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Abstract: The direct functionalization of an inactivated C—H bond has become an attractive approach
to evolve toward step-economy, atom-efficient and environmentally sustainable processes. In this
regard, the design and preparation of highly active metal nanoparticles as efficient catalysts for C-H
bond activation under mild reaction conditions still continue to be investigated. This review focuses
on the functionalization of un-activated C(sp3)-H, C(sp2)-H and C(sp)-H bonds exploiting metal and
metal oxide nanoparticles C-H activation for C-O and C-X (X = Halogen, B, P, S, Se) bond formation,
resulting in more sustainable access to industrial production.

Keywords: metal nanoparticles; metal oxide nanoparticles; C-H activation; C-O bond formation;
C-X bond formation

1. Introduction

The direct and selective introduction of a new functionality via direct C-H bond
activation has become a highly attractive strategy for the preparation of valuable target
compounds. The direct activation of relatively inert C—H bonds allows avoiding addi-
tional pre-functionalization steps, minimizing the number of synthetic transformations and
resulting in protocols with higher atom economy sustainability [1-4].

However, due to the ubiquitous presence of C-H bonds and their high bond dissocia-
tion energy, the development of efficient catalysts is essential, aiming for their activation
using mild conditions and with a good control of selectivity.

A large number of homogeneous metal complexes, mainly group VIII (Ru, Rh, Pt, Ir, Pd
and Co), have proven to be efficiently able to coordinate a C—-H bond and can be successfully
used for C-H activation/functionalization processes [5-21]. These catalysts are often toxic
and expensive, and their use often leads to a difficult separation from the products that
remain contaminated; their recoveryand reuse is also difficult if not impossible.

In the past two decades, metal nanoparticles (MNPs) have found successful use
as catalytic systems to promote a wide range of transformations such as C—C coupling,
reduction and oxidation reactions [22-30]. More recently, due to their tunable electronic,
chemical properties, shape, size and composition, MNPs with a high surface-to-volume
ratio have been shown to be very efficient catalyst for the C-H functionalization (C-C,
C-Heteroatom) via C-H activation under mild reaction conditions [31-50].

As is well-established, nanoparticle size and shape, stabilizing ligand, nature of
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Nanocatalysis is emerging as a powerful tool in organic synthesis for the construc-
tion of synthetically relevant building blocks via C-H activation. Among the different
transformations, the formation of new C-heteroatoms bonds is usually less investigated
and discussed. To fill this gap in this review, we will focus on the analysis of literature
concerning the use of metal and metal oxide nanoparticles to promote the activation of
C(sp3)-H, C(sp2)-H and C(sp)-H bonds for the formation of new C-heteroatom bonds. We
classified the examples reported based on the bonds formed, C-O, C-halogen, C-B, C-P,
C-S or C=Se.

2. Carbon-Oxygen (C-O) Bond Formation

Various noble metal and nonprecious metal or metal oxide nanoparticles have been
utilized to exploit the C-H activation process to promote the formation of a new C-O
bond and access alcohols or carbonyls. The relevance of this method relies in the impor-
tance of these products as key intermediates for the production of fine chemicals and
pharmaceuticals, as well as agrochemicals [53-56].

Among these processes, it is worthwhile to mention the representative selective oxi-
dation of methane that remains a chemical challenge due to large energy barriers and the
prevention of overoxidation to CO; [36,57-59]. Generally, high temperatures are required,
but relatively mild conditions have been recently obtained by using bimetallic systems,
such as AuPd NPs [60]. Moreover, methane can form stable adducts with alkaline metal
cations in the gas phase [61]. In this review, we will focus on C(sp3) and the C(sp2)-H
activation of alkanes, arenes and alkenes.

2.1. Toluene C(sp3)-H Activation

The selective C-H oxidation of toluene using MNPs has been widely explored [57].
Generally, high temperature and high O, pressure are required, often leading to a poor
control of selectivity. Therefore, the search for an efficient catalyst exhibiting high activity
and selectivity under mild conditions still represents a challenge.

The C-H oxidation of toluene can lead to the formation of benzyl alcohol, benzalde-
hyde, benzoic acid or benzyl benzoate (Scheme 1).

H o) o

“ benzyl alcohols lbenzyl alcohols
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Scheme 1. C(sp3)-H oxidation of toluene.

In 2009, Crabtree and coworkers [62] showed the use of a recyclable Ir/C catalyst in the
selective oxidation of toluene and its derivatives. When the reaction was performed in the
presence of AgrCO3, acting both as base and oxidant, benzyl alcohol was observed as major
product, which, forming in the presence of 4-fluorobenzoic acid, gave the corresponding
ester and aldehyde as side products. In the absence of Ag,CO3, aldehydes were obtained
exclusively (Scheme 2).
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Scheme 2. Ir/C catalyzed C-H oxidation of toluene.

Aldehydes are formed via a double gem C-H activation of ArCHj, possibly forming a
surface-bound ArCH = Schrock carbene. Then water provides the oxygen source for C-O
bond formation and x-hydride elimination, followed by the reductive elimination of the
product leading to the formation of the aldehydes (Scheme 3).
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Scheme 3. Plausible mechanism of Ir/C catalyzed aldehyde formation.

In 2011, Hutchings and coworkers [63] studied the catalytic activity of AuPd alloy
NPs, prepared by sol-gel immobilization on carbon (Au-Pd/C). They used this catalytic
system in the solvent free C—H bond oxidation of toluene at 160 °C in the presence of O,
(10 bar) and obtained benzyl benzoate with high yield and selectivity. It was found that
metal nanoparticles significantly enhanced oxygen adsorption and are able to promote the
formation of a surface-active superoxide species, such as O,’, and Oy~ (O,*), that promote
C-H abstraction (Scheme 4).

MNP —OO*
O,
MNP —OOBu  ‘BuOOH H,0, HOO—{ MNP
MNP
MNP MNP
‘BuOO- + BuO + H,O H,O0 + HO' + HOO

Scheme 4. Formation of surface-bound oxygen radical species.



Catalysts 2023, 13, 16

4 0f29

In 2012, the same authors [64] performed the C-H oxidation of toluene in milder
conditions, at 80 °C, by using Au-Pd nanoparticles immobilized on TiO; (Au-Pd/TiO;) in
the presence of tert-butyl hydroperoxide (TBHP). The authors showed, for the first time,
that MNPs can efficiently promote the decomposition of peroxides such as TBHP (or H,O5)
to generate the tert-butyl peroxy (t-BuOO.) and tert-butoxy (t-BuO.) radical species (i.e.,
hydroperoxy and hydroxy radical species). The obtained radicals can be adsorbed on the
surface of the metal to generate surface-bound radical species that play a key role in C-H
bond activation (Scheme 4).

More recently, a wide variety of metal and metal oxide nanoparticles have been used
for the selective oxidation of toluene via C-H activation, and examples of the selective
formation of benzaldehyde are listed in Scheme 5 [65-69].

o
MNP H
£
[O]

CdO, or ZnO; (2 mol%) 160-180 °C R=H
In,O5-TUD-1 (100 mg/8 mmol) [TBHP, 80 °C],CH3COOH R=H
Ag-TESPTS@SBA-15 (12 moi%) [O,, 110 °C] 11 examples
Cs3BiyCrg/SBA-15 (10 mg/5 mi) [air, 293 °K, hv] 5 examples
Cs3Sb,Brg (10 mg/5 mi) [O,, 293 °K, hv] 3 examples

Scheme 5. C(sp3)-H bond activation of toluene to benzaldehyde.

In 2013, Rao and coworkers [65] reported the C-H bond activation of toluene by using
metal peroxide nanoparticles, CdO, and ZnO,, prepared by a reaction of the corresponding
oxide with HyO,. These metal peroxides are able to oxidize toluene primarily to benzalde-
hyde in the range of 160-180 °C. At this temperature, the peroxide nanoparticles decompose
to give the corresponding oxides. Although CdO, nanoparticles showed higher yields,
more environmentally benign ZnO; is better in terms of selectivity. A benzyl hydroperoxide
intermediate has been detected during the transformation of toluene to benzaldehyde.

