45-
91%
12. Copper(II)2-ethylhexanoate 20 mol% Dess-Martin periodinane DMSO 110 °C 1h 70-
87%
13. Cu(OAc), 15 mol% Ag>CO3 m-Xylene 140 °C 24 h 68-
91%
14. [Ir(dFppy)2phen]PFs, PA(OAc), 10 mol% Molecular O, DMSO 80 °C, Blue LED (7W) 8-16 75-
h 94%
15. Pd(OAc), 10 mol% Ce(SO4)2, DMF, MsOH DCM 120 °C 48 h 30-
74%
the concerned reaction due to the high loading of the catalyst, yet its
Me CN recycling efficiency was found to be significantly low in comparison to
1 |/ the magnetic nanocatalysts.
AN N. R2 Fes0, AN N. R2 He and co-workers fabricated magnetic nanoparticles (Fe304@SiO5)
R! > | supported cinchona alkaloids (quinine and quinidine) based chiral
= NaCN, 30% H,0, / = organocatalysts as catalytic entities in the asymmetric Michael addition
R1 of 1,3-dicarbonyls and maleimides [161]. The catalyst was synthesized
through a step-by-step assembly strategy wherein 3-mercaptopropyltri-
R = H, 4-Br, 2-Br, 4-Me, 3-Me 6 examples methoxysilane was employed as a linking agent between cinchona

94-97% yield

Scheme 33. Fe;0, catalysed a-cyanation of amines.

alkaloid and Fe304@SiO5. The primary step involved the coupling be-
tween equimolar quinine and 3-mercaptopropyltrimethoxysilane under
UV irradiations which was further immobilized onto Fe304@SiOy
nanoparticles via sol-gel approach. The obtained quinine functionalized

a) Magnetic Product
~_particle + Product (Shaded
~(Shaded Soln.) Soln.).
4 Flow
3 -
N e et D
Fresh Magnetic
solvent - particle

+ Fresh solvent

Fig. 4. (a) Initial microfluidic separator design for continuous recovery of magnetic particle from product solution; (b) Captured image at part A: shaded solution is
the product solution and black dots are magnetic particles. Captured image at part B in the; (c) absence and d) presence of a magnetic field. Adopted from ref [120]
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Neodymium
Trap

Fig. 5. Representation of a closed circuit type reactor for the asymmetric
monobenzoylation of racemic diol (+)-1 catalyzed by azabis(oxazoline)—cop-
per(II) complexes tagged to magnetic nanobeads. Adopted from ref. [124]

Fe304@SiO, nanoparticles were further modified with triethox-
ypropylsilane to avoid any potential interference of residual hydroxyl
moieties present on the surface of MNPs (Scheme 40a). It was further
observed that both quinine as well as quinidine modified MNPs could

Catalysis Communications 175 (2023) 106615

effectively catalyze the asymmetric Michael addition reaction with high
enantioselectivity (up to 93% ee) (Scheme 40b). Further, the catalyst
being magnetic in nature could be consecutively reused for three cycles
without any appreciable loss of activity.

Another research group led by Li et al. delineated the synthesis of a
Fe304 nanoparticle supported copper(l) pybox as catalytic entity in the
enantioselective direct addition reaction of terminal alkynes with imines
to form propargylamines [162]. Catalyst synthesis step involved the N-
arylation reaction between APTES functionalized silica coated Fe3O4
nanoparticles and 4-bromo-substituted phenyl-pybox ligand in the
presence of CuBr/BINOL (1,12-binaphthyl-2,22-diol) to generate com-
pound 1 which after stirring in dichloromethane solution of (CuOTf),
toluene yielded the desired Fe3O4 nanoparticle supported copper(l)
pybox catalyst (Scheme 41a). Further, the catalyst being versatile in
nature successfully resulted in the generation of six optically active
propargyl amines in excellent yields (80-93%) and high enantiose-
lectivity (84-92%). Besides, recyclability experiments revealed that the
catalyst was efficiently reused for six cycles without undergoing any
obvious decline in efficiency and enantioselectivity.