In 2020, Das and Chowdhury [66] described the use of indium oxide nanoparticles
embedded in mesoporous silica TUD-1 (In-TUD-1) for the green synthesis of benzaldehyde
from toluene using TBHP as oxygen donor and acetic acid as solvent, under very mild
reaction conditions (80 °C, 5 h). The catalyst showed high catalytic activity with 48% toluene
conversion and 83% benzaldehyde selectivity. Moreover, the catalyst was recyclable up
to five times (from 48 to 36%). The use of a radical scavenger, such as quinhydrone,
stopped the reaction, suggesting that it proceeds through a radical chain mechanism. The
coordination of TBHP on the surface of In,O3 generates the tert-butyl peroxy (t-BuOO.)
and tert-butoxy (t-BuO.) radical species. Toluene reacted with surface radical species to
form the benzyl radical that combined with the metal surface and tert-butyl peroxy radical
to produce benzaldehyde and t-BuOH as a by-product.

In the same year, Biswas and coworkers [67] described the preparation of highly
dispersed silver nanoparticles supported on 2D hexagonally ordered functionalized meso-
porous silica (Ag-TESPTS@SBA-15, AgMS) and their catalytic application in the C-H
activation of toluene and its derivatives to produce the corresponding aldehydes under
solvent-free conditions using a flow of oxygen at 110 °C. Moderate to good yields (59-79%)
and high selectivities (89-96%) were achieved with both electron-rich and electron-poor
groups. A significant decrease in the reaction yield was observed in the presence of TEMPO,
confirming a radical pathway for the C-H oxidation wherein AgNPs promote the activation
of Oy molecules with the formation on the surface of active oxygen species and of a benzyl
peroxy radical intermediate (Scheme 6).
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Scheme 6. Proposed mechanism for C(sp3)-H bond activation of toluene with AgNDPs.

In 2020, Cs3BiyBrg perovskite nanoparticles immobilized in the pore channels of
mesoporous silica SBA-15 were used as a photocatalyst in the C—H activation of toluene
and its derivatives by Tgysgz and coworkers [68]. The reactions were performed under
visible-light irradiation (>420 nm) in air at 293 K, obtaining the corresponding aldehydes
with a high conversion rate and selectivity (80-90%). A control experiment with TEMPO
and TEMPO-H verified the formation of a carbon-centered radical as an intermediate, and
isotopic labeling experiments (Ky /Kp = 4.4) showed that the C(sp3)-H bond activation
was the rate-determining step.

Similarly, in the same year, Xu and coworkers [69] reported the use of Cs3Sb,Brg
perovskite nanoparticles as a photocatalyst under visible-light irradiation (>420 nm), in an
O, atmosphere at 293 K for the oxidation of toluene to benzaldehyde.

In a recent paper, Fan and coworkers [70] described the selective oxidation of benzyl
alcohol to benzaldehyde via C-H activation under solvent-free conditions at 120 °C. The
protocol implies the use of O; as oxidant and electron-rich Pd atoms consisting of AuPd
bimetallic NPs immobilized on TiO, as catalyst. Extremely high turnover frequency was
observed for AuPd,/TiO, with x = 0.001. Moreover, kinetic studies reveal that the electron
rich Pd atoms accelerate the oxidation of benzyl alcohols compared to net Pd atoms and
that the cleavage of C—H bond is the rate-determining step (Kiz/Kp = 11.34).

Very few examples deal with the use of MNPs as a catalyst for the selective C-H
oxidation of toluene to benzoic acid (Scheme 7) [71-73].

o)
MNP
- O
[O]
Au-pDA-rGO (0.2 mol%) [0,,60°C],CH;CN R=H
Mn/Co-ZNC (30 mg/28 mmol)  [TBHP, O,, 120 °C] 11 examples
Cu@AEPOP (8 mol%) [TBHP, 70 °C] R=H

Scheme 7. C(sp3)-H bond activation of toluene to benzoic acid.
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In 2016, Sama and coworkers [71] reported the preparation of Au NPs supported
on polydopamine-reduced graphene oxide (Au-pDA-rGO) and its use as catalyst for the
selective oxidation of benzylic C—H bonds in CH3CN at 60 °C under an O, atmosphere
(10 bar) in the presence of N-hydroxyphthalimide (NHPI). Benzoic acid was obtained with
good conversion (60%) and very high selectivity (99.6%). Detailed mechanistic studies
showed that the reaction followed a free radical pathway in which O, activation takes
place on AuNPs’ surfaces, generating a superoxide species that, in the presence of NHPI,
generates a phthalimide N-oxyl radical (PINO) responsible for C-H breaking to generate
benzyl radicals.

In 2021, bimetallic Mn/Co oxide nanoparticles confined in zeolite imidazolate frame-
works (ZIFs) were described by Huang and coworkers [72]. The C-H oxidation of toluene
and substituted toluenes to corresponding carboxylic acids were performed at 120 °C,
in the presence of O; (6 bar) and TBHP as oxidants. Moderate to good conversion rates
(39-57%) were obtained with high selectivity (up to 98.6%). A controlled experiment with
TEMPO indicates a radical mechanism in which the activation of O, by metal oxide gen-
erate the superoxide radical species that react with TBHP, generating tert-butyl peroxide
species responsible for C-H activation by chain-propagating steps. Moreover, the catalyst
was recovered and reused for six replicate runs with conversion and selectivity almost
unchanged (from 57 to 43% conversion, up to 98% selectivity). A slight drop in reactivity
and selectivity were observed thereafter.

In 2022, Wang and coworkers [73] reported the use of a porous organic polymer
immobilized copper nanoparticles (Cu@AEPOP) as an efficient catalyst for benzylic C-H
bond oxidation. Toluene oxidation to benzoic acid was easily performed at 70 °C in the
presence of 70% in water TBHP as the sole oxidant (90% yield). A radical mechanism was
hypothesized in which TBHP decomposes on the surface of Cu NPs to give the t-BuO. and
t-BuOO. radical species responsible for benzylic hydrogen abstraction.

The direct oxidative esterification of methyl arenes with alcohols was reported by Liu
and coworker in 2012 [74]. Bimetallic AuPd NPs supported on a metal-organic framework
(MIL-101) promoted C-H activation at 120 °C in the presence of O,, producing the cor-
responding esters with good yields and high selectivities (Scheme 8). The catalyst was
recovered and reused for 3 runs without a significant loss of catalytic activity (from 34.3 to
35.2% conversion and from 87.8 to 88.5% selectivity).

o)

AuPd O,R1
R©/ + R'OH » R
0,, 120°C
substrate/metal = 1000 9 examples

Y =18-94%, S = 80-98%

Scheme 8. Direct oxidative esterification of methyl arenes in presence of AuPd/MIL-101.

In 2018, Varma and coworkers [75] synthesized graphitic-carbon-nitride-supported
palladium nanoparticles (Pd@g-C3N4) for the photocatalytic C-H activation of benzyl
alcohols to methyl esters with high yield and selectivity by using visible-light irradiation,
under air, at room temperature (91-96% isolated yield). The photocatalyst was recycled
and reused up to five times without losing its activity (from 96 to 95% yield) and with
negligible Pd leaching.

An oxidative esterification of benzaldehyde via C-H activation at room temperature,
using visible-light irritation and Ag/Co3O4 supported on a reduced graphene oxide (rGO)
nanocomposite in the presence of alcohol as solvent was reported by Zhang in 2020 [76].
High conversion (72-90%) and selectivity (up to 99%) were obtained with a wide variety of
alcohols (ROH, R = Me, Et, Pr, iPr, Bu).
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2.2. Alkyl Arenes C(sp3)-H Activation

The catalyzed oxidative C—H activation of alkyl arenes is a chemical process to obtain
aromatic ketones directly. Recently, a large number of metal and metal oxide nanoparticles
that efficiently promote oxidative C—H functionalization in mild conditions have been
widely developed (Scheme 9) [67,71,73,77-80].

MNP j\

Ar Y o =AY

Y =R, Ar
Au-pDA-rGO (0.2 mol%) [O,, 60 °C], CH3CN 9 examples
Pt@Bio,MoOg (2,4 mol%) [O,, 17 °C, hv], CgHsCF3 9 examples
Ag-TESPTS@SBA-15 (12 mol%) [0,, 110 °C] 11 examples
CuO/N-C-HNSs (20 wt%) [TBHP, 80 °C] 8 examples
LaMnO3 (100mg/0.5 mmol) [O5, 80 °C], eptane 3 examples
MgeMnOg (100 mg/0.5 mmol) [O,, 50 °C], octane 16 examples
Cu@AEPOP (4 mol%) [TBHP, 70 °C] 10 examples

Scheme 9. C(sp3)-H bond oxidation of alkylarenes to ketones.

The Au-NPs-based catalyst (Au-pDA-rGO) used by Sama and coworker in the selective
oxidation of toluene to benzoic acid was also used for the selective benzylic C-H bond
activation of alkyl arenes to the corresponding ketones [71]. The Au nanocomposite under
an O, atmosphere (10 bar) in the presence of N-hydroxyphthalimide (NHPI) leads to the
desired oxidation products under mild and neutral reaction conditions with high efficiency
and selectivity (80-99.5% conversion, up to 98.8% selectivity).

In 2018, Cheng and coworkers [77] reported a selective oxidation of alkyl aromatics
under visible-light irradiation, at 17 °C in CF3Cg¢Hs, using O; as an oxidant and Pt NPs
supported on BiMoOg semiconductor nanoplates as the photocatalyst. Generally, ketone
was obtained as the main product, but for a number of substrates, alcohol was also observed.
Under visible-light irradiation, the Bi;MoOg nanoplates produce photogenerated holes
and electrons: the holes oxidize the alkyl aromatic and form the radical cation, while the
photogenerated electrons transfer to Pt NPs. Pt nanoparticles, as cocatalysts, suppress the
recombination of a photogenerated charge, promote oxygen reduction and activate the
benzylic C-H bonds. The stability of Pt/Bi,MoOg nanoplates was investigated in a cycling
experiment, and no significant activity loss was observed after six consecutive runs (from
90 to 87% conversion).

The Ag-TESPTS@SBA-15 catalyst [67], reported by Biswas and coworkers for the se-
lective oxidation of toluene derivatives to the corresponding aldehyde, was also employed
in the oxidative C-H bond activation of alkyl aromatics, under eco-friendly reaction condi-
tions, to produce the corresponding ketones. The reactions exhibit good yields (59-80%)
and excellent selectivities (91-94%) toward the formation of carbonyl compounds, and very
good TON and TOF were also obtained.

Highly active CuO nanoparticles supported on nitrogen-doped carbon hollow
nanospheres (CuO/N-CHNSs) were obtained by Kantam and coworkers in 2021 [78].
The catalyst was efficiently used in the selective C(sp3)-H bond oxidation of alkyl aro-
matics to corresponding ketones under mild conditions by using TBHP as the oxidant
and water as the green solvent at 80 °C. High conversion and selectivity (up to 99%) were
obtained for a wide range of aromatic hydrocarbons. Moreover, the catalyst was easily
recovered and reused for up to 5 runs without a significant decrease of catalytic activity
(from 98 to 92% yield). The high catalytic activity and reusability was attributed to the
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synergistic effect between finely dispersed CuO nanoparticles and nitrogen-doped carbon
hollow nanospheres support.

LaMnOj; Perovskite nanoparticles were used by Tiirkmen and coworkers in 2021 [79]
for the promotion of the oxidative C(sp3)-H activation of alkylarenes by using O, (1 bar)
as the sole oxidant and heptane as the reaction medium at 80 °C. The proposed mechanism
involves the formation of surface-bound superoxide anions by the activation of O, on the
surface of LaMnOj3 and the successive abstraction of the benzylic hydrogen atom producing
the radical intermediate. High yields of ketones were obtained, but the used regeneration
protocol did not allow the fully recovery of the initial activity of the spent catalyst.

In 2022, MgeMnOg murdochite nanoparticles were used by Hara and coworkers [80]
in the C-H oxidation of a wide variety of alkylarenes to ketones at 50 °C in the presence
of O, (1 atm) as the sole oxidant and n-octane as the reaction medium. On the basis of
kinetic and mechanistic studies, it was hypothesized that the oxidation proceeds via a
basicity-controlled C-H activation mechanism involving O, activation. The murdochite
was recovered and reused for 6 runs without changing its high catalytic activity (from 96 to
99% yield).

In the same year, Wang and coworkers [73] designed copper nanoparticles supported
on porous amide and ether functionalized organic polymer (Cu@AEPOP) as a heteroge-
neous catalyst for the efficient oxidative C-H bond activation of alkyl arenes to ketones
(93-99% yield). The copper nano-catalyst showed remarkable activity at 70 °C, in the
presence of TBHP, 70 wt% in water, which was used as the oxidant and the solvent. Hot
filtration experiments showed that no Cu ion was leached into the solution and that hetero-
geneous catalysis was operative: Cu*? nanopatrticles promote the decomposition of TBHP
with the formation of surface radical species responsible for C-H benzylic activation by the
chain-propagating steps.

In 2015, Ellis and coworkers [81] reported the preparation of Pd NPs supported on
multiwalled carbon nanotubes (Pd(II)/MWCNT) for the oxidative C(sp3)-H activation
of 8-methylquinoline in the presence of PhI(OAc), as the oxidant (Scheme 10). When
the reaction was performed in MeOH as a solvent, a near-quantitative yield (99%) of
8-(methoxymethyl)quinoline was obtained in 10 min at 100 °C, while in acetic acid at
120 °C for 10 min, the desired 8-(acetoxymethyl)quinoline was obtained in 90% yield. The
authors showed that the reactions were faster with Pd(Il)/MWCNT than with homoge-
neous Pd(OAc); (Scheme 10). The catalyst was recycled 16 times with minimal reduction
of catalytic activity (from 98 to 90% conversion) and very little metal leaching.

Pd(I)/MWCNT Pd(I)/MWCNT
(5 mol%) | N (5 mol%) |
b/ > b/
Phl(OAc), AcOH N PhI(OAc), MeOH N
120 °C 100 °C

OMe
Y =99%

Scheme 10. Oxidative C(sp3)-H activation of 8-methylquinoline.

More recently, Zhang and coworkers [82] prepared monodisperse CuPd alloy nanopar-
ticles supported on reduced graphene oxide (CuPd/rGO) as efficient catalyst for the
directed C(sp3)-H activation of 8-methylquinolines in the presence of PhI(OAc); as the
oxidant and carboxylic acids to form the corresponding 8-(acyloxymethyl)quinoline.

In both papers [81,82], a N-directing group assisting the Pd(II)/Pd(IV) mechanism via
a cyclopalladated intermediate was reported (Scheme 11).
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| 7
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reductive elimination
Scheme 11. Proposed mechanism for N-chelation-directed Pd(II)/Pd(IV) C-H activation.

2.3. Cycloalkane C(sp3)-H Activation

The catalytic oxidative C-H activation of cycloalkanes under mild conditions is one of
the principal objectives of catalysis chemistry. Indeed, cycloalkanols and cycloalkanones
are involved in the production of commodity chemicals, such as polymers, paints, plastics,
etc. For example, the oxidative C—H activation of cyclohexane to cyclohexanone and cyclo-
hexanol is the key step of the commercial production of nylon-6 and nylon-6,6 polymers.

Among the metal nanoparticles, Au NPs have been widely used in the oxidative C-H
activation of less reactive cycloalkanes (Scheme 12) [67,83-86].

OH 0]
MNP
ol O+ O
—_—
[O]

AU/TiO,:Gd (0.2 mol%) [TBHP, air, 80 °C]  Me-CgH4
AUHAP (0.17-0.21 wt%) [TBHP, O,, 150 °C] n =1
AUPA/MIL-101 (1 wt%) [0,, 150 °C] n=1
Au/CQDs (25 mg/50 mi) [H,0,, r.t., hv] n=1
Ag-TESPTS@SBA-15 (12 mol%)  [O,, 110 °C] n=1234

Scheme 12. Oxidative C—H activation of cycloalkanes.

In 2010, Caps and coworkers [83] prepared Au NPs supported on gadolinium-doped ti-
tania (Au/TiO,:Gd) with < 3 nm overage size. The catalyst efficiently catalyzed, at 80 °C, in
the presence of TBHP and aerobic conditions the methylcyclohexane/stilbene co-oxidation
reaction, which led to the formation of 1-metylcicloexanol. The oxidation proceeds via
a complex radical chain mechanism in which Au NPs activate TBHP and produce an
alkylperoxy radical through a reaction of a tertiary alkyl radical with atmospheric O,.