6. Toxicology of MNPs

Nanotechnology has become the next step in science where engi-
neering is integrated with biology, chemistry, medicine and physics to
develop functional materials, devices, and systems by altering matters at
the atomic/molecular scale [12a]. While these nanotechnologies offer
several benefits, nanoparticles (NPs) can have side effects and can be
toxic [163]. Even though various types of NPs and their applications are
continuing to increase, studies to characterise their effects after expo-
sure and potential toxicity are quite limited. Given the efficient delivery
of many biologically active compounds, size-dependent intrinsic mag-
netic properties, ability to function on a cellular and molecular level and
wide usage in the field of biomedical engineering, magnetite NPs
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7 \N\
HO™\ _oH
HO OH
y
(Calix-M N)

ey |
(o

(Calix-MN-SE-Lipase)

Scheme 35. The sol-gel encapsulation procedure of Calix-MN-SE-Lipase. Reaction conditions: (i) AlCls, phenol, toluene; (ii) N-methylglucamine, formaldehyde,

CH3COOH, THEF; (iii) EPPTMS-MN, K;CO3, CH3CN. Adopted from ref. [145]

(MNPs) are being studied extensively [164].

The important factor that determines toxicity and the biocompati-
bility of MNPs is the nature of the magnetically responsive components,
such as magnetite, iron, nickel, and cobalt, and the final size of the
particles, their core, and the coatings. Iron oxide NPs such as magnetite
(FesO4) or its oxidized form maghemite (y-FexO3) are commonly
employed in the area of biomedical engineering [165,166]. Highly
magnetic materials such as Co and Ni are susceptible to oxidation and
hence are considered toxic [167,168]. For in vivo biomedical applica-
tions, MNPs should be made of a non-toxic and non-immunogenic ma-
terial, as they need to remain in the blood circulation after injection and
to pass through the capillary systems of organs and tissues. To overcome
the toxic effects, studies have started to focus on developing encapsu-
lation of MNPs with polyesters such as PLGA, a synthetic copolymer of
lactic acid (a-hydroxy propanoic acid) and glycolic acid (hydroxy acetic
acid), as they are biocompatible, biodegradable and less toxic [169].

Recently, superparamagnetic iron oxide nanoparticles (SPIONSs)
have started to receive much attention in drug and biomolecule delivery
systems and magnetic resonance imaging (MRI). However, we cannot
rule out the toxic side-effects that are associated with the exposure to
SPIONs. Studies have shown that exposure to SPIONs has been associ-
ated with toxic effects [170] such as vascular endothelial and pulmonary
inflammation, impaired mitochondrial membrane function leading to
the formation of apoptotic bodies, leakage of lactate dehydrogenase due
to cell membrane damage and increased production of reactive oxygen
species (ROS) leading to DNA damage and chromosome condensation
(Fig. 6) [171]. Hence, there is a need to address biocompatibility and
biosafety concerns that are associated with the use of SPIONs in a wide
variety of biomedical applications.