In 2011, Tsukuda and coworkers [84] synthesized ultrasmall Au NPs (<2 nm) with
atomically controlled sizes (Auy,, with n = 10, 18, 25, 39) immobilized on hydroxyapatite
(Au/HAP) for the selective C—H oxidation of cyclohexane to cyclohexanol and cyclohex-
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anone, at 150 °C, in the presence of TBHP and O, as oxidants. The turnover frequency
increased with an increase in the size, reaching values as high as 18 500 h~! Au atom ! at
n = 3, and thereafter decreased with a further increase in size.

The effect of Au nanoparticle size on catalytic activity was also observed by Golovko
and coworkers [87] in the aerobic oxidation of the allylic C—H bond of cyclohexene under
mild conditions (65 °C). The authors showed that catalytic activity was observed only
when >2 nm Au nanoparticles size had formed, while <2 nm particles were inactive in
cyclohexene oxidation. The size dependency observed suggested that Au NPs promote the
abstraction of allylic hydrogen with the formation of a cyclohexenyl radical that then reacts
with dissolved O,.

In 2013, bimetallic AuPd NPs supported on zeolite-type metal-organic frameworks
(AuPd/MIL-101) were obtained by Li and coworkers [85]. The AuPd alloy catalyst was
used in the selective C-H oxidation of cyclohexane at 150 °C in the presence of O; as
the sole oxidant with high TOF (19 000 h—!) and >80% selectivity to cyclohexanone and
cyclohexanol. The Au—Pd bimetallic catalysts showed a higher catalytic activity than pure
metal or Au+Pd physical mixture in terms of cyclohexane conversion, suggesting that
the enhanced surface electron density of the bimetallic Au—Pd catalyst, compared with
monometallic Au, favors O, adsorption and activation to form a surface superoxo species.

In 2014, Zhang and coworkers [86] reported the preparation of Au NPs supported
on carbon quantum dots (Au/CQDs) and their use in the photocatalytic selective C-H
oxidation of cyclohexane to cyclohexanone at room temperature, under visible-light irra-
diation and in the presence of HyO; as an oxidant. The best conversion efficiency (63.8%)
and selectivity (99.9%) was obtained under green-light irradiation, which matches with the
surface plasma resonance zone of AuNPs. Light absorption enhanced the catalytic activity
of Au/CQDs toward H,O, decomposition to hydroxy radicals, suggesting that HO. is the
active oxygen species for this photocatalytic C—H activation.

More recently, highly dispersed Ag NPs supported over 2D hexagonally ordered
functionalized mesoporous silica material (Ag-TESPTS@SBA-15, AgMS) was reported by
Biswas and coworkers [67]. Alongside the selective benzylic C(sp3)-H bond oxidation of
toluenes and alkyl arenes to the corresponding carbonyl compounds described above, the
authors showed that the catalyst was also active in the oxidative C-H activation of less
reactive cyclic alkanes to ketones with good yield (61-69%) and selectivity (73-81%).

The copper-catalyzed oxidative esterification of carboxylic acids with common alkanes
via C(sp3)-H bond dehydrogenation was reported by Li and coworker in 2015 [62]. The
preparation of allylic esters was catalyzed by CuO in the presence of di-tert-butylperoxide
(DTBP) as oxidant and a catalytic amount of K,COj3 as promoter (Scheme 13). Radical
inhibitors, such TEMPO, completely suppressed the reaction, indicating a radical pathway
for the C-H oxidative dehydrogenation and esterification cascade.

CuO
Rl . R.__O._R!
L/’.z + RCOOH _ (10mol%) \ﬂ/ L’.z
R DTBP, K,COs O R
120 °C, 24 h
24 examples
Y =40-85%

Scheme 13. Copper-catalyzed oxidative coupling of carboxylic acids with alkanes.

The direct esterification of benzoic acid with cyclic ether via C(sp3)-H bond activation
by using non-noble metal nanoparticles was firstly reported by Kantam and coworkers in
2015 [88] and then by Jia and coworkers in 2021 [89] (Scheme 14) [88,89].
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(o) MNP Ar _O_ _O
(o) [C] (0]
CuO (10 mol%) [TBHP, 85°C]  Ar=Ph

Fe/NH, Ph@CK (3 mo/%) [DTBP, 120 °C] 20 examples

Scheme 14. Direct esterification of benzoic acids with cyclic ether via C(sp3)-H bond activation.

When CuO nanoparticles were used in the presence of TBHP as an oxidant at 85 °C,
1,4-dioxane underwent a cross-dehydrogenative coupling reaction with benzoic acid, pro-
ducing the corresponding benzoate in 91% yield [88].

A wide variety of o-acyloxy ethers were obtained in moderate to good yields (up
to 75%) via the direct cross-dehydrogenative-coupling reaction of arylcarboxylic acids
with cyclic ethers by using Fe NPs supported on organo-modified coal-bearing kaolin
(NH;,Ph@CK) as a heterogeneous catalyst and DTBP as an oxidant at 120 °C [89]. The
competing kinetic isotope effect (1,4-dionane/1,4-dioxane-dg, ki /kp = 2.5) and control
experiments with TEMPO suggested a radical pathway in which the C(sp3)-H bond
cleavage of ether was the rate-determining step.

2.4. Aromatic C(sp2)-H Activation

The direct C(sp2)-H activation of aromatics by using metal and metal-oxide nanopar-
ticles has been widely explored, but the preparation and the use of cost-effective nano-
catalysts under milder reaction conditions remain a challenge.

In particular, the synthesis of phenols is a very important process in the fine-chemical
industry and their preparation by direct C-H hydroxylation is highly desirable. Recent
examples of the direct C-H functionalization of benzene to phenol, catalyzed by metal
nanoparticles, are shown in Scheme 15 [76,90-92].

MNP OH
0 - O
[O]

CuAg/C (100 mg/1 mmol) [H,05, 50 °C]
CuAg@g-CsN (25 mg/1 mmol) [H,0,, r.t., hv], CH3CN
Cu-CALB (5 mg/1 mmol) [H,05, 30 °C]

Ag/Co30,@rGO (50 mg/1 mmol)  [HyOy, rt., hv], CH3CN
Scheme 15. Direct hydroxylation of benzene via C-H activation.

In 2016, Jiang and coworkers [90] reported the preparation of bimetallic Cu-Ag NPs
supported on biochar (Cu-Ag/C) obtained by the one-pot fast pyrolysis of Cu-Ag preloaded
onto biomass waste and its use in the direct hydroxylation of benzene to phenol by using
H,0O; as an oxidant at 50 °C. The best reaction yield (35%) and selectivity (96%) was ob-
tained with acetic acid as the reaction medium. The catalyst showed only a slightly decrease
of performance over three consecutive runs, indicating that Cu-Ag/C has good reusability.

A year later, Varma and coworkers [91] used photoactive bimetallic Cu-Ag NPs
immobilized onto a graphitic carbon nitride surface (CuAg@g-C3N) for the C-H activation
and hydroxylation of benzene. Quantitative conversion was obtained in 30 min, in CH3CN,
by using HyO, as an oxidant, at room temperature under visible-light irradiation (20 W
domestic bulb). In dark conditions, the reaction did not proceed. Graphitic carbon nitride
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support absorbs the visible light promoting the degradation of hydrogen peroxide into
hydroxyl radicals.

In both papers [90,91], it was shown that bimetallic Cu-Ag NPs were more active
than monometallic Cu or Ag NPS, suggesting a synergistic effect between Ag and Cu in
the formation of the hydroperoxide radical and the activation of the C-H bond on the
benzene ring. Moreover, it was hypothesized that the carbonaceous supports grip benzene
molecules on its surface through non-covalent interactions, thus facilitating the C-H bond
breaking and the attack of HO..

In 2020, Palomo and coworkers [92] synthesized nanobiohybrids containing copper
nanoparticles by using the enzyme Lipase B from Candida antarctica (CAL-B) in combination
with copper sulfate. Depending on the experimental conditions, enzymes facilitate the
formation of a particular Cu species, such as Cu(0)NPs, Cu(0)/Cu;ONPs, CuyONPs or
Cu3(PO4),NPs. The catalytic activity of heterogeneous enzyme—copper nanobiohybrids
was evaluated with the direct C-H activation hydroxylation of benzene using H,O, as
an oxidant, in aqueous medium at 30 °C. The enzyme-copper nanobiohybrid obtained in
phosphate buffer without treatment with a reducing agent (Cu-CALB-PHOS-NR) showed
the highest activity, and, when the hydroxylation was carried out in the presence of 20%
acetonitrile as co-solvent, phenol was obtained with 24% yield and 83% selectivity. A
radical mechanism that involves the degradation of H,O, via a Fenton-like reaction to
produce a hydroxyl radical and Cu(IlI) was hypothesized.

In same year, Zhang and Liu [76] reported the preparation of small-sized Ag NPs
(2-10 nm) supported on Co3O4 nanoparticles embedded on the surface of reduced graphene
oxide. The photocatalyst efficiently catalyzed the hydroxylation of benzene to phenol via
C-H activation in acetonitrile, under visible-light irradiation. A conversion of 99% and
96% phenol selectivity was obtained in 30 min. The high catalytic activity was ascribable
both to the high dispersion of the nanocomposite over the support and to the high surface
area. The nanocomposite was conveniently recovered and reused for seven runs without
the loss of its catalytic activity (>98% conversion, >95% selectivity). The formation of
phenol takes place via a radical pathway on the surface of the photocatalyst where the
photo-active bimetallic NPs promote the degradation of hydrogen peroxide into hydroxyl
radical and the noncovalent interactions of benzene with graphene surface activate the
substrate toward C-H hydroxylation.

High selective C—O bond formation via the C(sp2)—H bond activation of aromatic
compounds can be achieved by using palladium catalysis combined with an intramolecular
directing group, such as a pyridinyl or other nitrogen-functional groups. In most cases,
homogeneous Pd(Il) catalysts are used, and only a few examples have been reported in the
use of heterogeneous Pd NPs (Scheme 16) [81,93,94]. Generally, these reactions utilize a
Pd(II)/Pd(IV) catalytic cycle (see Scheme 11) [81,82].

R R! R
N X | N
,l _N MNP ,l _N MNP AN
| - | > !
L OR  PhI(OAc), L PhI(OAc), pN OAc
ROH, 100 °C
R? R? R?
Pd(II)/MWCNT (5 mol%) Pd/GO (0.8 mol%)  DMF, 100 °C
4 examples CuPd/rGO (2 mol%) AcOH, 130 °C

16 and 5 examples, respectively

Scheme 16. N-Chelation-directed C(sp2)-H activation for C-O bond formation.
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In 2015, Ellis and coworkers [81] used Pd(II) NPs supported on multiwalled carbon
nanotubes (Pd(IT)/MWCNT) in the selective N-chelation-directed C—H activation reactions
of benzo[h]quinoline in the presence of PhI(OAc); as an oxidant and alcohols as a solvent
at 100 °C. When methanol was used as a solvent, 9-metoxy-derivatives were obtained in
high yield (90%). However, as the size of the alcohol increased (ethanol, isopropanol), the
product yield decreased (73% and 33%, respectively), and, in the case of tert-butyl alcohol,
no product was observed.

In 2017, Junmin Zhang and coworker [93] reported the use of Pd NPs supported
on graphene oxide (Pd/GO) for the selective acetoxylation of 2-aryl pyridines by using
PhI(OAc); as an oxidant in DMF at 100 °C. High yields were obtained for a wide variety of
substrates (up to 98%), and the authors showed that the catalytic efficiency of PANPs/GO
was superior to that of free PA(OAc);. A hot filtration test and a Hg poisoning test suggested
a heterogeneous catalysis but a recycling test showed a drastic decrease in yield on the
third run. This was mainly attributed to palladium leaching in the reaction medium (>40%
in the first cycle) and to Pd NPs aggregation.

More recently, Wu Zhang and coworkers [94] prepared CuPd alloy nanoparticles im-
mobilized on reduced graphene oxide (CuPd@rGO) for the N-chelation assisted C(sp2)-H
bond acetoxylation using different directing group, including pyridine, pyrazole, benzoth-
iazole and pyrimidine. The reactions were performed in chlorobenzene in the presence
of PhI(OAc); and acetic acid at 130 °C. Acetoxy derivatives were obtained in moderate to
good yield, and the best result was obtained with pyridine as the directing group (90%
yield). The catalyst was recovered and reused for five cycles with only a slight decrease in
catalytic activity (from 94 to 85% yield).

In 2022, high-performance Pd NPs supported on nitrogen-doped reduced graphene ox-
ide (Pd/N-RGO) were developed by Movahed and coworker [95]. The nanohybrid catalyst
was used as a heterogeneous catalyst for the ortho C-H acyloxylation of N-arylcarbamates
with carboxylic acid in the presence of K;S,0g as an oxidant in dichloroethane (DCE) at
120 °C (Scheme 17). Good yields were obtained with both aliphatic and aromatic carboxylic
acid (up to 95%), but bulky alkyl side-chain carboxylic acid (t-Bu and i-Pr) showed no
reactivity. Moreover, the presence of an electron-donating group on phenyl-carbamate led
to a higher yield compared to the electron-withdrawing group. These effects, together with
the experiment on the radical scavenger TEMPO that showed no effect on the reaction
yield, were consistent with an electrophilic palladation pathway with the formation of a
cyclopalladated intermediate in which K,5,0g plays an important role in maintaining the
Pd(II)/Pd(0) and Pd(II) Pd(IV) catalytic cycle. The heterogeneous catalyst was reused ten
times (from 93 to 75% yield), and additionally, when the Pd(OAc), homogeneous catalyst
was used, only a moderate yield was obtained, indicating that the nitrogen-doped graphene
support could improve the activity and the stability of the Pd catalyst.

X X
HN™ “OR' PdNP HN~ “OR!
. o.__R

+ RCOOH __(0mo%) _ A

K»S,0g O

R2 DCE, 120 °C R2
6 examples
Y=67-95%

Scheme 17. Pd/N-RGO-catalyzed C-H acyloxylation of N-arylcarbamates.
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2.5. Olefinic C(sp2)-H Activation

In 2016, Banerjee and coworkers [96] reported the synthesis of poly-substituted furans
via the oxidative C-H/C-H functionalization of 1,3-dicarbonyls and «,(-unsaturated
carbonyl compounds catalyzed by CuO nanoparticles in the presence of TBHP as an oxidant
in aqueous ethanol as a green solvent (Scheme 18). A control experiment with TEMPO
suppressed the reaction, indicating a radical pathway with CuO nanoparticles promoting
the decomposition of TBHP with the formation of surface radical species that activated
the C(or)-H abstraction of 1,3-dicarbonyl and the successive conjugate addition/domino
reactions. High yields of substituted furans were obtained for a large number of substrates,
and good recyclability was obtained for up to six cycles, but a slight drop in the yield was
observed thereafter (from 81 to 70% yield). The XRD pattern of recycled CuO NPs after the
fourth run showed that the morphology of the particles was unchanged but that the size
increased from 10 to 15 nm.

CuO

R' . X (25 mol%) R’ X
—_—

. o TBHP /
H,O/EtOH(1:1) R™ 0
X = Me, OMe 80 °C - reflux 25 examples

Y =70-91%

Scheme 18. CuO NPs catalyzed synthesis of substituted furans via oxidative C-H/C-H functional-
ization in aqueous medium.

In 2018, Yamaguchi and coworkers [97] reported the preparation of aurones, un-
usual five-membered ring flavonoids, via the direct x-olefinic C-H activation of chal-
cones by using Pd-on-Au bimetallic NPs supported by a CeO, catalyst (Pd/Au@CeO,,
5 mol%) under air at 100 °C (Scheme 19). Moderate to good yields (16-72%) with high
Z-selectivity (93-99%) in the aurone products were obtained. The monometallic Pd@CeO,
showed very low conversion, while Au@CeO, was highly active, but the formation of a
six-membered flavone was observed. The authors hypothesized that the role of Au was to
stabilize and improve the catalytic activity of Pd(0) NPs. The control experiment showed
that the reaction rate was not affected by adding the radical scavenger TEMPO, suggest-
ing Pd(0)/Pd(Il) x-olefinic C—-H bond activation with the formation of a six-membered

palladacycle intermediate.
o

direct C-H activation

and coordination
o O
- JPd"
R (o] Ar R (o)

reductive elimination

02 Pd'
0

Pd

Scheme 19. Preparation of aurones via direct Pd/Au@CeO, catalyzed «-olefinic C-H activation

of chalcones.
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In 2019, Maji and coworkers [98] prepared Pd nanoparticles deposited on amyloid
fibril (x-Syn-PdNPs), a sustainable catalyst for the preparation of benzofuran involving
C-C and C-O bond formation via the triple C-H bond activation of phenols and alkenes
(Scheme 20). Among various oxidants, the best results were obtained with V,0s5, and
good to excellent yields (up to 91%) were obtained for a wide variety of substrates. The
heterogeneous Pd nanocomposite was reused for up to four runs with a negligible loss
of catalytic activity (from 95 to 90% yield). A plausible mechanism for the formation of
benzofuran via the insertion of Pd(0) at the ortho position of phenol and the successive
coordination and migratory insertion of the olefin at the Pd(II) center was hypothesized.