Studies have shown that properties such as the type of coating, the
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size of the nanoparticle, and the concentrations of MNPs are important
in terms of determining the cytotoxicity. Materials such as poly-
vinylpyrrolidone (PVP), dextran, PEGylated starch, citrate and silicon
have been used for surface coating of SPION [172]. A BT-474 cell line
study showed that larger nanoparticles (dextran-SPION) had less cyto-
toxicity and, at higher concentration (above 100 pg/ml), PVP-SPIONs
decreased cell viability [173]. In a recent study in dopaminergic
neuronal PC12 cells, treatment with SPIONs reduced the cell viability
and resulted in the decrease of nerve fibre density [174]. Several stra-
tegies have been implemented to minimise the toxicity due to exposure
to SPIONS. A study used a combination of an external magnetic field and
the composite particles of PLGA with the SPIONs (SPION-PLGA parti-
cles) for protein delivery to bone-marrow derived primary dendritic
cells, where SPION-PLGA particles exhibited superparamagnetic prop-
erty which showed low cytotoxicity [175]. In another study [176], the
SPIONs were non-toxic up to 100 pg/ml in vitro for NT2 cell line after
coating the surface of SPION with poly (ethylene glycol)-grafted poly-
ethylenimine (mPEG-co-PEI) shell, where PEI increased the gene
transfection efficiency and PEG methyl ether reduced the cytotoxicity.
Furthermore, a study where SPIONs were synthesized by thermal
decomposition of iron (III) acetylacetonate Fe(acac)s and functionalized
with dihexadecyl phosphate (DHP) via phase transfer did not show a
significant cytotoxicity suggesting that SPION-DHP might hold a great
potential for biological applications [177]. By using a simple conjuga-
tion approach [178], where ferumoxides (FE) contrast agent was
attached to the fixable fluorescent dextrans (FL FE) and mixed with
protamine sulfate (Pro), toxicity was significantly reduced in cells which
proves that FL FE-Pro complex might provide the ability to monitor cells
by MRI in a less toxic way compared to other chemical conjugation
methods [179].
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Scheme 36. (a) O-sulfenylation of free phenols and naphthols and (b) Plausible catalytic cycle for ortho-regioselective sulfenylation of phenols and naphtols.

Adopted from ref [155]

Another interesting area of research where MNPs are used include
ribonucleic acid (RNA) interference-based silencing of cancer-related
gene expression [180]. Recent studies have focused on using SPIONs
as vehicles for short-interfering RNA (siRNA) [181], as the SPION-siRNA
conjugates are non-toxic, biocompatible, stable, and amenable to spe-
cific targeting and can cross tight junction of endothelial cells in blood
brain barrier [182]. As a therapeutic strategy against HIV and other
infectious diseases, SPIONs are also used as an RNA delivery system into
target cells. Chitosan coated SPIONs were optimized as a system for
delivering siRNA against HIV-1 tat to HEK293 cells, where the NPs
showed no considerable toxicity on the cells [183]. NPs comprised of
nanoengineered complexes are now being used as reporters for many
physiological processes and have enabled targeted delivery of a range of
safer therapeutics for applications such as cardiovascular diseases [184].

Recent studies have identified specific cytotoxic effects associated
with cardiovascular system upon exposure to different MNPs. An animal
study has shown that ultra-small SPIONSs that are composed of magnetite
Fe304 with <1.0% stabilizing ligands of PEG lead to adverse effects on
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myocardium, DNA damage and increase of cardiac oxidative stress
[185]. Besides iron oxide nanoparticles, nano-sized zerovalent iron
particles have also been shown to produce toxic effects relating to pul-
monary and cardiovascular systems, where increased levels of oxidative
stress in human cultured endothelial and epithelial cell lines were
identified [186]. The toxic effects of SPIONS have also been studied and
reported in plants. After exposure to SPION, toxic effects such as growth
inhibition, ROS formation, decrease in chlorophyll content and photo-
synthesis inhibition were identified in the aquatic plant Lemma gibba
[187]. Furthermore, in the microalgae, Chlorella vulgaris and Pseudo-
kirchneriella subcapitata, the toxicity of nano-Fe3O4 and nano-Fe;O3 was
shown to result in ROS formation and deterioration of photosynthetic
activities [188]. Upon exposure to SPION, a recent study in the micro-
alga, Chlamydomonas reinhardtii, has demonstrated a toxic response
consisting of a decrease in metabolic activity, increased ROS formation
and alterations in the mitochondrial membrane potential [189].