PdNP
OH R (7.5 mol%) 1 O
R1 + » R )R
V205’ NaOAc
DCE, 120 °C
18 examples
Y =54-91%

Scheme 20. Preparation of benzofuran via C-H activation using amyloid fibril-supported PdNPs.

2.6. Formyl C(sp2)-H Activation

In 2014, 2,5-disubstituted 1,3,4-oxadiazoles have been synthesized by Bojja and cowork-
ers [99] through oxidative C-O coupling via the direct C-H bond activation of N-aroyl-N-
arylidinehydrazines using CuO nanoparticles as a catalyst (Scheme 21). Performing the
reactions in the presence of Cs,COj as a base, in DMSO, under air at 80 °C, excellent to good
yields were obtained for a large number of substrates. Moreover, an electron-withdrawing
substituent on the arylidinehydrazine moiety improved the yields, probably through an
increment of the acidity of the imine proton and thus facilitating the metalation step. The
catalyst has been reused for three times with a negligible decrease in catalytic activity (from
90 to 85% yield).

CuO i H ]
| 02 Al'1
0 LC A
(10 mol%) o o u\n/ r o) \N
Cs,0; DMSO Js N =y
air, 80 °C Ar” N7 H.o Ar
- = 2
20 examples
Y =75-90%

Scheme 21. Synthesis of 2,5-disubstituted 1,3,4-oxadiazoles via direct oxidative C—-H bond activation.

Recently, copper nanoparticles were investigated as environmentally friendly het-
erogeneous catalysts for the synthesis of enol carbamates via the oxidative coupling of
N,N-dialkyl formamides with 3-ketoesters [100,101] (Scheme 22).

In 2016, Niknam and coworkers [100] reported the use of copper NPs on charcoal
(Cu/C) as an effective nano-catalyst for enol carbamates synthesis via the C-H bond
activation of dialkylformamides by using TBHP as an oxidant at 80 °C (Scheme 22). The
catalyst was reused at least five times with no appreciable loss in catalytic activity (from 85
to 75% yield).
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Scheme 22. Copper catalyzed enol carbamates synthesis via direct C-H activation
of dialkylformamide.

In 2020, Mannepalli and coworkers [101] described the preparation of a copper-
supported Mg-Al hydrotalcite-derived oxide catalyst (Cu/Mg-Al-HT) by a co-precipitation
method, followed by wet impregnation and calcination and its use in enol carbamates
synthesis via the oxidative C—H bond activation of dimethylformamide by using TBHP as
an oxidant at 100 °C (Scheme 22). The catalyst was recovered and reused for up to four runs
without a loss in catalytic activity (from 89 to 87% conversion). Mechanistically, 3-ketoester
forms a coordination complex with copper, and the complex decomposes TBHP to generate
the tert-butyloxy radical that can abstract the formamide hydrogen on the copper surface.

3. Carbon-Halogen (C-X) Bond Formation

Halogenated compounds are useful intermediates in industrial productions, as they
can be further transformed to synthesize widely diverse structures.

Selective C-H functionalization can be an effective tool for their preparation and can
be highly desirable, but the formation of a C-halogen bond by oxidative C-H activation
has been rarely performed using metal nanoparticles as catalysts. Pd NPs have been used
to this end for N-chelation assisted C(sp2)-H activation (Scheme 23) [81,93,95,102,103].

R1*r" / N R2 PdNP R;"“ / N R2
< —_— (
@ NXS e
X=1, Br, Cl X

Pd(I1)MWCNT (5 moi%) CH3CN or AcOH, 100-120 °C 8 examples

Pd NPs (3 mol%) CgHg, PhICI5, 120 °C 2 examples
Pd@MOF (4 mol%) AcOH, air, 50 °C 12 examples
Pd/GO (0.8 mol%) DMF, 100 °C 3 examples
Pd/N-RGO (5 mol%) DCE, 100 °C 6 examples

Scheme 23. Pd NPs catalyzed N-chelation assisted C(sp2)-H activation for C-X bond formation.

The proposed mechanism involves an initial oxidation of Pd(0) to Pd(Il), which, by
N-directing group assistance, is then involved in the Pd(Il) /Pd(IV) catalytic cycle via the
cyclopalladated intermediate (Scheme 24).
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Scheme 24. Possible reaction mechanisms for Pd-catalyzed C-H halogenation.

Pd(II) NPs supported on multiwalled carbon nanotubes (Pd(Il)/MWCNT) prepared
by Ellis and coworkers in 2015 [81], also effective for C-O bond formation, were also used
in C-Cl and C-Br formation via selective N-chelation-directed C(sp2)—H activation in the
presence of N-chloro- (NCS) or N-bromo-succinimide (NBS), using acetonitrile or acetic
acid as a solvent at 100 and 120 °C, respectively. High to moderate yields (30-92%) were
obtained, and, as noted for C-O bond formation, halogenation reactions were faster with
Pd(II)/MWCNT than with homogeneous Pd(OAc);.

In 2017, Kim and coworkers [102] reported the preparation of small sized Pd NPs
(3.5 nm) by the thermal decomposition of [Pd(acac);] in the presence of oleylamine and
trioctylphosphine. By the controlled oxidation of Pd(0)NPs with PhICI, in benzene at
120 °C, the more active Pd(IV) surface clusters were formed and characterized by XPS.
After the completion of a halogenation reaction performed in the presence of NCS or NBS
(99% yield), Pd(0) species were regenerated, opening the route for a tandem reaction that
combined C-H halogenation, catalyzed by Pd(IV) species, with a cross-coupling reaction,
catalyzed by Pd(0), for the formation of new C-C, C-N and C-5 bonds.

In 2016, very small-sized Pd NPs (2 nm), immobilized onto porous Fe-based or Cr-
based MOFs (Pd@MOFs), were developed by Martin-Matute and coworkers [103]. The cat-
alysts were used for N-chelation-directed aromatic C-H activation/halogenation. N-iodo,
N-bromo or N-chlorosuccinimide were used as the corresponding halogen sources under
very mild reaction conditions and in short reaction times. Very high conversions (up to
99%) were achieved with both catalytic systems for a wide range of aromatic compounds
containing pyridine or amides as directing groups. Selectivity between mono- and di-
halogenated products could be fully controlled by finely tuning the reaction conditions.
Moreover, these catalysts showed extremely low metal leaching and very good recyclability
(>99% conversion for five runs). A rapid leaching-deposition mechanism was proposed by
the authors.

In 2017, Zhang and coworker [93] prepared Pd NPs immobilized on graphene ox-
ide (Pd/GO). Besides the abovementioned selective acetoxylation of 2-aryl pyridines,
the authors showed that the catalyst was also active in the direct C-H halogenation of
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2-phenylpyridine in the presence of N-halogenosuccinimide in DMF at 100 °C. A high
yield was obtained only for the bromination reaction (81%), while low yield (15%) and no
desired product could be obtained for chlorination and iodination, respectively.

Pd NPs supported on nitrogen-doped reduced graphene oxide (Pd/N-RGO) devel-
oped by Movahed and coworker in 2022 [95], above described as a heterogeneous catalyst
for the ortho C-H acyloxylation of N-arylcarbamates, were also used in the N-directed C-H
halogenation of 2-arylquinazolinones with NBS or NCS in DCE at 100 °C. The presence
of p-toluenesulfonic acid as the acidic additive was critical to obtain high performance,
and, as reported for acyloxylation, higher yields were obtained for substrates containing
electron-donating groups than for electron-withdrawing groups, thus indicating the in situ
formation of the electron-deficient Pd complex.

In 2017, Ackermann and coworkers [104] paved the route to the meta-C-H bromina-
tion of purine bases via remote C-H activation catalyzed by a heterogeneous ruthenium
catalyst (Ru@SiO,). The reactions were performed under air in the presence of NBS, with
N,N-dimethylacetamide as a solvent at 80-100 °C (Scheme 25). The Ru@SiO; catalyst
outperformed the homogeneous RuClj; catalyst and promoted the meta-C—H halogenation
of a wide variety of substrates with excellent positional selectivity and unique catalytic
efficacy. Moreover, the authors showed that solely ruthenium catalysis regime provided
access to meta halogenate purine derivatives, illustrating the unique synthetic utility of
ruthenium-catalyzed C-H activation. The heterogeneous catalyst was easily recovered and
reused for up to seven runs: excellent recyclability was obtained for five cycles, but a slight
drop of yield was observed thereafter (from 62 to 43% yield). XPS and SEM studies on
the recovered catalyst revealed a shift in the nature and oxidation state of the ruthenium
active sites.

RoNN ReN"SN
— R'  Ru@sSiO, (10 mol%) — R?
y
NBS
H DMA, air, 80-100 °C Br
15 examples
Y = 50-80%

Scheme 25. Ru@SiO; catalyzed remote meta-C—H bromination of aryl purines and heteroarenes.

4. Carbon-Boron (C-B) Bond Formation

Organoboron compounds are considered extremely useful reagents since they are
versatile intermediates in organic synthesis and pharmaceutical chemistry. One of the most
effective methods for their preparation is the direct functionalization of C-H bonds using a
borane reagent [105]. Apart from transition-metal complexes, only a few examples implying
the use of metal nanoparticles have been reported for the catalyzed C-H borylation.

Indeed; a rare example of the direct C(sp3)-H activation/borylation of alkyl benzenes
using metal nanoparticles was reported in 2001 by Miyaura and coworkers [106]. Borylation
at the benzylic C-H bond with diboron pinacol ester (Bopin,) or pinacolborane (H-Bpin)
was carried out at 100 °C in the presence of a catalytic amount of Pd/C (Scheme 26). Good
yields were obtained by using a diboron pinacol ester, while moderate yields were observed
with H-Bpin. A kinetic experiment on the C-H borylation of toluene with B,pin; indicated
a two-step process involving a very fast and quantitative reaction of toluene with the
diboron pinacol ester, followed by a slow reaction with pinacolborane generated by the
former process.
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Scheme 26. Pd/C catalyzed the benzylic C-H borylation of alkylbenzene.

The use of metal NPs for the C-B bond formation via the direct C(sp2)-H activation of
aromatics has also been rarely investigated (Scheme 27) [107-109].

MNP B-o

R » R
B,pin, or H-Bpin

IrNPs (0.6 mol%) MW, 130°C  R'=H

IrNPs (0.6 mol%) 80 °C 4 examples
Fe,O3 (20 mol%) air, 80 °C 10 examples
NiNPs (5 mol%) 80 °C 20 examples

Scheme 27. Direct C(sp2)-H borylation of aromatics catalyzed by metal nanoparticles.

In 2008, Yinghuai and coworkers [107] reported the preparation of small-sized irid-
ium(0) nanoparticles (3.5 nm) by the reduction of the precursor hydridoiridium carbo-
rane stabilized with the ionic liquid trihexyltetradecylphosphonium methylsulfonate,
[THTAP][MS]. The nano-Ir(0) catalyst was found to be highly active in the C—-H phenyl-
borylation reaction with H-Bpin, under microwave irradiation (130 °C for 1 h), in the
presence of tetra-2-pyridinylpyrazine as the base. When the reaction was performed un-
der conventional heating at 80 °C for 20 h, the yield dropped to 47%. Electron-donating
groups (R! = Me,OMe) decrease the reactivity (39% and 40% yield, respectively) while the
electron-withdrawing CF3 groups led to 89% yield after 12 h. The regioselectivity was not
affected from the electronic properties of substituents. Although the definitive mechanism
was not clear, it was observed that, when benzene or benzene-d6 were used as substrates,
under the same conditions, a relevant isotope effect was observed (91% vs. 14.3% yield,
respectively). This results suggested that iridium(0) was able to activate the C-H bond of
the benzene to form the actual active species [Ph-Ir], [Ir-H]. H-Bpin then proceeded to an
oxidative addition process leading to iridium species featuring both reactants. The reduc-
tive elimination then led to a release of the borylated product and H; with the completion
of the catalytic cycle (Scheme 28). The catalytic system was recovered and reused at least
six times with the negligible loss of its activity (<0.5%).
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Scheme 28. Proposed mechanism for the direct C(sp2)-H borylation of aromatics catalyzed by
iridium nanoparticles.

In 2010, Wang and coworkers [108] used a nano-Fe;Os3 catalyst for the C(sp2)-H
bond borylation of arene with Bypin,. The best results were obtained in the presence of
tert-butylperoxide as an oxidant, under open air at 80 °C in the presence of K,COj3 as a
base. Moderate yield and selectivity, controlled by electronic effects of substituents, were
obtained. The mechanism of this aromatic borylation reaction was not clear; indeed the
kinetic isotope effect measured was 1.3, and an electrophilic metalation by Fe-B species,
followed by reductive elimination, was hypothesized.

In 2019, the nickel-catalyzed C(sp2)-H borylation of arenes was reported by Mandal
and coworkers [109]. The reactions were performed in the presence of a well-defined
abnormal N-heterocyclic carbene-Ni(II) complex that, under the reaction conditions (solvent
free at 80 °C), formed Ni nanoparticles (Ni-NPs), able to act as catalytically active species.
TEM images showed highly monodisperse nickel nanoparticles with an average size of
3.4 nm, and X-ray photoelectron spectroscopy confirmed the formation of nickel(0). A
kinetic isotope experiment with benzene and benzene-d6 (Ky/Kp = 1.76) showed that the
breaking of a C(sp2)-H bond was involved in the rate-determining step. The proposed
mechanism follows the previously reported iridium nanoparticles catalyzed borylation
of arene (Scheme 28) with the activation of either an arene C—H and H-Bpin bond on the
surface of Ni NPs and reductive elimination, which leads to the formation of a borylated
product with the liberation of Hj, regenerating the active catalyst.

5. Carbon-Phosporous (C-P) Bond Formation

Alkynyl phosphonates, containing reactive triple bonds and phosphoryl groups, are an
important class of intermediates that can be transformed into a variety of organophosphorus
derivatives, often of interest as biological or pharmacological active compounds [110].

The C(sp)-P bond formation via the direct functionalization of the C(sp)-H bond of the
terminal alkyne with H-phosphonates represents the most efficient and atom-economical
method for preparing alkynylphosphoryl compounds, and to this end, various copper
nano-catalysts have been used to promote this transformation (Scheme 29) [111-113].
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Scheme 29. Direct C(sp)-P bond formation from alkynes and phosphite esters catalyzed by Cu
nanoparticles under air atmosphere.

In 2016, Radivoy and coworkers [111] reported a mild, base and ligand-free protocol
for the direct preparation of alkynyl phosphonates via the C(sp)-H activation of alkynes
and H-phosphonates, catalyzed by CuO in acetonitrile at 70 °C under air atmosphere as
the sole oxidant. The protocol was compatible with a wide variety of functional groups,
and a large number of alkynyl phosphonates were obtained in good to excellent yields
(64-97%). The authors observed that the yield was not affected by the addition of TEMPO
as a radical scavenger and that the efficiency of the reaction decreased in the absence of
oxygen. Furthermore, the results observed by using different solvents were related to
the ability of acetonitrile to act as a ligand for copper and speculate that a Cu(I)/Cu(III)
catalytic cycle, in which Cu(I)MeCN species react with dialkyl phosphite and the terminal
alkyne, was operative (Scheme 30).
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Scheme 30. Proposed mechanism for direct C(sp)-P bond formation.

In 2018, Lu and coworkers [112] reported an aerobic oxidative coupling of alkynes and
phosphite esters catalyzed by Cu/CuyO nanoparticles supported on NbyOs (Cu/CuyO@Nb,0Oxs)
in the presence of (n-Bu)sN as the base, in DMSO at 60 °C, under air atmosphere. Good
to excellent yields (75-93%) were obtained for a wide variety of functional groups in
the starting alkynes. Control experiments and characterization data showed that Nb,Os
support plays a crucial role in the promotion of the reaction. Indeed, due to its strong Lewis
acid sites, it can reduce the electronic density of Cu, favoring the formation of Cu(I) and
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Cu(II) species, and can absorb the phosphite esters favoring the interaction between the
catalyst and substrates. The heterogeneous nature of the Cu/Cuy;O@Nb,Os catalyst was
demonstrated by a hot filtration experiment and a recycling test showed good recyclability
for four runs, while Cu/CuO NPs agglomeration and a drop of the yield were observed in
the fifth run.