In summary, majority of the animal and human cell line studies have
reported increased levels of oxidative stress as one of the important
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Scheme 38. Immobilized 2°¢ generation MacMillan catalyst mediated asym-
metric Friedal-Crafts alkylation of indoles with a,f-unsaturated aldehydes.

mechanisms by which MNPs induce cytotoxicity. Hence, oxidative stress
and the generation of ROS might be the main factor leading to the other
changes in intracellular signalling pathways resulting in apoptosis.
However, as the current data on the toxicity of MNPs are very limited,
further mechanistic studies are required to understand the pathways
leading to the cytotoxic effects. Given the information about toxic effects
of MNPs, despite the great potential for biomedical applications, their
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15-96% yield (ee = 55-89%)

= 4-BrPh, 2-CIPh, 2-NO,Ph,
4-NO,Ph, etc.

H

Catalyst 2

magnetic nanoparticles catalyst; (b) L-proline on imidazolium based ionic liquid
cycloalkanones and aromatic aromatic aldehydes; (c) Preparation of ionic liquid

impact on human health should further be investigated and taken into
special consideration before wide-spread use.

7. Conclusion

The field of C—H activation that exploit the ubiquity of C(sp®)-H and
C(spz)—H bonds for C-C and C-heterobond formation has witnessed
striking advancements with the advent of innovative recyclable and
magnetically retrievable nanocatalysts that are here to rule for hundreds
and thousands of years without any doubt with their majestic capabil-
ities in promoting sustainable synthesis. In fact, with effective utilization
of the nanocatalysts, the sales of global market have already reached
USD 2,900 which is expected to grow exponentially within few years.
The distinctive properties of the magnetic nanocatalysts including low
toxicity, more abundance, economic viability and most importantly the
prospects of recovering the catalysts with a greener, solvent-free, rapid
magnetic separation technique have rendered them the material of
choice for expediting a notable number of industrially significant re-
actions by leveraged C—H activation. The review aimed to revisit all the
magnetic catalysts being employed at the laboratory as well as industrial
level for aiding in the construction of diverse array of C-C as well as C-
hetero bond formations. Apart from focusing on the recent approaches
involved extensively in the design of the magnetite nanoparticles, their
subsequent surface modification strategies including the covalent
immobilization methodology and the direct one-pot synthesis of the
metal loaded MNPs have also been given due consideration which are
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anticipate to benefit the researchers interested in working in this highly
propitious area. Exclusive light has also been thrown on the use of
different types of micro as well as macro reactors that enhance the
applicability of these catalysts for multi-phase heterogeneous reactions.
Lastly, a critical assessment based on the toxicity of the MNPs has also
been presented which have divulged that further research needs to be
conducted in evaluation of the toxic aspects associated, especially while
directing attention to the biomedical applications. The area of magnetic
C—H activation presents enormous scope to resolve some real envi-
ronmental/industrial challenges on the horizon as well. For instance,
competent photocatalysts are being designed for the rapid degradation
of emerging contaminants that have shown promising efficacy in
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wastewater treatment. Also, regioselective catalysts are also being
innovated and utilized for direct C—H functionalization of important
bioactive molecules. However, certain barriers still impede the large
scale applicability of these protocols for instance lack of mechanistic
understanding at the nanoscale which can be resolved with theoretical
understanding with the aid of more competent computational softwares
and simulations. The synthesis of ideal nanostructures, understanding
their dynamics and bringing these to the labscale also pose a grand
challenge. For realistic industrial applications, it is crucial to develop
stable and robust MNPs in an economical and scalable way that can bear
the reaction conditions experienced in heterogeneous catalysis. In view
of large scale applicability and long term benefits, one needs to focus on
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the synthetic strategies that could ultimately aid in strong metal-support
interactions and assure long term stability as well as activity. Continuous
flow MW reactors have also been tried on a limited scale, and this idea is
interesting for mass scale production, but more investigation is needed
to check the efficiency of the reactor for synthesizing a wide variety of
supported nanocatalysts with durable properties. Also, efforts need to be
directed towards the automated recycling of the magnetic nanocatalysts
in order to demonstrate their utility as support materials in parallel and
high throughput synthesis. Future direction of research can be projected
towards the correct exploitation of theoretical and experimental
methods simultaneously for more outcome based realistic bent results
that will ultimately help us in transitioning towards the final door of
sustainability.
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