In 2019, Ghosh and coworker [113] synthesized a recyclable heterogeneous Cu-MnO
catalyst for the direct functionalization of the C(sp)-H bond of the terminal alkynes with
dialkyl phosphite under the base and additive-free conditions, in DMSO at 100 °C and
in the presence of air as the sole oxidant. A control experiment with TEMPO or inert
conditions indicates that the reactions do not proceed through a radical pathway and that
oxygen is essential for these reactions. The protocol is compatible with a wide variety of
functional groups and generates alkynylphosphonate in good to excellent yields (37-97%).
The catalyst was recovered and reused up to five cycles without a significant loss of catalytic
activity (from 95 to 85% yield) and with a negligible amount of Cu (<2 ppm) leached in the
filtrate. The hot filtration test confirmed the heterogeneity of the reaction.

6. Carbon-Sulfur and Carbon-Selenium (C-S/C-Se) Bond Formation

Organochalcogenides (S, Se) have attracted considerable attention due to their wide
range of applications as pharmaceuticals, building blocks and intermediates for the syn-
thesis of functional materials [114,115]. Therefore, the catalytic activation of C-H bonds to
form C-S/Se bonds has been studied in the last few years [116,117], but in this context, the
use of metal and metal oxide nanoparticles is rare.

Alkynyl sulfides and selenides are extremely versatile intermediates in organic syn-
thesis and can be obtained via the cross-coupling reaction of diaryl disulfide or diaryl
diselenides with terminal alkynes by activating the C(sp)-H and S-S or Se-Se bonds
(Scheme 31) [118-122].

/YR
MNP
R1 / R\Y/Y\R
Y =S8, Se
YR
MNP/ RY\MNP/YR
R1
H
o, _ FZ +B
R-Y-Y-R «<—— RY™ + BH* R1
CuNPs (0.5 mol%) S, Se 7 examples
Fez0,4/C (0.5 mol%) Se 11 examples
CuO (10 mol%) Se 10 examples
Fe304 (10 mol%) Se 9 examples
Ni,P@NCP-800 (8 mol%) S 26 examples

Scheme 31. Synthesis of alkynyl sulfides and selenides via direct C(sp)-H activation.



Catalysts 2023, 13, 16

23 of 29

In 2015, Park and coworkers [118] employed Cu nanoparticles for the preparation of
alkynyl disulfide via the C(sp)-H activation of alkynes in DMSO at 70 °C, using Na,COs3
as the base and an O, atmosphere. With this protocol, a wide range of alkynyl sulfides
were synthesized using a low catalyst loading (0.5 mol% Cu). The same protocol was
also extended to the preparation of an alkynyl selenide (R! = Ph, R = CyoHy;). The au-
thors proposed a mechanism that involves the oxidative addition of Cu(0) to disulfide or
diselenide, followed by the C(sp)-H activation of alkyne in the presence of base and O,
which regenerated the disulfide or the diselenide, and successive reductive elimination
(Scheme 31).

In 2016, the same authors reported the use of magnetide nanoparticles supported
on charcoal (Fe3O4/C) for the preparation of alkynyl selenides through the activation of
C(sp)-H and Se-Se bonds under air, in the presence of KOfBu as a base and EtOH as a
solvent at 80 °C [119]. The catalyst was efficiently recovered with a magnetic field and recy-
cled up to five runs with a negligible loss of its catalytic activity (from 83 to 78% conversion).
Similarly, Braga and coworkers used CuO nanoparticles [120] or Fe3O4 nanoparticles [121]
as efficient and recoverable catalysts for the preparation of alkynyl selenides.

In 2020, Yang and coworkers [122] prepared ultrafine and highly dispersed Ni,P
nanoparticles (3.2 nm) on N,P-codoped carbon (Nip P@NPC-800) for the base- and ligand-
free cross-dehydrogenative coupling of terminal alkynes and thiols using air as the sole
oxidant under mild conditions (DMF, 50 °C). Alkynyl thioethers were obtained in good
to high yields (52-97%) with good compatibility to a wide range of functional groups.
N-dopants used as basic sites in carbon supports play a key role in facilitating the activation
of terminal alkynes via hydrogen bonding interactions.

In 2013, Zeni and coworkers [123] employed CuO nanoparticles for the C(sp2)-H
bond activation of benzothiazole and promote the reaction with diorganyl disulfides or
diselenides to access 2-(organochalcogen)benzothiazoles (Scheme 32). The process was
performed in DMF at 140 °C in the presence of K,COj as a base, which was crucial for the
formation of the products, obtained in moderate to good yields. The proposed mechanism
involved S-S or Se-Se bond activation via oxidative addition on the surface of metal,
followed by the C-H activation of benzothiazole and reductive elimination.

s MNP s
Y._.R
R T RTY > R »—YR
@:N/> RTY K,CO; DMF @:N’

Y=8, Se 120/140°C

CuO (20 mol%) S: 8 examples, Y = 15-80%
Se: 12 examples, Y = 21-82%

Fe304 (10 mol%) S: 7 examples, Y = 54-77%
Se: 14 examples, Y = 68-100%

Scheme 32. Synthesis of 2-(organochalcogen)benzothiazoles via the direct C(sp2)-H activation
of benzothiazoles.

A similar protocol was proposed by Braga and coworkers in 2018 [124] by using
magnetically recoverable Fe;O, nanoparticles (Scheme 32) [123,124]. Good to excellent
yields were obtained for a large number of substrates, and the recovered catalyst maintained
its activity and effectiveness for up to four runs (from 98 to 93% yield).

An efficient synthesis of 2-(N-substituted)aminobenzothiazoles via intramolecular C-S
bond formation through Au-NPs catalyzed oxidative C-H bond activation was reported in
2015 by Gogoi and coworkers [125] (Scheme 33). Au nanoparticles with a size distribution
between 1 and 20 nm were obtained from HAuCly using Kayea assamica (sia nahor) aqueous
fruit extract as the reducing and capping agent. The presence of KMnOy as cocatalyst
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References

and an O, atmosphere allowed the obtention of 2-(N-substituted)aminobenzothiazoles
with good to excellent yield. The catalyst was easily separated and reused for eight cycles
without a noticeable loss of activity (from 90 to 81% yields).

AuNP
H
s 3 mol% S
R' )i S mol%) _» Rt )—NHR
H H CH2C|2’ 80 °C
13 examples
Y = 69-96%
Scheme 33. Synthesis of 2-(N-substituted)aminobenzothiazoles via intramolecular C-S

bond formation.

7. Conclusions

To summarize this review article, we have reported that, in the literature, there are
numerous examples wherein the direct activation/functionalization of an unreactive C-H
bond could be promoted by metal or metal oxide nanoparticles to form new C-O and C-X
(X =Cl, B. P, S and Se) bonds.

In the last decade, noble metals, such as palladium and gold nanoparticles or other
platinum group metals (Ag, Pt, Rh, Ru, Ir), have undergone rapid development due to their
high catalytic efficiency and possible recyclability. More recently, non-precious metal and
metal oxide nanoparticles, mainly based on Cu, Fe and Ni, have been used for C-H bond
activation as they show lower toxicity, being cheaper and possibly also more sustainable. In
some cases, the use of visible-light irradiation can be also used to improve the performance
of a nanocatalyst in the formation of new C-O bonds.

A key aspect of modern metal catalysis is linked to the recycling and separation of
metal from the product. Regarding this concern, metal nanoparticles are very promising
from a green perspective and for potential industrial applications. Their catalytic activity
and recyclability can be improved through a good choice of support, which also can affect
the size, distribution and stability of NPs. Moreover, the use of flow technology and/or
an alternative energy source, such as microwave, light or ultrasound irradiation, can also
influence the catalytic efficiency of metal NPs, opening up a large number of possible
scenarios and intriguing applications.

The examples discussed in this review clearly prove that a careful design of metal
nanoparticles is necessary, and it is very interesting in order to define highly active and se-
lective catalytic systems for C-H activation processes, paving the way for more sustainable
chemical production.
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